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Preface

On July 30, 1959, Robert Noyce filed his Integrated Circuit patent. Its fiftieth

anniversary in 2009 became the origin of this book and its central question: After

the unparalleled progress of microchips over half a century, can this story continue,

and what will it take to make this happen?

To greet the year 2000, I had written an invited paper “Chips 2020” for the

German magazine Elektronik (with a strong vote for 3D chip integration), and it

looked attractive to check the status at half-time, in 2010. However, the central

issue of this book emerged owing to more and more signs of the imminent end of

the nano(meter) roadmap: The law that halving the transistor size every 18 months

would bring automatic performance and market growth is about to end in 2015.

When the billions of 10 nm�10 nm transistors packed side-by-side on a chip are

hardly useful because of their fundamental statistical variance, we face the most

important turning point in the history of microelectronics: Declining growth in

markets and services and an energy crisis on top, because, with the chip technology

of 2010 and with the present annual doubling of video and TV on the internet, this

service alone would require the total worldwide electrical power in 2015.

Chips 2020 explains the background to the 20–10 nm transistor limits in

different applications, and it focuses on the new strategy for the sustainable growth

of a nanoelectronics ecosystem with a focus on ultra-low energy of all chip

functionalities, femtojoule electronics, enabled by 3D integration on-chip and of

chip-systems incorporating new architectures as well as new lithography and

silicon technologies.

At the critical time of this new fundamental energy orientation, I have been very

fortunate that several world leaders with their teams agreed to contribute to this

book: Greg Delagi of Texas Instruments, on intelligent mobile companions, the

new lead products; Georg Kimmich of ST-Ericsson, on 3D integration for wireless

applications; Burn Lin of TSMC, on nanolithography; Jiri Marek and Udo Gomez

of Robert Bosch GmbH, on MEMS (micro-electro-mechanical systems) for auto-

motive and consumer applications; Barry Pangrle of Mentor Graphics, on power-

efficient design; Peter Roth and colleagues at IBM, on superprocessors; Yiannos

Manoli with his team at the University of Freiburg, together with Boris Murmann of

Stanford University, on analog–digital interfaces and energy harvesting; Albrecht
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Rothermel of the University of Ulm, on retinal implants for blind patients; and Ben

Spaanenburg with his co-author at Lund University, on digital neural networks.

This book would be unthinkable without their contributions, and, in this critical

situation for nanoelectronics, I am even more obliged to them for their involvement

in this project.

Despite our broad agenda, we could cover only selected topics, which, we hope,

are exemplary for the potential and challenges for 2020 chips.

My sincere thanks go to Claus Ascheron at Springer in Heidelberg, who con-

stantly pursued the idea for this book and who finally convinced me in 2009 to

realize it. I thank the team at Springer Science+Business Media for their confidence

in this publication and for its professional production. I thank Stefanie Krug for her

perfect execution of many of the illustrations and Deborah Marik for her profes-

sional editing of the manuscript.

With experience as the first MOS product manager at Siemens and of

co-founding a Technical University and establishing several microchip research

facilities in the USA and Germany, I have included educational, research, and

business aspects of the nanoelectronics ecosystem. I hope that, with this scope, this

book will be helpful to all those who have to make decisions associated with future

electronics, from students to graduates, educators, and researchers, as well as

managers, investors, and policy makers.

Sindelfingen Bernd Hoefflinger
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Chapter 1

Introduction: Towards Sustainable 2020

Nanoelectronics

Bernd Hoefflinger

Abstract Faced with the immanent end of the nanometer roadmap at 10 nm, and

with an electronics energy crisis, we have to engineer the largest strategy change in

the 50-years history of microelectronics, renamed to nanoelectronics in 2000 with

the first chips containing 100-nm transistors.

Accepting the 10 nm-limit, the new strategy for the future growth of chip

functionalities and markets has to deliver, within a decade, another 1,000�
improvement in the energy per processing operation as well as in the energy per

bit of memory and of communication. As a team from industry and from research,

we present expectations, requirements and possible solutions for this challenging

energy scenario of femto- and atto-Joule electronics.

The introduction outlines the book’s structure, which aims to describe the

innovation eco-system needed for optimum-energy, sustainable nanoelectronics.

For the benefit of the reader, chapters are grouped together into interest areas like

transistors and circuits, technology, products and markets, radical innovations, as

well as business and policy issues.

1.1 From Nanoelectronics to Femtoelectronics

In the year 2000, the first microchips were produced with gate lengths <100 nm,

and microelectronics received the new label nanoelectronics. The drive in the

industry along the nano-roadmap towards shorter transistors continued in order

to build faster processors and to pack more memory bits on each chip. At the

same time, the research community had widespread programs running on
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quantum–nanometer-scale phenomena with considerable optimism for near-term

practical success. By the year 2010, the planned 32 nm milestone (node) had been

reached, including most of the expected chip specifications, but with a twist since

2005: the 3D integration of many thin chips on top of each other, connected through

TSVs (through-silicon vias), to enhance the progress on the roadmap. But the year

2010 was also marked by the rapidly growing consensus that the end of the
roadmap is near at 15 nm (2016) or 10 nm (2018?) at best, and that none of the new
quantum-nano devices will have any economic impact before 2025–2030. This
poses the serious question: Will the progression of chips come to a standstill, and

with it the world’s driving technology (information and communication)? The

answer is: Not necessarily, if we accept the nanometer-limit and, at the same

time, exchange the nanometer priority for a femtojoule priority: Energy per func-
tion, often called the power efficiency, is the new yardstick.

Between 2010 and 2020, the energy per chip function, such as processing,

memory, or communication, has to be reduced by a factor of 1,000 if the

nanoelectronics market is going to have enough to offer to six billion potential

global customers. Remarkably, many of these chip functions run at picojoule (pJ)

levels in 2010. The challenge is now to achieve femtojoule (fJ) levels. Therefore we

set our focus on moving from nano(meter) to femto(joule) electronics.
The task is challenging indeed, because the nanometer roadmap only offers a

final contribution of threefold at best, which may enter as 3 ¼ 9 in an energy

figure-of-merit (FOM), leaving us with another factor of >100 in needed

improvements within a decade. One approach to identifying a future strategy is

to consider how the remarkable advances in the 100 years of electronics and,

particularly, in the past 50 years of integrated circuits were achieved and which

repertory of R&D results of the past 30 years could be put to the test in product

developments of the present decade. This is the theme of Chap. 2, “From Micro-

electronics to Nanoelectronics”.

Our path to the 2020 goals will point out critical electronic functions, which are

most challenging and intriguing, since we reach and go below the energy per

operation in the synapses of natural brains: The typical energy per operation of a

neuron’s synapse is 10 fJ.

We pose five fundamental questions in this book, and we give answers, all of

which point out tough energy requirements on future nanochips so that we con-

clude: Sustainable nanoelectronics has to be femto(joule) electronics.
Here are the five questions:

– Why do we hit the end of the nano-roadmap?

– Which femtoelectronic solutions can we find for critical functions?

– What are the requirements for new chip products and how can we meet them?

– Which radical femtoelectronic solutions should we seek for intelligent

computing?

– What are the challenges for the femtoelectronics ecosystem of education,

research, and business?

– How does the 2020 world benefit from femtoelectronic chips?
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1.2 Why Do We Hit the End of the Nano-roadmap?

Because microelectronics has advanced so successfully over 50 years with a linear

strategy of scaling down transistor sizes, it comes as a surprise that this mode of

progression will hit its limits by 2015. We deal with these problems in Chaps. 3

(10 nm transistors), 7 (ITRS, the nano-roadmap), and 8 (nanolithography).

In Chap. 3, we evaluate the future of eight chip technologies, revealing that their

development towards a fruitful future took between 25 and more than 35 years, an

example being the present emphasis on the 3D integration of chips, which was

taken on as a major research topic 30 years ago, only to be put aside in the late

1980s because the 2D scaling strategy did the job well and less disruptively.
Transistors with gate lengths of <10 nm on the scaling roadmap were built in the

lab and published before 2000. Why are their fundamental problems being consid-

ered only now? In Sect. 3.2, we identify two fundamental problems, which are

present no matter how precisely we can process these 10 nm transistors:

1. The atomic variance (only ~5 doping atoms in the channel) makes the spread of

transistor thresholds larger than the allowed supply voltage, so not all of them

can be turned on or off.
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Fig. 1.1 Minimum supply voltage and switching energy of a CMOS inverter as a function of gate

length for an equivalent gate-oxide thickness (EOT) of 1 nm
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2. The available voltage gain (because of drain-induced barrier lowering) becomes

<1, and without amplification, circuits lose their signals in noise (at least in all

electronics operating in natural environments).

Because of these fundamental limits, we actually find that the most important

basic amplifier in modern chip electronics, the CMOS (complementary metal–

oxide–semicondiuctor) inverter, has its minimum energy per operation at a gate

length of 20 nm (Fig. 1.1), because, moving towards 10 nm, we have to raise the

supply voltage in order to compensate for the facts listed above. Nevertheless, the

switching energy of this fundamental amplifier is just 5 eV ¼ 10�18 J, which means

that we have to move just 25 electrons through a potential difference of 200 mV.

A 10 nm transistor and, for that matter, even a 20 nm transistor, performs this by

moving just one electron at a time through the channel at speeds (Fig. 1.2) depending

on the instantaneous voltages. That is, practically all minimum transistors with gate
lengths <20 nm are single-electron transistors. We present these fundamental

details at the outset of this book in order to show that, at the end of the nano-

roadmap, we are putting (at least digital) information on single electrons.
Our emphasis when discussing the International Technology Roadmap for

Semiconductors (ITRS) in Chap. 7 is the projection for many of the other components
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on nanochips, such as capacitors and multilevel interconnects, which are important in

an assessment of the processing, memory, and communication functions on a chip.

Any of the aggressive projections for down-sizing the features on future chips

assume that we can image these features onto the Si wafers, and everyone agrees

that nanolithography is the absolute key technology in realizing these incredibly

complex structures effectively for many successive layers per wafer and millions

of wafers per year. Burn Lin, as vice president of lithography at the world’s

largest contract manufacturer of wafers, TSMC, recognized as one of the three

semiconductor companies at the forefront of technology, addresses both physical

and economic issues in Chap. 8. He analyzes the two major contending techniques,

EUV (extreme ultraviolet) and MEB (multiple-electron-beam direct write), and he

tells us that EUV systems impose extreme requirements on the primary laser

source, on the precision of mirrors and masks, and that the overall energy efficiency

from plug to wafer is so low that the necessary primary electrical power might be

bigger than the total power available for a gigafab (giant semiconductor fabrication

plant). On the other hand, an e-beam system, attractive because it is maskless,

would need 130,000 parallel, steered beams in order to be competitive, and such a

system has not been built as of 2010 owing to a lack of product development. These

enormous problems are a third, practical reason besides the fundamental ones listed

above for a 10 nm limit on chip features.

1.3 Which Femtoelectronic Solutions Can We Find

for Critical Functions?

Regarding the question of femtoelectronic solutions, we take the standard position

that innovations in technology drive progress (technology push), but we focus this

fundamental force on the energy question, combined with operating speed and chip

area (footprint/function), in order to meet the great expectations made of future

chips. The topics covered and the chapters in which they can be found are listed in

Table 1.1.

Table 1.1 Femtoelectronic

topics in this book
Topic Chapter or section

Logic and computing 3, 10

Analog/digital interfaces 4

Interconnects and transceivers 5

Memories 11

3D integration 3.5, 12

MEMS sensors 13

Vision sensors 14

Retinal implants 17

Power-efficient design 9

Energy harvesting and chip autonomy 19
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We start out with digital logic in Sect. 3.3, with the conclusion from the

preceding section that the variance of 10 nm transistors forces the application of

a new type of robust regenerator, the cross-coupled inverter pair, offering a

differential, high-speed, full-swing regenerator with minimum dynamic energy.

This block of four properly connected transistors (two NMOS and two PMOS)

becomes the fundamental circuit unit to be optimized regarding chip footprint and

process complexity, presented as a device-level 3D-integrated process in Sects. 3.4

and 3.5. The message here is that, in 10 nm CMOS, the target of making a transistor

falls short of the necessary fundamental building block, which is the four-transistor

cross-coupled inverter pair with minimum footprint, interconnects, and process

steps (Fig. 1.3).

Out of the multitude of applications of the differential regenerator in digital

logic, we select the toughest component, the high-speed, minimum-energy, and

minimum-footprint multiplier, the largest macro in arithmetic and, especially, in all

signal-processing units (images and video). As an example of possible development

directions, we describe the HIPERLOGIC multiplier in Sect. 3.6, which has the

potential to perform 600 M 16 � 16 bit multiplications with a power-efficiency of

one TOps mW�1 ¼ 1 fJ, which would exceed the 2010 state-of-the-art by a factor

of 1,000 (Fig. 1.4).

On the higher levels of digital chip functionality, high-performance processors

and their future are described by Peter Roth, Christian Jacobi, and Kai Weber of

IBM in Chap. 10. Owing to the clock speed limits of <10 GHz towards the end of

the nano-roadmap, multicore processors have become a must, and they discuss the

associated challenges for operating systems and application development, needing

new levels of hardware–software co-design.

This complex design scenario is analyzed systematically by Barry Pangrle of

Mentor Graphics in Chap. 9, with a focus on power efficiency on all levels: system,

chip, process technology, test, and packaging. He comes to the conclusion that “it

won’t be the technology that’s the limit but the cost of implementation.”

Processors are the much-quoted hearts of advanced integrated chips, but much

more functionality is integrated today, namely true systems-on-a chip (SOCs).

These SOCs incorporate

– Sensors, which sense the environment and mostly produce analog output signals;

– Analog–digital interfaces converting analog sensor or receiver outputs to digital

signals for processing;

Quad

Fig. 1.3 The cross-coupled

inverter pair (quad) as a
differential signal

regenerator, the fundamental

building block of ultra-low-

voltage digital

femtoelectronics
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– Receivers, which receive radio signals or signals on wires as well as optical

fibers;

– Transmitters, which send output signals on lines or into space;

– High-speed interconnects on-chip or chip-to-chip;

– Memories, which store digital data and instructions for processing these;

– Energy sources on-chip to produce or/and harvest a part or all of the chip energy

necessary for its operation;

– 3D integration as the key technology to merge these functionalities.

The state-of-the-art and the future of the highly sophisticated disciplines treating

these specialties are presented in dedicated chapters.

Boris Murmann of Stanford University with Yiannos Manoli and Matthias

Keller of the University of Freiburg, Germany, are recognized leaders in
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Fig. 1.4 The power-efficiency of digital multipliers and high-speed memory cells advancing to

femtojoule and attojoule levels
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analog–digital converters, and they show in Chap. 4 that these converters have

proceeded along their own, remarkable roadmap of energy per conversion and that

there is great potential for future improvements in energy and speed using

advanced, high-density CMOS technology nodes for digital-processing-based iter-

ation and correction schemes at low voltages for precision conversion rather than

traditional high-voltage, operational-amplifier-based converters.

Interconnects, transmitters, and receivers are studied in Chap. 5, and we find that

these communication functions are the most difficult to reduce in their energy

requirements. Even today, they make up ~1/3 of the total energy of chip systems,

and even with a rigorous transition to low-voltage differential signaling as well as

with 3D integration for shorter communication distances, the energy per bit will

only be reduced by <100 times in a decade (Fig. 1.4).

Memory energy is responsible for about another 1/3 of a chip-system’s energy,

and we will see in Chap. 11 that different memory types need different strategies for

their advancement. The high-speed static CMOS random-access memory (SRAM) is

best prepared for down-sizing both in footprint and in dynamic energy because of its

differential active cell and differential sense amplifiers. It will also benefit fully from

the 3D device-level integration of the fundamental four-transistor differential regen-

erator, so that it can reach a density of 16 Gbit/cm2 by 2020 with a dynamic energy

per bit of just 7 eV (Fig. 1.4). The density of a dynamic RAM (DRAM) is 5 times

higher in 2010. However, DRAM can only be scaled to 22 nm and 13 Gbit/cm2.

A differential DRAM is proposed, which would enable a 2D density of 50 Gbit/cm2

by 2020 and a read energy of 8,000 eV, eight times better than the best DRAM.

Figure 1.4 shows the development potential of the power efficiency of digital

multipliers (their energy per operation) and SRAM as well as DRAM (dynamic

energy per bit) over the decade 2010–2020. The remarkable advances are detailed

in the corresponding chapters. All these functions reach or surpass the

femtoelectronic mark or that of a neuron’s synapse at 10 fJ ¼ 6 � 104 eV per

operation (per bit).

Multilevel flash memories, the large-scale leaders among nonvolatile memories,

have made impressive progress since their first realization 1985. They are heading

towards a minimum of 500 eV/bit, but again with a scaling limit at 22 nm (3 bits per

cell) or 16 nm (2 bits per cell). These nonvolatile memories have seen the largest

development effort on 3D integration into chip stacks of up to 128 chips, producing

densities of many terabits per square centimeter. These solid-state drives (SSDs) are
displacing magnetic-disk memories. Among the alternative styles of nonvolatile

RAMs, phase-change (PCM) and resistive (RRAM) memories are progressing

towards 20 Gbit/cm2. More aggressive tokens for a nonvolatile bit, for example

the spin of an electron, continue to be burdened by energy- and space-hungry write-

and-read transistor circuitry. Single-electron wells with Coulomb confinement may

become the elements for a quantum-CCD (charge-coupled device) memory.

Regarding the variety of sensors, Jiri Marek and Udo-Martin Gómez of Robert

Bosch GmbH, Germany, world leaders in micro-electro-mechanical systems

(MEMS) for automotive applications, present, in Chap. 14, a comprehensive and

quantitative overview of how much it takes in creative and extreme quality-
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conscious development to put >1 billion safety-critical electromechanical sensing

systems on the road. Tiny 3D mechanical structures combined with calibration and

processing chips are applied for the realization of new sensing systems as well as

for optimizing energy and manufacturing costs. These sensing systems are now

expanding into many, particularly portable, consumer products.

The other very important, highly integrated sensor systems are those for imaging

and video. These are discussed in Chap. 15 with respect to selected topics such as

sensitivity and pixel dark current, resolution and lens aperture, 3D integration or

backside illumination for high sensitivity, eye-like high dynamic range, and 3D

imaging. The performance of vision sensors is the first level in the complex and

endlessly challenging system of intelligent vision and performance- and bandwidth-

efficient video.

Very demanding vision specialties are retinal implants for blind people. Albrecht

Rothermel, the chip specialist in one of the world-leading consortia for such

implants, gives a balanced overview of the global status in 2010 in Chap. 17. He

describes in a holistic spirit all aspects, including chip design, physiology, surgery,

and training with patients; he further outlines what we can expect by 2020.

Implants are the exemplary type of chips for which energy is the dominant issue.

How can we possibly produce energy on-chip or harvest energy on the chip or from

its environment? One of the leading institutes in the field of energy harvesting is

IMTEK, the Institute for Microsystems Technology in Freiburg, in cooperation with

IMIT, Germany. Yiannos Manoli and his team present an exceptional tutorial,

assessing the state-of-the art and highlighting future developments of such sources

as motion, vibration, temperature differences, light, biofuel, and fuel cells. These

sources and transducers operate in ultralow-voltage systems, and the authors show in

Fig. 19.17 that, as of 2010, minimum supply voltages have been realized at L ¼ 130

nm, while voltages had to be higher at shorter gate lengths, results confirming – as in

our introductory Fig. 1.1 – that, energy-wise, shorter is no longer better.

1.4 What Are the Requirements for New Chip Products

and How Can We Meet Them?

After the assessment of Si technology and circuit capabilities and limits, we reflect

these against the requirements in the major market categories for nanoelectronics

(Table 1.2).

Table 1.2 Areas of

applications and the chapters

in which they are treated

Topic Chapter

Overview and markets 6

Superprocessors and supercomputers 10

Wireless and mobile companions 12, 13

Automotive applications 14

Medical implants 17
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The overview in Chap. 6 tells us that the semiconductor industry, with aggregate

growth rates of 4–7% per year, advancing toward >450 billion US$ by 2020,

continues to be the technology driver for the information and communication

economy. Communication, consumer, and automotive chip markets show growth

rates above average. The perspective of

– Six billion mobile-phone subscribers,

– A computer tablet per student with free access to the world’s libraries, and

– A carebot (personal robot) per family (in Asia)

explains our emphasis on wireless mobile. Georg Kimmich, the system-on-chip

product manager at ST Ericsson, describes, in Chap. 12, the remarkable progress of

the 3D integration of heterogeneous chips, processors, memories, and transceivers,

in close interaction with wide-bandwidth architectures, toward high-quality, cost-

effective multimedia. In Chap. 13 Greg Delagi, Senior Vice-President for Wireless

Systems at Texas Instruments, takes on the full perspective of the personal mobile

companion of 2020:

– 3D imaging and display,

– Gesture interface,

– Integrated projection,

– Object and face recognition,

– Context awareness,

– Internet of things

– Brain–machine interface,

– Body-area network connection.

His chapter is the most explicit catalog of requirements on functional through-

put, transceiver sensitivity, power, and bandwidth, and, throughout, a 1,000 times

less energy per function, ultralow-voltage circuitry being the first thing to be

promoted.

On the other side of the energy equation, he stresses the needed progress on

energy harvesting. Considering the magnitude of the challenges, he asks for a

“strong collaboration in research and development from universities, government

agencies, and corporations” (see Sect. 1.6 and Chap. 22).

1.5 Which Radical Femtoelectronic Solutions Should

We Seek for Intelligent Computing?

As alternatives to traditional computing architectures with processor, instruction-

and data-memory, artificial neural networks (ANNs) saw about a dozen years of

intense research between 1988 and 2000, as often, a bit too early to have a broad,

disruptive impact. Systems with a large number of inputs and with tasks of making

decisions or recognizing patterns on the basis of rules, learning, and knowledge can

be realized with these networks at speeds and energy levels unmatched by other
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architectures. Their final success is more likely now, because integrated electronic

neurons are becoming effective on all counts at Si technology nodes <100 nm and

because their fundamental 3D architecture can finally be realized with the large-

scale introduction of 3D chip integration. Digital neural networks and silicon brains

are treated in Chaps. 16 and 18, respectively.

Ben Spaanenburg of Lund University, Sweden, has had a distinguished career in

high-level chip design and cellular neural networks (CNNs). He and his coworker

Suleiman Malki present a concise tutorial on working CNN chips and chip systems,

both analog and digital. They describe new digital neuroprocessors for vision-in-
the-loop new media tasks, from software, through scalable architecture, to digital-

neuron design.

These CNNs are based on the extensively studied multilayer perceptron, which

has become a quasi standard. By contrast, really radical research programs were

launched in 2008 on silicon brains; on the one hand because of the availability of

ultralarge-scale nano-CMOS and 3D chip integration, but actually with the inten-

tion of building general-purpose, biomorphic chip systems with the brain’s com-

plexity of 1011 neurons and 1014 synapses (Chap. 18).

1.6 What Are the Challenges for the Femtoelectronics

Ecosystem of Education, Research, and Business?

The broad front along which chips can be advanced raises questions concerning all

kinds of resources: the energy crisis (Chap. 20), the extreme-technology industry

(Chap. 21), and education and research (Chap. 22).

The globally installed electric power in 2010 is ~2 TW (2 � 1012 W). Informa-

tion and communication technology (ICT), operated by electronic chips, is

estimated to need >20% of the world’s electric power. In Chap. 20, we look just

at the needs of data centers, those server farms with 36 million servers in 2010, the

processing backbone of the internet. They require ~36 GW, 10% of the total electric

power installed in Europe. These data centers need and are expected to increase

their performance 1,000-fold within a decade. This is obviously incompatible with

the electric power available, unless this performance increase is achieved with,

hopefully, a 1,000-fold improvement in power efficiency per function, which is

synonymous with a 1,000-fold reduction in energy per function, the magic factor

throughout this book. We also note in Chap. 20 that energy in a gigafab makes up

>80% of the cost of a fully processed Si wafer. This leads us to Chap. 21 on the chip

industry as “the extreme-technology industry”, marked by an investment rate

>15% as well as an R&D rate >15% of revenues, twice as high as the R&D rate

of the top pharmaceuticals company in the Organisation for Economic Co-operation

and Development (OECD) list of high-tech industries.

Naturally, these unique rates of progress can only be achieved with a unique

interest in and unique investments in highly skilled manpower at all levels from

kindergarten to retirement (Chap. 22). The concerns about the ecosystem of
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education, research, industry, government, and the public are global. However, no

wave, like the one triggered by Sputnik in the 1960s or that in the 1980s is in sight as
of 2010.

After the world financial crisis of 2008–2009, with limited global financial and

energy resources, a clear, requirements-driven research strategy should be

established. For chips, as consistently stated throughout this book, the strategy should

be sustainable nanoelectronics towards femtojoule electronics, with the key

applications educational tools, health and care, communication, and safe mobility.

1.7 How Does the 2020 World Benefit

from Femtoelectronic Chips?

The refocusing from a nanometer to a femtojoule strategy for nanoelectronics

makes possible functionally powerful, energy-conscious chip systems serving the

global base of six billion potential customers. As stated in Chap. 23, many of these

pervasive chip innovations support health and safety in public, in private, and on the

shop floor, so they should be accompanied, from the outset, by qualification and

certification programs. Again, meeting the concerns of twenty-first century people,

minimum-energy nanoelectronics can attract broad interest in the public, well

beyond just the nanometer experts.
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Chapter 2

From Microelectronics to Nanoelectronics

Bernd Hoefflinger

Abstract We highlight key events in over 100 years of electronic amplifiers and

their incorporation in computers and communication in order to appreciate the

electron as man’s most powerful token of information. We recognize that it has

taken about 25 years or almost a generation for inventions to make it into new

products, and that, within these periods, it still took major campaigns, like the

Sputnik effect or what we shall call 10� programs, to achieve major technology

steps. From Lilienfeld’s invention 1926 of the solid-state field-effect triode to its

realization 1959 in Kahng’s MOS field-effect transistor, it took 33 years, and this

pivotal year also saw the first planar integrated silicon circuit as patented by Noyce.

This birth of the integrated microchip launched the unparalleled exponential growth

of microelectronics with many great milestones. Among these, we point out the 3D

integration of CMOS transistors by Gibbons in 1979 and the related Japanese

program on Future Electron Devices (FED). The 3D domain has finally arrived as

a broad development since 2005. Consecutively, we mark the neural networks on-

chip of 1989 by Mead and others, now, 20 years later, a major project by DARPA.

We highlight cooperatives like SRC and SEMATECH, their impact on progress and

more recent nanoelectronic milestones until 2010.

2.1 1906: The Vacuum-Tube Amplifier

At the beginning of the twentieth century, the phenomenon of electricity (the charge

and force of electrons) had received over 100 years of scientific and practical

attention, and signals had been transmitted by electromagnetic waves, but their

detection was as yet very limited, because signal levels were small and buried in

noise. This changed forever when the vacuum-tube amplifier was invented in 1906
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by Robert von Lieben in Austria [1] and Lee De Forest in the USA [2]. Its

predecessor was the vacuum-discharge diode, a two-terminal device consisting of

a heated cathode electrode emitting thermionic electrons, which are then collected

through a high electric field by another electrode, the anode, biased at a high voltage

against the cathode. This two-terminal device acts as a rectifier, offering a large

conductance in the described case of the anode being at a higher potential than the

cathode, and zero conductance in the reverse case of the anode being at a potential

lower than the cathode. The invention was the insertion of a potential barrier in the

path of the electrons by placing a metal grid inside the tube and biasing it at a low

potential with respect to the cathode (Fig. 2.1). The resulting electric field between

cathode and anode would literally turn the electrons around. Fewer or no electrons

at all would arrive at the anode, and the conductance between cathode and anode

would be much smaller. A variation of the grid potential would produce an

analogous variation (modulation) of the cathode–anode conductance. This three-

terminal device, the vacuum triode, consisting of cathode, anode, and control grid,

became the first electronic amplifier: It had a certain voltage gain AV, because the

grid–cathode input control voltage could be made much smaller than the

cathode–anode voltage, and it had infinite current gain AI at low rates of input
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Fig. 2.1 The vacuum-triode amplifier after De Forest 1907. In this field-effect triode, the

electrodes are the heated cathode on the left, which we would call the source today, the grid

in the center, which would be the gate, and the anode on the right, which we would call the drain

(# USPTO)
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changes, because there was no current flow in the input between cathode and grid,

while large currents and large current changes were effected in the output circuit

between cathode and anode. As a consequence, the power gain AVAI approaches

infinity.

It is worthwhile drawing the abstraction of this amplifier as a circuit diagram

(Fig. 2.2), because inventors have by now spent over 100 years improving this

amplifier, and they will spend another 100, even if the signal is not electrons. We

see that the input port is an open circuit, and the output port is represented by a

current source gmVin in parallel with an output resistance Rout.

The inventors of the vacuum-tube amplifiers were tinkerers. They based their

patent applications on effects observed with their devices and achieved useful

products within just a few years (1912).

10�: Long-range radio (World War I)

These amplifiers launched the radio age, and they triggered the speculative

research on building controlled-conductance amplifying devices, which would

replace the bulky vacuum tubes with their light-bulb-like lifetime problems.

2.2 1926: The Three-Electrode Semiconductor Amplifier

The best solid-state analogue to the vacuum tube would be a crystal bar whose

conductance could be varied over orders of magnitude by a control electrode. This

is what the Austro-Hungarian–American physicist Julius Lilienfeld proposed in his

1926 patent application “Method and apparatus for controlling electric currents”

[3]. He proposed copper sulfide as the semiconducting material and a capacitive

control electrode (Fig. 2.3). This is literally a parallel-plate capacitor, in which the

field from the control electrode would have an effect on the conductance along the

semiconducting plate.

He did not report any practical results. However, since the discovery of the

rectifying characteristics of lead sulfide by K.F. Braun in 1874, semiconductors had

received widespread attention. However, it was not until 1938 that Rudolf Hilsch

and Richard Pohl published a paper, “Control of electron currents with a three-

electrode crystal and a model of a blocking layer” [4], based on results obtained

with potassium bromide. Shockley wrote, in his article for the issue of the IEEE
Transactions on Electron Devices commemorating the bicentennial of the United

u1 u0

i0

gMu1

Fig. 2.2 Equivalent circuit of

an ideal amplifier (voltage-

controlled current amplifier)
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States in 1976 [5], that he had this idea in December 1939: “It has occurred to me

today that an amplifier using semi conductors rather than vacuum is in principle

possible”. Research continued during World War II on the semiconductor amplifier

[6], but a critical effort began only after the war. As we shall see, it was not until

1959 that the Lilienfeld concept was finally reduced to practice.

2.3 1947: The Transistor

One possible launch date of the Age of Microelectronics is certainly the invention

of the transistor in 1947 [5]. Shockley himself described the events leading to the

point-contact transistor as the creative failure mechanism, because the invention

resulted from the failure to achieve the original goal, namely a field-effect transistor

(FET) with an insulated gate in the style of the Lilienfeld patent. Nevertheless, this

failure, implemented as Ge or Si bipolar junction transistors, dominated microelec-

tronics into the 1980s, when it was finally overtaken by integrated circuits based on

insulated-gate FETs, the realization of the Lilienfeld concept.

2.4 1959: The MOS Transistor and the Integrated Circuit

Shockley described the first working FET in 1952, which used a reverse-biased pn

junction as the control gate, and junction FETs (JFETs) were then used in

amplifiers, where a high input impedance was required. In fact, when I was charged

in 1967 at Cornell University with converting the junior-year lab from vacuum

tubes to transistors, I replaced the vacuum triodes in the General Radio bridges by

junction FETs, and one of my students wrote in his lab report: “The field-effect

transistor thinks that it is a tube”.
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Fig. 2.3 The field-effect triode proposed by Lilienfeld in 1926 (# USPTO)
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The insulated-gate FET presented the sticky problem of large amounts of charge

at the dielectric–semiconductor interface masking any control effect by the gate

electrode. It was the use of thermally grown SiO2, the native oxide of Si, as the

dielectric on Si as the semiconductor that produced the breakthrough in 1959 [7]. It

enabled Atalla and Kahng to make the first working FET with oxide as the insulator

and a metal gate (Fig. 2.4) [8]. Its name, MOSFET, metal-oxide field-effect

transistor, was soon abbreviated to MOS transistor. It rarely appeared on the market

as a discrete, separately packaged device with three terminals, because it was easily

damaged by external voltages causing a breakdown of the insulator. MOS

transistors really developed their full potential as soon as many of them were

connected to perform functions inside an integrated circuit.
The coincidence with the invention of the integrated circuit at the same time can

be linked to the victory of Si over Ge as the favored semiconductor material and to

the rapid evolution of thermally grown SiO2 as the insulator perfectly compatible

with Si as the semiconductor. At Fairchild Semiconductor, founded in 1956 by

Robert Noyce and the so-called Treacherous Seven, who had left Shockley Tran-

sistor, the Swiss-born Jean Hoerni made his historic notebook entry on December 1,

1957, that SiO2 should be used to passivate the surface edges of p-n junctions, and

he illustrated that in his later patent application [9] in May 1959 as shown in

Fig. 2.5. The critical metallurgical junction between the bulk crystal and the

diffused region is fully shielded from the outside, and the surface is a plane oxide

insulator.

This planar structure led his boss Noyce to integrate various devices, such as

diodes and transistors, avoiding their interference by isolating them from each other

with reverse-biased pn junctions and by connecting their electrodes with thin Al

lines etched from a thin Al film evaporated on the oxide surface (Fig. 2.6). This

most famous integrated-circuit patent [10], filed by Noyce on July 30, 1959, is so

explicit, as shown in Fig. 2.6, that even today, 50 years later and at dimensions
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1,000 times smaller, the basic method of integrating devices side-by-side in Si is

still the same, resulting in a two-dimensional arrangement of transistors and other

devices, today at the scale of billions of these on the same chip.

The events of 1956–1959, pivotal for microelectronics, have been covered in

great detail, for example in [6 and 11], and we will not elaborate here on the parallel

patent by Kilby. It did not have any technical impact because of its Ge mesa

technology and soldered flying wires as interconnects.
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Fig. 2.6 The planar integrated circuit according to Noyce (patent filed 1959) [10] (# USPTO)
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While the Noyce patent showed a bipolar transistor, others in his company

concentrated on MOS and came up in 1963 with the ultimate solution for integrated

circuits: complementary MOS (CMOS) integrated circuits. Frank Wanlass filed this

famous patent in 1963 [12], and he presented a paper in the same year with C.T. Sah

[13]. Nothing explains the power of this invention better than the figures in the

patent (Figs. 2.7 and 2.8). The first one shows a PMOS transistor on the left with

p-type doped source and drain, conducting positive carriers (holes) under the

control of its gate, and an NMOS transistor on the right with its n-type source and

drain conducting electrons under the control of its gate. The transistors are isolated

from each other by a reverse-biased p-n junction consisting of a p-well and an n-

type substrate. The construction and functionality are listed in Table 2.1.

The complementary transistor pair as connected in Fig. 2.8 is the world’s most

perfect inverting amplifier for the restoration and propagation of digital signals. It

establishes a perfect HI and a perfect LOW at the output Vo (no. 56). There is zero

current flow, which means zero power consumption except during a signal transi-

tion, when the PMOS would provide current to charge the output to HI and the
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Fig. 2.7 Cross section through the chip surface showing a PMOS and an NMOS transistor side-

by-side and isolated from each other, after the Wanlass patent filed in 1963 [12] (# USPTO)
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NMOS would discharge the output to LOW. As an amplifier, it has an operating

region with infinite voltage gain so that it is the best ever embodiment of the ideal

amplifier as shown in Fig. 2.2.

Fairchild did not pursue this ingenious invention, and Wanlass eventually left to

join the dedicated MOS companies General Instruments and AMI. His boss Noyce

did not embrace CMOS until 1980, almost 20 years later. The real CMOS pushers

were at RCA, where a pervasive CMOS culture was established through the first

textbook on FETs [14]. They also went one step further towards the ideal CMOS

structure by building the transistor layer in a thin Si film on insulator (later named

SOI), Fig. 2.9.

This obviously optimizes the vertical isolation, it allows a higher transistor

density, and it minimizes parasitic capacitances. In the mid-1960s at RCA, they

chose sapphire as the insulating substrate, which was expensive and did not match

with the Si lattice so that this approach was only used for space chips because of its

immunity to radiation. As of about 2000, 35 years later, the SOI structure finally

gained ground, based on massive process development over the last 20 years.

Back at Fairchild, Gordon Moore saw by 1965 the potential for doubling the

number of transistors per chip with every new generation of planar IC technology,

and in 1965 he had already sufficient data to show that this would happen every

18 months [15], as shown in Fig. 2.10, a reproduction of his 1975 update on this

famous curve [16].

Another powerful and lasting driving force for integrating more and more

functionality on a single chip is the minimum power and superior reliability

achievable in the planar process. We highlight this here with the observation that,

if we succeed in doubling the number of transistors or digital gates composed by

these on a single piece of silicon, the number of contacts to the outside world will

only increase by 40%, or the square root of 2. This is the famous Rent’s rule.

Because contacts mean cost and a reduction of reliability (lifetime), this means

extra pressure on increasing the chip area beyond the force provided by Moore’s

Fig. 2.9 Cross section of a CMOS technology structure on an insulator as the substrate. The Lego

blocks indicate materials and aspect ratios. Yellow: n-Type Si (doped with donor-type atoms such

as As and P), Blue: p-Type Si (doped with acceptor-type atoms such as B), Red: Metal (or as yet

mostly highly As-doped polycrystalline Si), White: SiO2 insulator, Black: Interconnect metal

Table 2.1 Functionality of complementary MOS transistors

Charge carriers Threshold ON voltage OFF voltage Drain–source voltage

NMOS neg pos pos neg pos

PMOS pos neg neg pos neg
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law. These forces led to a new manufacturing paradigm, namely that of producing

chips with a manufacturing percentage yield smaller than the high nineties custom-

ary in classical manufacturing. This was a fundamental debate in the 1960s between

the classical camp of perfect-scale or right-scale integration and the advocates of

large-scale integration, who won and went through very-large-scale integration

(VLSI) to the giga-scale or giant scale integration (GSI) of today.

As an important historical coincidence, the Sputnik shock provided the perfect

scenario for a 10� push.

10�: The computer on a silicon wafer (1966)

This enormous endeavor was launched through the US Air Force Office by

giving three contracts to Philco-Microelectronics, RCA, and Texas Instruments.

The speaker for the companies was Richard Petritz [17], then with TI and later a co-

founder of MOSTEK. This computer never flew, but these projects created design

automation, floor planning for yield and testability, automated test and the neces-

sary discretionary wiring for each wafer, the birth of direct electron-beam writing
on wafer, the best technology for rapid prototyping then, today, and probably also in
2020 (see chap. 8).

Another important side-effect of this project was that MOS circuits, which were

discredited as being slow and not suitable for computing as compared with bipolar
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circuits, gained momentum because of their density, their topological regularity

(making them so suitable for design automation), and their much lower power

density and overall power. Through this project, the USA advanced toward putting

processing and memory functions with higher complexity on a larger scale on a

single chip, eventually leading to the first microprocessor [6].
When, in the internal Japanese competition for the electronic desktop calculator,

Sharp was looking for a competent source for their custom-designed calculator

chips, they finally gave a much publicized contract in 1969 to the Autonetics

division of Rockwell, because at home in Japan this capability did not exist. This

shame became the origin of a big national R&D program funded and coordinated by

MITI, the Ministry for International Trade and Industry:

10�: The Joint Very-Large-Scale Integration (VLSI) Laboratory in Japan (1972–1980)

This initiative caught the rest of the world unprepared: the USA was deeply

entrenched in Vietnam, and the collapse of the dollar caused a long global reces-

sion. The VLSI Lab in Japan had researchers from all the large semiconductor

companies united under one roof. The result was the biggest boost, on a relative

scale, in microelectronic history for new, large-scale equipment and manufacturing.

Memories were identified as lead devices, and by 1980 NEC had become the

world’s largest semiconductor company and the Japanese dominated the global

memory market. Moore’s law and the scaling law provided simple yardsticks.

The scaling law in its 1974 version became the persistent driving force for

microelectronics. It takes us back to the fundamental structure of the FET, as

shown schematically in Fig. 2.11.

It had been noted in 1962 (see the history of the 1974 milestone of The Silicon
Engine [6]), that the FET was uniquely suited to miniaturization, by shrinking its

lateral dimensions L and W. To first order, the transistor area would be halved if L
andW shrank by a scaling factor of 0.7, providing a simple model for Moore’s law.

The scaling law declared that, in order to observe the maximum gate-field and

source-drain-field limits, the gate and drain–source voltages would have to be

SiO2 SiO2

SiO2
SiO2

Source DrainChannel

Body

L

W

tI Insulator

Gate

Fig. 2.11 Cross section of the MOS transistor annotated for scaling
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reduced by the same amount, as would the insulator thickness tI, in order to

maintain the aspect ratio of the transistor.

The zero-order model for the drain current in the MOS transistor:

current ¼ channel charge

transit time
; (2.1)

channel charge ¼ capacitance � voltage / W � L
tI

� field � L; (2.2)

transit time / field � L; (2.3)

assumes the simple result in the constant-field case

current / W � L
tI

; (2.4)

suggesting a constant maximum current per micrometer for a given technology.

Many in-depth publications followed, analyzing the potential and limits of scaling-

down transistors, and we will discuss some in Sect. 3.2, but the one in 1974 by

Dennard et al. [18] triggered a strategy that is very much alive today, more than

30 years later, as we shall see in the International Technology Roadmap for

Semiconductors (ITRS) in Chap. 7.

Ever since the 1960s, we have seen an extreme rate of technology improvements

marked by the fact that the leaders rapidly increased their R&D budgets dispropor-

tionately to well over 20% of their total revenue. We have selected eight

technologies to analyze their history and future in Chap. 3. However, for the

grand picture, which innovations stand out since 1959 and 1963? The scaling

principle took it for granted that devices sat side-by-side in a 2D arrangement and

progress would come from making them smaller. Obviously there was the potential

of going into the third dimension.

2.5 1979: The Third Dimension

As we saw in Fig. 2.8, the complementary MOS transistor pair shares the input gate

contact. This pair was the target of Gibbons and Lee at Stanford, and they produced

the CMOS hamburger in 1979 [19]. In Fig. 2.12, we see the cross section of their

PMOS/NMOS transistor pair.

This can be wired into the basic inverting amplifier of Fig. 2.8 on a footprint of

close to one transistor, which would double the circuit density. Their invention is

indicative of the process innovation at the end of the 1970s: The upper Si film, in

which their NMOS transistor was formed, was deposited as a second polycrystalline-

silicon film after the first film for the gate. That upper layer was then recrystallized

with the energy from a laser. Recrystallizing Si deposited on oxide was one way to
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obtain multiple layers of silicon on top of each other separated by insulating layers of

SiO2. High-energy implantation of oxygen and proper high-temperature annealing

would produce buried layers of SiO2, thereby realizing a Si–SiO2–Si sequence of

films potentially suitable for multiple device layers. In fact, after the heavily product-

oriented VLSI Laboratory, the Japanese launched another, more fundamental effort:

10�: The program on Future Electron Devices, FED (1980)

Here we will only focus on the part 3D integration and recapitulate some results,

because it took until about 2005, roughly 25 years, for this strategic direction to

take center-stage. In Fig. 2.13, we see the cross section of a Si chip surface with two

crystallized Si films, allowing three transistor layers on top of each other [20]. 3D

Fig. 2.13 Cross section with three transistor layers, after Kataoka (1986) [20] (# 1986 IEEE)

Fig. 2.12 3D CMOS

transistor pair after Gibbons

and Lee (1980) [19] (# 1980

IEEE)
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integration became part of the research efforts that evolved to be the greatest global

renaissance in microelectronics history.

10�: VHSIC, SRC in the USA, ESPRIT in Europe (1981)

At the end of the 1970s, the Vietnam decade and a long global recession,

entrepreneurial and intellectual forces stepped forward – and were heard: Simon

Ramo, Ray Stata, and Robert Noyce in the USA, François Mitterand and Jean-

Jacques Servan-Schreiber in Europe were quoted everywhere in association with

new, substantial initiatives. The strategic program on very-high-speed integrated

circuits (VHSIC) made possible a set of very advanced, highest quality CMOS

manufacturing lines, certified by the RADC (Rome Air Development Center in up-

state New York) as qualified manufacturing lines (QMLs), which also provided

foundry services to several totally new or refurbished university departments.

Hardware, software, and tools for automated chip design were donated on a large

scale to US universities. What started as a summer course, given by Carver Mead of

Caltech and Lynn Conway of Xerox Palo Alto Research Center (Xerox PARC) at

MIT, VLSI Design, became a bible for tens of thousands of students and industrial

engineers [21]. The Defense Advanced Research Projects Agency (DARPA)

launched the foundry service MOSIS (MOS Implementation Service) for

universities under the leadership of Paul Losleben and a special university equip-

ment program of hundreds of millions of dollars, incredible dimensions those days.

The VHSIC Program produced the first standard hardware-description language

VHDL (originally VHSIC Hardware Description Language), which is still the

standard today. A uniquely successful university–industry research cooperative,

the SRC (Semiconductor Research Cooperative), was founded in 1982 under the

chairmanship of Robert Noyce, which quickly grew to a capacity of 500 Ph.D.

students working on all aspects of microelectronics together with assignees from

industry. A leader from industry, Eric Bloch from IBM, became president of the

National Science Foundation (NSF). He created the university Engineering

Research Centers (ERCs) on the premise that at least three faculties and more

than 15 professors would work together with over 50 Ph.D. students in such a

center. The program started with ten centers and now has over 50 in the USA.

The European Commission in Brussels, until then focused on coal, steel, and

agriculture, prepared a technology program. As a historical note, as founders and

leaders of two of the existing university pilot lines for large-scale integrated circuits

in Europe, in Leuven, Belgium, and Dortmund, Germany, Roger Van Overstraeten

and I were invited in 1979 to advise Giulio Grata, the responsible person in

Brussels, on the elements of a European Microelectronics Research Program,

which was launched eventually as ESPRIT (European Strategic Programme for

Research in Information Technology).

The 1980s were marked by numerous megaprojects, multi-hundred million

dollar investments per new facility, many with public money, one typical target

being the first 1 Mbit DRAM memory chip. The communist German Democratic

Republic went bankrupt on its megaproject, because they had to pay outrageous
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amounts of money to acquire US equipment and computers through dark channels in

the communist bloc. New regions and states competed for microelectronics industry

investments, and today’s map of chip manufacturing centers was pretty much

established then. That period was also the origin of the global-foundry business

model exemplified by TSMC (Taiwan Semiconductor Manufacturing Co.)

established by Morris Chang after a distinguished career at Texas Instruments (TI).

One special result of the VHSIC program was high-speed electron-beam direct-

write-on-wafer lithography for rapid prototyping and small-volume custom

integrated circuits. The variable-shape beam, vector-scan systems Perkin-Elmer

AEBLE 150, used by ES2 (European Silicon Structures) in France, and Hitachi

HL700, used in Japan, Taiwan, and in my institute in Germany, established

electron-beam lithography as a viable technology to help the scaling-driven indus-

try to realize one new technology generation after the other. Line widths of 400 nm

or less were considered the limit of optical lithography so that sizeable centers

for X-ray lithography were set up at large synchrotrons in the USA at Brookhaven

and in Germany at BESSY in Berlin and COSY in Karlsruhe. Wafer shuttles

were planned to transport wafers there in volume, plans which never materialized

because optical lithography with deep-UV laser sources was able to do the job.

With a capability of millions of transistors on a single chip and supported by a

foundry service for up-to-date prototyping, the research community was

encouraged to take on big questions, such as information processing not with the

von Neumann architecture of processor, program memory, and data memory, but

closer to nature, also named biomorphic.

2.6 1989: Neural Networks on Chips

The integration of large numbers of electronic functions on a single microchip was

exploited from the early 1960s for array-type tasks, one particular direction being

imager arrays made up of optical sensor elements and circuits for reading out the

signals from the picture elements (pixels) [14]. The Japanese FED Program pro-

duced a 3D technology in which a Si photodiode layer was fabricated on top of two

CMOS layers [22], where the CMOS layers would be used for reading and

processing the pixel signals (Fig. 2.14).

This can be viewed as an early embodiment of a layered Si retina. A specific

retina was then proposed by Mead and Mahowald (Fig. 2.15) in Mead’s book

Analog VLSI and Neural Systems [23]. This book again became a bible and the

opener for worldwide activity on building neural networks on Si microchips.

Figure 2.15 shows an analog implementation with resistors as synapses. Even in

such a rigid setup, powerful functions such as the detection of shapes could be

performed. Many other researchers chose general, programmable digital two-

layer perceptrons. An example is shown in Fig. 2.16 [24], which can help to

explain why these networks have significant potential for intelligent information

processing.

26 B. Hoefflinger



For the neural controller for automatic steering of a vehicle, driving data

obtained on a 2 km section of a normal road with a human driver in the car were

enough to train the neurocontroller. This is just one example of the prolific research

that was launched through the investments in the 1980s.

The 1990s were marked by the worldwide re-engineering of large companies,

enhanced by structural consequences after the end of the Cold War. This could have

Fig. 2.15 The analog neural network of Mead and Mahowald for vision tasks such as shape

detection consisting of active pixels and resistors as synapses (1989) [23] (# Springer 1989)

Fig. 2.14 Micrograph of an array of phototransistors with vias to the underlying CMOS layers for

read-out electronics (1986) [22] (# 1986 IEEE)
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hit the semiconductor industry much worse if there had not been two large-scale

effects offsetting these problems:

• The force of Moore’s law and of the scaling law.

• The tremendous push of the Tigers Korea, Taiwan, and Singapore, with just

about 80 million people taking on the world of chip manufacturing, and

dominating it today.

The effect of both of these factors has been the refocusing of the traditional

players and an unparalleled strategic and global alliance of all major players.

10�: International SEMATECH and the Roadmap (1995)

Originally, SEMATECH started in 1988 as a cooperation of the US semicon-

ductor and equipment industry, including government funding, in order to

strengthen the US position in the field. In Europe, the JESSI (Joint European

Submicron Silicon) project was initiated under the umbrella of EUREKA, the

less bureaucratic agency that manages European cooperative strategy, while the

funding runs on a per-country basis, which means that national governments fund

their constituency. The focus on manufacturing, which relies much on global

resources and partnering, soon let non-US companies join so that International

SEMATECH was formed in 1995, first concentrating on developing the capability

to manufacture on the basis of newly available 300 mm wafers. The International

Technology Roadmap for Semiconductors (ITRS) was started with worldwide

1
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Fig. 2.16 Trainable neural controller with 21 neurons for automatic steering of a vehicle (1993)

[24] (# 1993 IEEE)
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expert committees, and it became the single most powerful document defining the

global strategy of the semiconductor industry. SEMATECH has expanded its

charter since 2000 by operating large cooperative R&D facilities in Austin, TX,

and Albany, NY, including major funding by the respective states. The Europeans

concentrated their most significant efforts in Grenoble, France, and Leuven,

Belgium, and IMEC (the Inter-University Microelectronics Center) in Leuven,

founded by Roger Van Overstraeten in 1983, is today the world’s largest indepen-

dent R&D center for nanoelectronics. No other industry has developed such a joint

global strategy and infrastructure to master the progress manifested by a cumulative

R&D budget above 20% of revenue. It is interesting to overlay an early Roadmap

for the minimum required lateral dimension on chips with more recent data

(Fig. 2.17). It shows that the rate of progress on the nanometer scale has been

pushed repeatedly beyond earlier targets [25].

Towards 100 nm, the limits of scaling down MOS transistors were seen as being

near, triggering speculative research on that limit and how to go beyond it. A very

short channel of well under 100 nm between the metallurgical source and drain

junctions was producing a situation in which electrons would tunnel through these

junctions and might get trapped in the channel island if the electrostatic “binding”

energy exerted by the gate were large compared with the kinetic energy kBT at the

environmental temperature T (kB is the Boltzmann constant). Obviously, cooling

would help to create this situation, as well as a very small channel island, where this

electron would be locked up and only released for certain gate voltages and

source–drain voltages. This tiny island containing a single electron (or none) was

called a quantum dot, and it became very attractive as a memory element. A three-

terminal field-effect triode (Fig. 2.18) consisting of a gate, a quantum dot and two

Fig. 2.17 The ITRS, shown here for the minimum dimension: 1999 issue
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tunnel junctions was proposed as a single-electron transistor (SET) in 1987 [26].

The first experimental SETs were reported a few years later, and, clearly, one

electron per bit of information would be a major quantum step of progress.

For comparison, at the time, a memory transistor stored a ONE as 50,000

electrons on its floating gate, and a ZERO was about 5,000 electrons in a non-

volatile memory. The programming pulse had to place these amounts of charge on

the floating gate with narrow margins, and the read-out amplifier had to distinguish

this difference. Research began on techniques to place three distinguishable

amounts of charge on the floating gate, which would establish three threshold

voltages and to refine the readout so that it could differentiate between these

voltages [27]. Figure 2.19 shows measured threshold-voltage distributions. There

was no overlap, and the means were about 1 V apart. Only 10,000 electrons were

needed now to distinguish the bits [27]. This capability provided a true quantum

jump in bit density. This storage capability development advanced with remarkable

speed to about 250 electrons in 2010 as the length of a memory transistor decreased

to 34 nm.

2.7 2000: The Age of Nanoelectronics Begins

The Y2K effect in microelectronics was that volume chip production reached the

100 nm lithography level, and compatible overall processing was achieved. Total

capital expenditure for a factory based on 300 mm wafers exceeded US$ 1 billion.

Fig. 2.18 Concept of a SET

(1987) (# Wiley-VCH)
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10�: Next-Generation Lithography, NGL (2000)

The performance of optical lithography was seen to be at its limits, and this, in

fact can be considered as another attribute of the new age of nanoelectronics,

namely that, the generation of these sub-100 nm lateral structures and zillions of

these on a wafer would require a lithography beyond short-wavelength refractive-

optics-based patterning. The largest project in the history of International

SEMATECH now became NGL (next-generation lithography), aimed at providing

a non-optical alternative for anything smaller than 45 nm to be available for

Fig. 2.19 Distribution of multiple threshold voltages achieved in 1995 [27] (# 1995 IEEE Press –

Wiley)
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prototyping in 2005. The contenders were ion-beam lithography (IBL) and extreme

ultraviolet (EUV) lithography.

IBL was favored in Europe. A prototype was built in Vienna, Austria, based on a

hydrogen-ion beam going through silicon stencil masks produced in Stuttgart,

Germany. It was completed and demonstrated 45 nm capability in 2004. However,

the international SEMATECH lithography experts group decided to support solely

the EUV project, because IBL was assessed to not have enough throughput and less

potential for down-scaling. For EUV lithography, a sufficiently effective and

powerful source for 13 nm radiation, as well as the reflective optics and masks,

had not become available by 2010, and EUV lithography has been rescheduled for

introduction in 2012.

On the evolutionary path, optical lithography survived once more as it did

against X-rays in the 1980s. At the level of deep UV (DUV), 193 nm, a major

breakthrough was achieved by immersing the lens into a liquid on top of the silicon

wafer. The liquid has a refractive index several times higher than air or vacuum

significantly increasing the effective aperture. This immersion lithography saved

the progress on the roadmap for one or two generations out to 22 nm. Thereafter, the

future beyond optical is an exciting topic to be covered in Chap. 9.

It is natural that the scaling law cannot be applied linearly. Although lithog-

raphy provided almost the factor 0.7 per generation, the transistor size could not

follow for reasons of manufacturing tolerance, and its switching speed did not

follow for physical reasons. Therefore, the industry as of 2000 had to embrace a

more diversified and sophisticated strategy to produce miniature, low-power,

high-performance chip-size products. It finally embraced the third dimension,

20 years after the FED Program in Japan, which we discussed in Sect. 2.6. Of

course, this renaissance now occurred at much reduced dimensions, both lateral

and vertical. While in the mid-1980s it was a touchy art to drill a hole (from now

on called a via) through a 200 mm thick silicon/silicon dioxide substrate, wafers

were now thinned to 50 mm or less, and 20 years of additional process develop-

ment had produced a formidable repertory for filling and etching fine structures

with high aspect ratios of height vs. diameter. Test structures on an extremely

large scale emerged since 2006 with wafers stacked and fused on top of each

other and thin W or Cu vias going through at high density to form highly

parallel interconnects between the wafer planes. One early example is shown

in Fig. 2.20 [28].

The mobilization in this direction of technology has been remarkable. Stacked

wafers with through-silicon vias (TSVs) obviously provided a quantum jump in bit

and transistor density per unit area. Enthusiastic announcements were made by

industry leaders proclaiming new laws of progress beyond Moore. And it is true

that, besides the gain in density, interconnect lengths are much reduced, partly

solving the problem of exploding wiring lengths in 2D designs. The added

manufacturing cost is accrued at dimensions that are more relaxed, and pre-testing

each wafer plane before stacking provides more options for handling the testability

of the ever more complex units. Stacking and fusing processor planes and memory

planes offers a divide-and-conquer strategy for the diverging roadmaps for
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processor and memory technologies and for the partitioning of the total system. We

will come back to the significance of this type of 3D evolution in Chap. 3.

The first decade of the new millennium has seen further tremendous progress in

CMOS technology in nanoelectronics, best described by the recent consensus that

NMOS and PMOS transistors have reasonable and classical or conventional
characteristics down to channel lengths of 5 nm, so that the worldwide design

know-how and routines can be leveraged for new and improved products to an

extent that is only limited by our creative and engineering capacity to develop these.

For the grand long-term picture, we address two recent achievements that have

great potential or that indicate the direction in which we might perform speculative

research on how to achieve entirely new levels of electronic functionalities.

2.8 2007: Graphene and the Memristor

The ultimately thin conducting film to which one could apply control, would have a

thickness of one atomic layer. It would be a 2D crystal. It is not surprising that, in

the context of widespread carbon research, this 2D crystal was eventually realized,

observed, and characterized in carbon, where it is called graphene (Fig. 2.21). In

2007, Geim and Novoselov pulled off this single-atom-thick film of carbon from

graphite with Scotch tape and transferred it to a SiO2 layer on top of silicon [29].

The graphene layer fit on the oxide layer so well that the measurements confirmed

theories on 2D carbon crystals going back to 1947, and high electron mobilities

were observed. The already large carbon research community converged and

expanded on graphene. A high-frequency transistor and an inverter with comple-

mentary transistors were reported soon after. The film deposition techniques for

producing these graphene layers appear to be compatible with large-scale Si

manufacturing so that graphene has high potential for future nanoelectronics.

Fig. 2.20 Cross sections

through a 3D memory

produced by stacking eight

wafers with TSVs (2006) [28]

(# 2006 IEEE)
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Another recent achievement resulting from nanometer-scale electronics research

is a new two-terminal device, which has an analog memory of its past with high

endurance. It was reported in 2007 by Williams and members of his Laboratory for

Information and Quantum Systems at Hewlett-Packard [30]. The device consists of

two titanium dioxide layers connected to wires (Fig. 2.22). As the researchers

characterized their devices, they arrived at a model that corresponded to the

memristor, a two-terminal device postulated and named by Leon Chua in 1971

[31] on theoretical grounds. The memristor would complement the other three

devices resistor, capacitor, and inductor.

Fig. 2.22 Micrograph of 17

memristors (J.J. Yang, HP

Labs)

Fig. 2.21 Real graphene

single-atom layer with the C

atoms clearly visible (From

Wikipedia)
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A two-terminal device that could be programmed or taught on the go would be

very powerful in systems with distributed memory. For example, the resistor

synapses in Mead’s retina (Fig. 2.15) could be replaced by these intelligent resistors
to build very powerful neural networks for future silicon brains.

With graphene as a new material and the memristor as a new device, we

conclude our grand overview of the technological arsenal that has been developed

over more than 60 years and which forms the basis of our 2020 perspective in the

following chapter.
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Chapter 3

The Future of Eight Chip Technologies

Bernd Hoefflinger

Abstract We select eight silicon chip technologies, which play significant roles in

the decade 2010–2020 for the development of high-performance, low-energy chips

2020 and beyond. In the spirit of the 25-years rule, all of these technologies have

been demonstrated, and some, in fact, are very mature and yet are worth to be

revisited at the nano-scale.

The bipolar transistor remains superior in transconductance and bandwidth, and

the complementary cross-coupled nano-pair can become the best ultra-low-energy

signal-regenerator.

MOS and CMOS circuits continue to be the most effective solutions for giant-

scale integration in a silicon-on-insulator technology. However, the end of progress

with just scaling down transistor dimensions is near, and this is not a matter of

technology capability, but one of atomic variance in 10 nm transistors. Once only

~6 doping atoms are responsible for their threshold and voltage gain, 95% of these

transistors would have between 1 and 9 such atoms. Their threshold would vary

more than their supply voltage. We show that, at these dimensions, not a transistor,

but the cross-coupled pair is CMOS inverters is the elementary and necessary signal

regenerator at the heart of ultra-low-voltage differential logic. This assembly of

four transistors is the perfect target for 3D integration at the transistor-level on-chip,

and selective Si epitaxy is shown as an exemplary solution, including self-assembly

eliminating certain lithography steps. This optimized 4T building block enables a

6T SRAM memory cell scalable to a 2020 density competitive with a DRAM cell,

which cannot be scaled because of capacitor size and transistor leakage. The 4T

block is also the key accelerator in the differential logic HIPERLOGIC, exemplified

by an n-bit by n-bit multiplier, which also illustrates the importance of new circuit

architectures. DIGILOG, a most-significant-bit-first multiplier has a complexity

O(3n) versus O(n2/2) in commonly used Booth multipliers. With HIPERLOGIC, a
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16 � 16 bit multiplier is projected to require only 1fJ per multiplication in 2020,

about 1,000-times less than the status in 2010 and 10-times less than a synapse in

the human brain. Therefore, processing has the potential to become 1,000-times

more energy efficient within a decade.

The 3D integration of chips has become another key contributor to improve the

overall energy efficiency of systems-of-chips incorporating sensing, transceiving,

and computing.

In the previous chapter, we highlighted those technologies that significantly

advanced microelectronics to the present level of nanoelectronics. In this chapter,

we focus on eight chip technologies, the history of their evolution, and their future

role and potential. We highlight their S-curves of innovation rate and market

penetration with four milestones:

– First prototype

– First product

– First killer product
– Market dominance

Our eight candidates are:

– Bipolar transistors

– Metal–oxide–semiconductor integrated circuits (MOS ICs, PMOS or NMOS)

– Complementary MOS (CMOS) and bipolar CMOS (BiCMOS) ICs

– Silicon-on-insulator (SOI) CMOS ICs

– 3D CMOS ICs

– Dynamic and differential MOS logic

– Chip stacks

– The single-electron transistor and other concepts

The evolution of all eight technologies and their future significance are displayed

in Fig. 3.1, and for each one, we will comment on their past and present role as well as

describe the challenges and opportunities looking at 2020 and beyond.

1. The bipolar transistor, first prototyped in 1950, was the transistor type of choice
for the first integrated circuits in 1960. Its killer products, the operational

amplifier and transistor–transistor logic (TTL), brought an IC market share for

this type of IC of over 95% in 1970. It had lost its lead by 1980, and bipolar ICs

are today, on the basis of heterojunction bipolar transistors (HBTs) with maxi-

mum frequencies of 600 GHz, a high-value niche specialty for terahertz (THz)

transceivers and photonic modulators.

2. MOS field-effect-transistor ICs appeared as prototypes in 1960, earned some

limited recognition as controllers and random-access memories (RAMs) by 1968,

and began theirMarch to the top in 1972with microprocessors and dynamic RAMs

(DRAMs) as killer products, which led MOS ICs to pass bipolar ICs in 1980.

3. CMOS (complementary MOS) ICs were first presented in 1965 and became

a success for those western and Japanese companies specializing in watch
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circuitry and high-speed static RAM (SRAM). Killer products such as these

SRAMs, high-speed, low-power microprocessors, and application-specific,

mixed-signal circuits and gate arrays forced all semiconductor companies by

1981 to quickly establish a CMOS capability, often enhanced by on-chip

CMOS-bipolar drivers and amplifiers, a specialty that had been proposed in

1969. As early as 1985, CMOS had taken over the lead from single-transistor-

type MOS ICs, and it has kept this lead ever since.

4. A fundamental improvement on CMOS, namely putting the complementary

NMOS and PMOS transistors into a thin Si film on an insulator (SOI), had
been realized as early as 1964 on sapphire and began to gain ground on silicon

dioxide as of 1978, but it took until 2000 for major players to introduce volume

products, and it may take until 2012 for SOI-CMOS to become the technology

Bipolar Transistor

1950 1960 1970 1980 1990 2000 2010 2020

PMOS/NMOS-ICs

CMOS and BICMOS-ICs 

SOICMOS-ICs

3DCMOS-ICs

Chip-Stacks

Single-Electron ICs

Dynamic and
Differential
MOS Logic 

First Realisation

First Product

First Killer Product

Market Dominance

Fig. 3.1 The life cycles of eight chip technologies
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type with the leading market share. It is the only type that is scalable to transistor

channels <10 nm long and will be the workhorse for the 2020s.

5. 3D CMOS technology, folding PMOS and NMOS transistors on top of each

other with the gate sandwiched in between, was first demonstrated in 1979 and

was brought to maturity with selective epitaxial overgrowth (SEG) by 1990, but

it may take until about 2012 for its net reduction of processing steps and of area

and wire savings to catch on. As an exemplary goal, a 3D six-transistor SRAM

cell has been presented for the 10 nm node, requiring just ten electrons per bit

and providing a density of 10 Gbit/cm2.

6. Dynamic MOS logicwas first realized in 1965 to exploit the fundamental synergy

of charge storage, switching, and amplification, that is, signal restoration,

provided in MOS ICs. It helped NMOS ICs to offer speed, to save power, and

to survive for a long time against CMOS. Standard CMOS required two comple-

mentary transistors per logic input variable. In order to improve the transistor

efficiency, various styles of dynamic CMOS logic were invented, where logic

functions are mapped on arrays of NMOS switches, and precharge, sampling, and

drivers are built in CMOS (examples are Domino and cascode voltage switch

logic, CVSL). The persistent drive towards lower voltagesV (to save energyCV2)

was advanced significantly with differential CMOS logic such as HIPERLOGIC
in 1999, and this type of logic is seen as a must for robust logic, when the

fundamental variance of transistor parameters such as their “threshold” becomes

as large as the supply voltage for transistor lengths <20 nm.

7. We date today’s drive towards 3D integration of chip technologies back to 1968,
when IBM introduced large-scale flip-chip ball bonding to ceramic carriers as

the C4 (controlled-collapse chip connect) process. It was introduced industry-

wide 25 years later. The next significant contributions came from the Japanese

Future Electron Devices (FED) program, which promoted wafer thinning and

contacts going fully through the wafer, so-called through-silicon vias (TSVs), in

the late 1980s. It took until 2005 for these techniques to be finally adopted

mainstream, and they have now become a massive industry drive to keep pace

with market requirements and to benefit from the economic quantum jump that

TSV chip stacking provides for memory density.

8. The single-electron transistor (SET) was first proposed in 1987 as a nanometer-

size MOS transistor, in which the source and drain PN junctions have been

replaced by tunnel junctions such that the transistor channel becomes a quantum

box that can hold just one electron. In the search for the most advanced

nonvolatile memory, this would take us to the impressive milestone of just one

electron per bit. Among the read-out options for such a memory, one may be

reminded of the charge-coupled device (CCD) serial memories in the 1970s.

However, no practical prototype had been reported by 2010, so circuits of this

type will only become products in the 2020s, a horizon where they will have to

compete with practical nano-CMOS RAMs needing just a few electrons per bit.

Overall, we see that it took major innovations 25–35 years to make it onto the

market. With a horizon of 2020, we see that all candidate technologies should have
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been implemented in convincing prototypes by now and that it may pay off to

revisit innovations of 25 years ago that appeared then too early for their time.

3.1 The Bipolar Transistor

Our starting line for the bipolar transistor is the Noyce patent [1] and the planar

Si bipolar transistor shown there (Fig. 3.2). It displays a junction-isolated NPN

transistor, for which we would have to imagine a top contact to the deep collector to

make it suitable for integration.

The first product milestone in 1960 was planar bipolar ICs, both analog and

digital, and the progress on Moore’s curve started with this technology. Digital

logic exploded with three families: diode–transistor logic (DTL), transistor–transistor

logic (TTL), and emitter-coupled logic (ECL). With well-organized customer

support and multi-volume textbooks, Texas Instruments (TI) and Motorola

dominated the market with TTL and ECL products. Digital products from

controllers to mainframes were the high-volume killer-apps around 1970, and TI

quickly became the world’s largest semiconductor manufacturer. The progress in

bipolar technology, as in any electronic device, depended on the critical transit time

of the electrons, here the time to traverse the neutral base of width WB, and on the

parasitics, in rank order: collector resistance, collector capacitance, base resistance,
and collector–base Miller capacitance. Decades of hard work have gone into this,

and a status of the mid-1980s is shown in Fig. 3.3 with the buried collector layer and

lateral oxide isolation.

With its emitter-last process flow, bipolar has been a fundamental headache for

integration. So many circuits are common-emitter type, which means that the

emitter is connected to ground, and since there is no better ground than the silicon

bulk crystal, the emitter should be first. It is worth remembering that IBM and

Philips once chose this disruptive route with integrated injection logic (I2L), a low-

power logic intended to compete with CMOS. But the deep emitter had a small

emitter efficiency, and switching was slow because of a deep, thick base. At that

time, bipolar technology had already lost the battle for large-scale integration

against MOS ICs, which surpassed the bipolar IC revenue in 1980.

Fig. 3.2 Cross section of a bipolar transistor after Noyce (1959) [1]. # USPTO
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In the standard bipolar process flow, a lateral PNP transistor is also available and

used in analog circuits. Because its base widthWB is determined by lithography, its

switching speed is low, and a complementary bipolar technology did not evolve.

However, in the vertical NPN transistor, the critical base width is determined by the

difference between the depth of the base diffusion and that of the emitter diffusion,

and this configuration has been tailored continuously towards higher frequencies.

The maximum intrinsic frequency fi is the inverse of the base transit time tB:

fi ¼ 2DnB

W2
B

: (3.1)

The diffusion constant DnB of the electrons in the base is related to their mobility

m via the Einstein relation

DnB ¼ mnkBT=q: (3.2)

A high electron mobility and a short base have been the target for decades, and

heterojunction bipolar transistors are the optimal solution. In these transistors, the

base is a SiGe compound, in which the electron mobility is two to three times that in

Si. We can describe the state of the art as m ¼ 1,000 cm2 V�1 s�1 and a neutral,

effective base width of 50 nm, so that we obtain an intrinsic frequency limit of

2 THz.

Parasitic capacitances and resistances result in maximum reported frequencies of

over 500 GHz [2]. These have been achieved with 0.13 mm technologies, for which

the typical parameters are:

Emitter area: 0.13 mm � 0.13 mm,

Max. current (HBT): 1.3 mA,

Collector area: 5 � 0.13 mm � 8 � 0.13 mm,

Collector capacitance: 2.8 fF.

This results in a minimum intrinsic switching time of 2.8 fF/1.3 mA ¼ 2.15 ps,

which does not yet consider the collector series resistance and load resistance as

well as capacitance and inductance.

Fig. 3.3 NPN bipolar

transistor with buried

collector and oxide

isolation
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3.1.1 Scaling Laws for Bipolar Transistors

Scaling laws or rules for bipolar transistors are not so well known. However, there

is a body of modeling relations mostly derived from the Gummel–Poon transistor

model [3], and in the intrinsic frequency limit, (3.1), we have the first driving force

towards higher speed, namely reducing the base width WB. If we pursue this, we

have to observe a number of scaling rules in order to maintain the transistor

performance as measured by its current, voltage, and power gain.

The forward current gain

bF ¼ DnB

DpE

NELE
NBWB

(3.3)

is determined first by the ratio of the diffusion constants for electrons and holes in

Si, which is 3. Then we see the product of emitter dopant (typically As) concentra-

tion and diffusion length of the minorities (holes). This product is practically

a materials constant for a Si technology, because the larger the majority doping

the smaller the minority diffusion length. For reference, we take this product as

1014/cm2. Now we see that, in order to maintain current gain, we have to raise the

base doping level as we shorten the base width. There are more reasons to watch the

number of acceptors in the neutral base NBWB, which is called the Gummel number.

The intrinsic voltage gain of the transistor in the common-emitter mode, deter-

mined by the output conductance, is characterized by the ratio of collector current

to Early voltage VA (an extrapolated voltage at which the collector current for

a given base current would be zero)

VA ¼ qNBWBWC eSi= ; (3.4)

where eSi is the dielectric constant of silicon. We obtain the available voltage

gain as

AV ¼ gm=gCE ¼ IC
Vt

VA

IC
¼ VA

Vt

; where Vt ¼ kBT=q: (3.5)

High voltage gain requires a large Gummel number and a large collector

depletion width, which means a high-resistivity collector. This is associated with

a large collector series resistance, causing slower speed. We also notice that the

larger Gummel number means a lower current gain (3.3) as a direct trade-off

situation. In fact, the available power gain appears as the figure of merit of a Si

bipolar technology:

AP ¼ bFAV ¼ q

eSi

DnB

DpE

NELEWC=Vt: (3.6)
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We see that the Gummel number has disappeared, and all other quantities are

material or basic technology parameters, the collector depletion depth being the

only variable with a choice. Inserting numbers, we find

AP ¼ 1:6� 10�19

10�12
3� 1014 � 3� 10�4=0:025 ¼ 6� 106 (3.7)

as the figure of merit for our reference technology with a 3 mm collector depletion

typical for a 5 V transistor. Voltage scaling towards a shorter collector depletion

would mean a direct reduction of available voltage and power gain.

Another important technology and design parameter critical for scaling is the

current density range for high transconductance and current gain. It is determined

by the knee current.At that current level, the collector current density is so high that
the density of minority electrons entering the base reaches the acceptor density NB

in the base, and the transconductance drops by 50% (Fig. 3.4). This critical collector

current density is reached as the peak electron density rises to NB:

JK ¼ qDnB

NB

WB

: (3.8)

At current densities above this level, the transconductance drops to gmK ¼
IC/2Vt, which occurs for scaled-down emitter areas at fairly small currents so that

such a transistor loses its edge as a high-speed load driver. Even for a heterojunction

transistor, where we may reach a diffusion constant of 25 cm2 s�1, an effective

acceptor level of 1019 cm�3, and a base width of 50 nm, the knee current density

UEB

IS

IC

IC

IK

√IK IS

IB

βF

log IC, IB

Knee current

Fig. 3.4 Semilog plots of base and collector currents as well as current gain showing the base-

current knee at low levels due to recombination and the collector-current knee at high levels due to

strong injection
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occurs at 8 � 106 A cm�2, which for our 0.13 mm � 0.13 mm emitter means a

current of 1.36 mA.

Nevertheless, SiGe bipolar transistors offer terahertz performance and are the

active devices filling the terahertz gap. They provide the needed performance in the

specialty areas of broadband transceivers, millimeter radar and terahertz imaging.

As to the compatibility with mainstream IC processing: They require extra

processing steps and thicker epitaxial Si films at extra cost. More cost-effective,

high-speed CMOS technologies are infringing on the territory held by bipolar

today. We will address that again in Chap. 5 on interconnects and transceivers.

3.2 MOS Integrated Circuits

Our first milestone for MOS integrated circuits is the realization of an MOS

transistor by Kahng and Atalla in 1959 [4, 5]. The first products integrating

hundreds of these into digital circuit functions on a single chip appeared in the

mid-1960s, and the first killer products were the microprocessor and the random-

access memory (RAM). Among the many incremental improvements of the MOS

technologies, an early outstanding one was the replacement of the Al gate late in the

process by a deposited polycrystalline gate earlier in the process, where it served as

a mask for the diffusion of the source and drain regions, thereby self-aligning these

electrodes with the gate. Because this same polysilicon layer could also serve as a

first interconnect layer for local wiring, only four masks and a minimum number of

processing steps were needed for this technology. We illustrate this process with

Lego blocks in Fig. 3.5 on the basis of a more recent SOI structure.

The LegoMOS model presented here serves very well to demonstrate the

technology properties and constraints:

– The 2 � 2 brick marks the smallest feature possible with lithography.

– The 1 � brick marks a thin layer, whose thickness is controlled by thin-film

growth or deposition.

– Each button will stand for roughly one acceptor (yellow or red) or one donor

impurity (blue) in our ultimate NMOS nanotransistor.

The starting material is a Si wafer, which has a buried-oxide insulating layer

(white) and a thin Si film with P-type doping on top (blue). The intended transistor

sites (active areas), of which we just show one, are masked against the thermal

oxidation of the rest of the surface, which is thereby converted to Si dioxide

(Fig. 3.5, top). The masking is then removed from the Si islands, and the thin

gate dielectric is grown on the wafer. The polycrystalline Si film is deposited next

(red), and the gates are defined by lithography and etched. These gate structures

(red) serve as masks for the implantation of N-type dopants (As), which produce the

source and drain electrodes (yellow) of the transistor (Fig. 3.5, middle).

An intermediate oxide is deposited next. On this, the contact holes are defined by

lithography and etched. The following vapor deposition of Al will also fill the
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contact holes (black, Fig. 3.5, bottom), and this layer is structured by lithography

and etching into thin-film interconnect lines. The resulting topography, where the

n-type Si (yellow) allows interconnects as well as the poly layer and the Al layer, is

sufficient to wire any circuit function.

This four-mask process, active areas, gates, contacts, metal, tells the MOS

success story of low cost and high production yield, and it led to the race for

miniaturization: With higher-resolution lithography and etching, transistors could

be made smaller and faster and be packed more densely. In about 1970, a second

metal interconnect layer, separated by another deposited insulating layer, was

added. This required two extra masks, one for defining contact holes, called vias,

Fig. 3.5 Three steps in the manufacturing of a basic MOS integrated circuit. Top: Active area

(blue). Middle: Poly gate (red) and source/drain (yellow). Bottom: Contacts (black)
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between the first and second metal layers, and a second mask for etching the second

metal layer. Today more than six layers of metal are used. Table 3.1 and Fig. 3.6

present a grand overview of the evolution of the critical dimensions of MOS ICs,

including those of the International Technology Roadmap for Semiconductors

(ITRS), which has many more details to be covered in a later chapter.

We continue here by analyzing the key performance criteria of MOS transistors:

switching speed and energy. We consider the ideal cross section of an NMOS

transistor on top of an insulating layer as shown in Fig. 3.7. As a parallel-plate

capacitor, it has a capacitance

C0 ¼ eI
tI
LW; (3.9)

1970 1980 1990 2000 2010 2020

(mm)

100

10

1

Insulator
Thickness tI (mm)

Gate Length L (mm) 

10–1

10–2

10–3

8

13

24

ratio L / tI = 50

167

133

Year

Fig. 3.6 Critical dimensions of MOS ICs 1970–2020

Table 3.1 Evolution of the critical dimensions of MOS ICs

Year 1970 1980 1990 2000 2010 2020

L [nm] 20,000 2,000 500 120 32 8

tI [nm] 120 15 10 5.0 2.5 1.0

L/tI 167 133 50 24 13 8

Gain eIL
eSitI

� 2
� �

54 42 15 6 2 0.7
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with the dielectric constant of the insulator eI, its thickness tI, the length L between

the metallurgical junctions of source and drain, and its width W. If we apply

a positive voltage VG, we find Q0 positive charges on the gate and a negative charge

�Q0 in the silicon:

Q0 ¼ C0VG:

With a voltage VDS applied between drain and source, we establish an electric

field E ¼ VDS/L pointing in the negative x direction. If all the negative charges were
mobile electrons, they would now move towards the drain with a certain velocity v.
Within the channel transit time L/v, the entire charge Q0 would be collected at the

drain, so that we would obtain the drain current

ID ¼ Q0v=L ¼ C0VGv=L: (3.10)

This is only correct for very small drain–source voltages. We have to consider

that the voltage difference between gate and channel at the drain end is only

VGD ¼ VGS�VDS, so that the charge density decreases as we move along the channel

Q0
0ðx ¼ 0Þ ¼ C0

0VGS;

Q0
0ðx ¼ LÞ ¼ C0

0ðVGS � VDSÞ:

We introduce the average charge

Qh i ¼ ½Q0
0ð0Þ þ Q0

0ðLÞ�LW=2;

Qh i ¼ eI
tI
WLðVGS � VDS=2Þ: (3.11)

Under the force of a moderate electric field E, mobile charges in semiconductors

move with a velocity proportional to this field v ¼ m0E, where the mobility m is

about 250 cm2 V�1 s�1 for electrons in a Si MOS transistor. We take an effective

transit time for the charge Qh i as
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Fig. 3.7 Cross section of an NMOS transistor including charges
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1 t= ¼ v L= ¼ m0VDS L2
�

;

so that we obtain a more accurate drain current as

ID ¼ Qh i
t

¼ m0
eI
tI

1

L
ðVGS � VDS=2ÞVDS: (3.12)

This is the drain current according to the so-called Shockley gradual-channel

approximation. It reaches a maximum current as the drain voltage reaches the gate

voltage:

VDS ! VGS;

ID0 ¼ m0eI
tI

W

L

V2
GS

2
:

(3.13)

It was already evident in 1970 that this current was larger than what was

measured in NMOS transistors. The reason is carrier-velocity saturation. The

maximum electron velocity in most semiconductors at room temperature is

vL ¼ 107cm s�1;

vL ¼ m0EC;

v ¼ m0
1þ E=EC

E:

(3.14)

For a mobility of 250 cm2 V�1 s�1, the critical field is 40,000 V cm�1. Here the

mobility is already reduced by 50%, and actual fields are much higher. Not only is

the maximum current reduced, but so is the drain voltage at which it is reached. For

a modeling of this effect, see [6] and [7]. We settle here for an optimistic estimate of

the maximum current. The most aggressive assumption is that all electrons in the

channel travel at the velocity limit:

ID1 ¼ Q0vL=L;

ID1 ¼ eI
tI
WvLVGS:

(3.15)

This optimistic extreme has a number of significant implications. The channel

length does not appear in this equation, removing one basic argument for scaling.

The outer limit for the transconductance would be

G0
1 ¼ eI

tI
vL ¼ 0:4� 10�12

10�7
� 107 � 10�4 ¼ 4 mS mm�1

and the maximum current

I
0
D1max ¼ eIvLEImax ¼ 0:4� 10�12 � 107 � 5� 106 � 10�4 ¼ 2 mA mm�1:
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This simple assumption overestimates the velocity on the source side of the

channel. We now consider this and still simplify the situation by letting the field at

the drain end approach infinity in order to transport the vanishing charge there at

pinch-off. The maximum current becomes [7]

IDSmax ¼ k � ID1;

k ¼ 1� ECL

VGS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

VGS

ECL

r
� 1

� �
:

(3.16)

This correction factor k is shown in Fig. 3.8.

So far, we have assumed that the NMOS transistor starts to conduct current as

soon as the gate voltage is larger than zero, in other words that its threshold voltage

VT is zero. However, for most practical applications, a positive threshold voltage is

required so that our model drain current only starts to flow when the gate voltage

exceeds this threshold. We introduce this excess voltage as the effective gate

voltage:

VGeff ¼ VGS � VT:

In Tables 3.2 and 3.3 we assess the maximum channel charge, the maximum

current per micrometer width and the maximum current for a minimum transistor

with W/L ¼ 2 for all the past milestones and for the 2020 target, and we illustrate

these in Fig. 3.9.

1.0

0.5

0 2 4 6 8 10

IDS∞

VL C′0 W VG

μ0 VG

vL L Ec L
VG=

Fig. 3.8 Correction factor k for the maximum available current [7]

Table 3.2 Transistor parameters and NMOS transistor performance 1970–2020

Year 1970 1980 1990 2000 2010 2020

Length [nm] 20,000 2,000 500 120 32 8

Thickness [nm] 120 15 10 5.0 2.5 1.0

Supply voltage [V] 20 5.0 3.3 1.5 0.5 0.4

Threshold [V] 4.0 1.5 1.0 0.7 0.2 0.1
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Our assessment of the intrinsic maximum current and transconductance shows

that scaled-down Si NMOS transistors approach a limit dictated by the dielectric

constant of the gate insulator and the maximum electron velocity fairly independent

of the channel length, contrary to the decades up to 2000, where they improved

almost in proportion to the reduction of the channel length.

The minimum intrinsic switching time is

tS ¼ C0VDD=IDSmax;

tS ¼ L

k � vL �
VDD

VDD � VT

;

offering a linear improvement as L is reduced. The intrinsic bandwidth is

f3dB ¼ k � vL
2pL

;

which, for k ¼ 0.6, VT ¼ 0 and a 10 nm channel, results in 200 GHz. The evolution

of bandwidth and switching times of NMOS transistors from 1970 with projections

for 2020 can be found in Fig. 3.10 and Table 3.4.

After this generic assessment of maximum available current at a maximum gate

voltage given by the breakdown field of the dielectric, typically 5 MV cm�1, we

now take a closer look at the transistor channel. Figure 3.7 already tells us that

there is a more complex balance of charges in the transistor channel, in our case the

dominant normally-off NMOS transistor with a positive threshold voltage. This

requires an acceptor doping density NC [cm�3], which we recognize as fixed

negative charges in the channel. On its source and drain side, we see the PN

junction depletion layers against source and drain set up as pairs of positively

charged donors in the source and drain layer and negatively charged acceptors in

the channel. In equilibrium (drain–source voltage zero), these depletion layers set

up potential barriers each 0.7 V high. The width of each depletion layer is

WD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 0:7� eSi

qNC

s
;

which is 3 nm wide for a doping density of 1020/cm3. For a metallurgical channel

length of 8 nm, this leaves us with an effective channel length of 2 nm. In this

region, for a Si film 2 nm thick and a channel width of 10 nm, we find just

Table 3.3 Maximum current per micrometer width and intrinsic switching energy 1970–2010

Year 1970 1980 1990 2000 2010 2020

Channel electrons 2.7 � 107 5 � 105 3 � 104 1.2 � 103 60 15

Current [mA mm–1] 80 200 300 270 240 190

Switching energy [eV] 7 � 108 3 � 106 1.2 � 105 1870 50 3
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four acceptors. We show in Fig. 3.7 that it takes an equal number of charges on the

gate to compensate these acceptors, and the necessary gate voltage would be

the threshold voltage. Any higher voltage would now induce free electrons in the

channel. This would be the electrostatic model, which we have considered so far.

However, there are more forces present than we have identified as yet. As soon as

we apply any voltage between the gate and the source, we lower the potential

barrier between source and channel below the equilibrium of 0.7 V. As a conse-

quence, the electric field in the source depletion layer, which confined electrons to

the source so far, is reduced, and electrons can traverse the barrier and will be

collected at the drain under any applied drain bias. This current component is a

diffusion current, as in bipolar transistors controlled by the gate as an insulated

base. It is alternatively called leakage or subthreshold current. We will call it the

barrier-control mode of transistor operation, because not only the gate but also the

drain has an effect on this barrier.

In Fig.3.11, we show a short-channel NMOS transistor in which the potential

barrier FB is controlled by applied voltages VG�VS and VD�VS. Impurities are

1 THz
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Fig. 3.10 Bandwidth and switching times of NMOS transistors 1970–2020

Table 3.4 Bandwidth and switching times of NMOS transistors 1970–2020

Year 1970 1980 1990 2000 2010 2020

Bandwidth [GHz] 0.7 4.0 10 40 100 200

Switching time [ps] 250 60 17 5 1.6 0.8
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engineered in the channel such that there is a density N1 near the surface and N2 in a

buried layer. The height of the potential barrier can be modeled as [6]

FB ¼ AðVGS � VTÞ þ BVDS � CVDSðVGS � VTÞ: (3.17)

Fig. 3.11 2D field and potential model for a short-channel transistor under barrier control
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As we expect, the threshold voltage here is dependent on the drain voltage:

VT ¼ VT0 � BVDS

A� CVDS

:

We introduce

n ¼ C0 þ Cd

C0

;

� ¼ eSitI
eIL

ffiffiffiffiffiffi
N1

N2

r
;

(3.18)

and we obtain simple and powerful expressions for the barrier dependence on gate

and drain voltage:

A ¼ 1� 2�

n
;

B ¼ �

n
;

C ¼ 4eSi
qN2L2

� �
n
:

(3.19)

At the threshold voltage, FB ¼ 0, and we define a maximum subthreshold

current Ic such that

ID1 ¼ IC exp FB=Vtð Þ (3.20)

is the subthreshold or barrier-controlled current. The log of this current is plotted in

Fig. 3.12 vs the input gate voltage and the drain voltage. As we see, both voltages

exert control over the current, and a quantitative assessment of these effects

becomes essential.

In order to connect this current to the drift current (3.16) above the threshold

voltage, we set

IC ¼ 1

e
� IDSmax VGeff ¼ Vtð Þ;

and we obtain a continuous current from subthreshold diffusion type to above-

threshold drift type as [8]

Itot ¼ IC � ln exp
IDSmax

IC

� �
þ exp

FB

Vt

� �� 	
(3.21)

for FB < 0 and noting that ln(1 + x) ¼ x for x < 1.
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We now find that, for transistors shorter than 30 nm, the operating range of

<0.5 V means mostly the barrier-control mode. We derive the transconductance
from (3.17) and (3.20) as

gm ¼ ID1=AVt;

the output conductance as

gDS ¼ ID1=BVt;

and the available voltage gain as

AV ¼ gm=gDS ¼ A=B ¼ ð1� 2�Þ=� ¼ eIL
eSitI

ffiffiffiffiffiffi
N2

N1

r
� 2: (3.22)

We see immediately that a high dielectric constant of the insulator together with

its scaling directly with the gate length are essential to maintain a gain >1, that the

channel should be doped inversely, which means that the deep density N2 should be

higher than N1 at the Si surface, and that we keep the depletion capacitance Cd in

(3.18) small compared to the gate capacitance.

We build a 10 nm reference NMOS nanotransistorwith the following parameters:

L ¼ 10 nm

tI ¼ 3 nm
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Fig. 3.12 The drain current of a short-channel MOS transistor in its subthreshold or barrier-

control mode
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eI/eSi ¼ 1

N2/N1 ¼ 4

Cd/C0 ¼ 3/4

We obtain the following results:

Transconductance: 150 mV per decade

Output conductance: 700 mV per decade

Voltage gain: 4.7

ON/OFF current ratio: 27:1 for 0.4 V supply voltage

Max. current at 0.4 V: 20 mA, VT ¼ 0 V

Min. current at 0 V: 18 nA for VT ¼ 400 mV

Max. current at VGS – VT ¼ 25 mV: 0.5 mA

For this critical current at the top of the subthreshold region and the onset of the

drift-current region and any current smaller than this, there is on the average just

one electron in the channel: Our 10 nm NMOS nanotransistor is a single-electron
transistor.

For a comparison with published results [9], we study the characteristics in

Fig. 3.13. We recognize that these are mostly subthreshold characteristics with

transitions at the high-current sections into drift-current modes. All characteristics

show a strong dependence on the drain–source voltage as we expect from our study
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Fig. 3.13 Current–voltage characteristics of 5 nm NMOS and PMOS transistors after

Wakabayashi et al. (2006) [9]. # 2006 IEEE
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of the barrier-control mode. The analysis of the characteristics shows for the two

transistor types:

NMOS Transistor:
Transconductance: 320 mV/decade

Output conductance: 320 mV/decade

Voltage gain: 1

PMOS Transistor:
Transconductance: 270 mV/decade

Output conductance: 320 mV/decade

Voltage gain: 1.18.

These are very informative and instructive results: At L ¼ 5 nm, it becomes very
difficult to build useful MOS transistors.

Our models as described by (3.18) and (3.22) tell us that a higher dielectric

constant and a thinner gate dielectric would be needed at the cost of further

reducing the operating voltage, and careful channel engineering would be needed.

On top of this squeeze, we have to realize that anywhere below 20 nm we operate

not only with serious manufacturing tolerances, but with the fundamental variance

of numerical quantities: Any quantity with a mean value N has a variance N and a

standard deviation s equal to the square root of N.

3.2.1 The Fundamental Variance of Nanotransistors

We have noticed already in Fig. 3.7 that, in the MOS transistor channel, we deal

with a very sensitive balance of charges, which becomes a matter of small numbers

at nanometer dimensions. In our reference nanotransistor, we have carefully doped

the channel with a density of 1020 acceptors/cm3 near the source and drain metal-

lurgical junctions.

In equilibrium, at this density, 36 acceptors set up the source and drain depletion

layers, each 3 nm wide. In the remaining 4 nm channel region, we place five

acceptors, corresponding to 2 � 1019 acceptor volume concentration, to control

the threshold voltage and the gain of the transistor: N1: one acceptor near the Si

surface; N2: four acceptors underneath in the 3 nm Si film. No matter how precisely

we have processed, these five acceptors have a fundamental statistical variance of 5

and a standard deviation s of two acceptors. In this statistical distribution, about

90% of all values lie within +2s and �2s of the mean value 5. If we settle for this

range as an acceptable design space, the low threshold voltage would be given by

one acceptor and the high threshold voltage by 9 acceptors. Our gate capacitor has a

capacitance of 8 � 10�18 F, which requires 20 mV per elementary charge. This

results in a fundamental threshold range of our transistor of threshold voltage high

(9q) � threshold voltage low (1q) ¼ 160 mV.

Can we build useful circuit functions with this? The answer is yes, if we can allow

currents per gate to vary by orders of magnitude. However, the situation gets even

tougher fundamentally when we consider the variance of the transconductance.

58 B. Hoefflinger



We have used channel engineering, Fig. 3.11 and (3.18), to optimize the

subthreshold slope (on/off current ratio)and the voltage gain, and we implemented

that in our reference transistor with N2/N1 ¼ 4. Counting acceptors, we allocated

4 deep and 1 near the surface out of our mean total of 5 ions. The spread of N1 + N2

from 1 to 9 can result in a maximum N2/N1 ¼ 8 and a minimum N2/N1 ¼ 1. Using

our model, we obtain the following ranges:

Transconductance high: 136 mV/decade, gain high: 7.2

Transconductance low: 300 mV/decade, gain low: 1.3.

The resulting range of transistor characteristics is shown in Fig. 3.14.
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Fig. 3.14 The 90% corridor of current vs gate-voltage characteristics at VDS ¼ 0.1 V for our

10 nm reference nanotransistor
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This technology design space with a fundamentally large spread of threshold

voltages, a transconductance range of 2:1, and gains as low as 1.3 requires robust

circuit techniques, which we will cover in the next section, where we shall use

exclusively the availability of both NMOS and PMOS transistors.

We mention here that all of the above modeling equations, which we developed

for NMOS transistors, can be used to describe PMOS transistors provided we

remember that the mobility of holes is about 1/3 that of electrons normally and

that it can almost reach that of electrons in Si strained by the introduction of Ge.

Historically, PMOS ICs were first, because it was easier to engineer the

(negative) threshold voltage for the necessary normally-off transistors. In order to

benefit from the higher mobility of electrons, a lot of energy went into controlling

the channel impurities in NMOS transistors so that they could be made normally-

off. The biggest boost for this impurity control came with ion implantation [10] of

the dopants, which was demonstrated for MOS first by Mostek in 1970. NMOS

became the basis for killer products such as microprocessors and memories with

such impressive growth that MOS ICs passed bipolar in world-market share in

1980, and Nippon Electric Corporation (NEC) passed TI to become the world’s

largest semiconductor company. The investment in NMOS computer-aided design,

circuit libraries, and process technology became so large that the major players kept

their emphasis on this technology well past 1980, while the more radical comple-

mentary MOS (CMOS) technology was gaining ground steadily for reasons that we

will assess in the following section.

3.3 CMOS and BiCMOS Integrated Circuits

The CMOS process and circuit as invented in 1963 by Wanlass, [11, 12] and shown

in Fig. 2.7, derives its success from the features of the pair of complementary

transistors as illustrated in Figs. 2.8 and 3.15.
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Fig. 3.15 Circuit diagram (right) and transfer characteristic (left) of the CMOS inverter
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The complementary properties and parameters of NMOS and PMOS transistors

are listed in Table 3.5, and from these we obtain, somewhat simplified, the transfer

characteristic in Fig. 3.15 for the inverter. It has three sections.

1. For input voltages VI between zero and the threshold of the NMOS transistor, the

output voltage is at the positive supply voltage, because the PMOS transistor is

turned on and charges the output to the supply voltage, uncompromised by the

NMOS transistor, which is turned off below threshold.

2. For high input voltages beginning at a threshold voltage below the supply

voltage, the output voltage is zero, because now the NMOS transistor is turned

on and discharges the output to zero, while the PMOS transistor is turned off and

does not compete.

3. Between these perfect HI and LO levels, we have a transition region, which we

have simplified here with a constant slope, namely the voltage gain of the

inverter. If indices N and P denote NMOS and PMOS respectively, this gain is

AV ¼ gmN þ gmP

gDSN þ gDSP
: (3.23)

Equation 3.23 shows that the combination of the transistor types establishes gain

safely, although one type may even have an internal gain<1. This will be important

when we deal with variances at the nanometer scale.

Historically, the magic of CMOS arose from the attributes that we see in

Fig. 3.15.

– CMOS provides the perfect regeneration amplifier: Although the input may be

less than a perfect HI or LO, the inverter output provides a perfect LO or HI,

respectively.

– A CMOS circuit ideally only draws a current and dissipates energy while it is
switching. As soon as signal levels are stable, there is no current flow.

– CMOS circuits in subthreshold mode operate robustly and dissipate very little
power. Supply voltages can be lower than the sum of the threshold voltages for a

very low energy CV2.

– CMOS is tolerant to large differences in on-resistance between PMOS pull-up
and NMOS pull-down transistor networks: PMOS and NMOS transistors can

have unit size irrespective of their individual function. This allows very-large-

scale design automation.

In spite of these significant advantages over single-transistor-type PMOS or

NMOS circuits, which require tailored ratio design per gate type, and which have

marginal gain, signal swings less than the supply voltage, and permanent power

Table 3.5 Properties of PMOS and NMOS transistors

Charge carriers Threshold ON voltage OFF voltage Drain–source voltage

NMOS Neg Pos Pos Neg Pos

PMOS Pos Neg Neg Pos Neg
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dissipation, CMOS started out in two niches only: digital watches, immediately

controlled by Japan, and radiation-hard circuits (small-Si-volume SOI, large noise

margin).

Because channel lengths were determined by lithography and significantly

longer than the base widths of bipolar transistors, switching speeds were slow

(Fig. 3.10), NPN bipolar drivers were proposed in 1969, [13] and Fig. 3.16, to

improve the switching speed, particularly for large capacitive loads:

IL ¼ bF � IDS;

where bF is the current gain (3.3) of the bipolar transistor. However, such

technologies initially were very expensive, and it proved to be difficult to make

good NPN transistors with optimum parameters such as given by (3.3–3.6) together

with optimized MOS transistors so that progress was slow. About 10 years later,

BiCMOS drivers had become economical with all-ion-implanted technologies,

further assisted by lateral oxide isolation and, finally, by SOI since about 2000.

We should still bear in mind that the bipolar transistor first has to handle its own

collector RC load before handling the external load and that a properly designed

pair of CMOS inverters is often competitive: If we measure the load as F times that

of the internal capacitance of the first inverter with its channel width W, then the

second inverter designed with a width of WF1/2 delivers the optimum speed.

Moving back to digital CMOS logic, we highlight another unique feature: The
regular topography of CMOS, which led to design automation, gate arrays, and
sea-of-gates. A pioneering effort was made in 1974 by a group at Philips who

recognized [14] that CMOS logic could be designed very effectively with

– Unit-size PMOS and NMOS transistors,

– Regular standard placement of rows of PMOS and NMOS transistors,

– Wiring channels between these rows and

Fig. 3.16 Transistor diagram

of a CMOS/bipolar inverter

after [13]
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– Highly automated generation of standard logic cells, as well as
– Cell placement and routing for customized functions.

This local oxidation CMOS (LOCMOS) gate array technology of 1974 became

the prototype of the CMOS gate array strategies, which offered a quantum jump in
IC design productivity and the economic realization of large-scale application
(customer)-specific ICs (ASICs).

As wiring became the number-one cost factor compared with the cost of

transistor sites on-chip, an endless sea-of-transistors, also called a sea-of-gates,

was put on the chip with many degrees of freedom for dense wiring on top.

Another important step was the simplification and optimization of CMOS and

CMOS/bipolar manufacturing with the extensive application of ion implantation as
a precision process for a wide range of impurity profiles, a room-temperature
process with a low-thermal-budget anneal. This led to an all-ion-implanted

CMOS/bipolar process meeting all the specific requirements with a minimum of

processing steps [15]. This process, offering optimum collector-diffusion-isolated

(CDI) bipolar transistors together with CMOS needed only the following steps:

1. N-type implant for CMOS N-well and N-collectors,

2. active areas for transistors,

3. boron implant for NMOS-, PMOS-, and field threshold,

(a) Boron implant for active base (Gummel number, (3.3, 3.4),

4. Gate,

5. NMOS source/drain,

6. PMOS source/drain,

7. Contact,

8. Metal 1.

At the time, the second half of the 1970s, CMOS had also made its entry into

low-power analog circuits, and mixed-signal analog-digital circuits including

analog–digital converters and filters meant the start of digital telephony and the

dawn of mobile communication.
The CMOS-compatible realization of lateral high-voltage MOS transistors

(double-diffused MOS (DMOS)) with operating voltages of hundreds of volts

[7, 16] as well as vertical high-voltage, high-current transistors (power MOS) led

to the first systems-on-chip (SOC).
Regarding the CMOS innovation process in the 1970s, university labs with a

pilot line for prototyping new circuits, for example

– Stanford University, Palo Alto, CA: Prof. James D. Meindl and Jaques

Baudouin,

– University of California, Berkeley, CA: Prof. Paul R. Gray and Prof. David A.

Hodges,

– Katholieke Universiteit Leuven, Belgium: Prof. Roger Van Overstraeten,

– University of Dortmund, Germany: Prof. Bernd Hoefflinger played a key role.
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In today’s language, at the 10- to 5-mm technology nodes, these labs were able to

prove new processes and circuit concepts, providing a critical arsenal of CMOS

technology [7], which was widely publicized and exploited in Japan in the context

of the Japanese

10�: VLSI (Very-Large-Scale Integration) program.

The first low-power, high-performance microprocessors and digital signal

processors were announced by Japanese companies in 1979/1980 at about the

3 mm node, including all high-speed static random-access memories (SRAMs).

The US had missed large-scale entry into CMOS because of its emphasis on

NMOS dynamic memories (DRAMs) and high-speed (high-power) bipolar and

NMOS processors. The race to catch up started in 1981. TI, Digital Equipment

Corporation (DEC), HP, AT&T and Motorola were the first to push CMOS, and

CMOS passed NMOS in world-market share by 1985 (Fig. 3.1).

Logic-circuit styles have seen a lot of differentiation, and we will cover some

important ones in Sect. 3.6 on dynamic and differential logic. Here we now

concentrate on the future potential of complementary MOS circuitry at the nano-

scale, and we assess this guided by the fundamental variance of nano CMOS
circuits.

In Sect. 3.2.1 we assessed the fundamental variance of transistor characteristics

at the nanoscale as demonstrated by the 90% corridor of current vs gate voltage for

our 10 nm nanotransistor in Fig. 3.14. We now study the consequences of this

variance at the transistor level on our fundamental key circuit, the complementary

inverter and its transfer characteristic, which would look ideally like Fig. 3.15. We

learned there the requirements for this robust amplifier-regenerator: finite threshold

voltages and an internal voltage gain >1, (3.23). We found for our reference

transistor

– 90% range of threshold voltages: 160 mV,

– 90% range of voltage gain: 1.3–7.2.

Let us assume that we can succeed in making PMOS transistors symmetrical to

NMOS transistors, i.e., the same threshold range, and an inverter gain of 2:

gmN ¼ gmP ¼ 150mV=decade;

gDSN ¼ gDSP ¼ 300mV=decade:

The corridor of transfer characteristics would then be as shown in Fig. 3.17,

where the envelope is given on the left by a zero threshold of the NMOS and

160 mV of the PMOS, and on the right by 160 mV for the NMOS and zero for the

PMOS transistor.

The envelopes stand for those pairs where we would just achieve a full swing

from the positive to the negative supply voltage. These extreme cases are
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VTN1 ¼ VTN2 ¼ 0 $ VTP1 ¼ VTP2 ¼ high;

VTN1 ¼ VTN2 ¼ high $ VTP1 ¼ VTP2 ¼ 0:

As a function of the threshold variance and the average gain, the minimum

supply voltage for a full signal swing from within a Vt of the positive and negative

supply voltages, often called a rail-to-rail swing, is

VDDmin ¼ 2Vt þ DVTð1þ 2=AVÞ: (3.24)

In our case, this supply voltage would be 370 mV.

In Fig. 3.17, we have also entered the static noise margin NM, the largest

distortion on a logical ONE or ZERO that would be relaxed by the cross-coupled

inverter pair, the quad, to a perfect ONE or ZERO. If the inverters are symmetrical

(a), this noise margin, relative to VDDmin, is

mV
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characteristics of the left
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NM

VDDmin

¼ 0:5� 1

2AV

: (3.25)

In the symmetrical case, this noise margin would be 25% for both ONE and

ZERO. In the marginal case (b), one noise margin is 0, and the other is 50%.

The lesson of this exercise is that properly engineered symmetrical 10 nm

CMOS nano-inverters can serve as amplifying signal regenerators and drivers.

However, it becomes clear as well that the single nano-inverter will be plagued

by asymmetry both in its transfer characteristic and in its drive capability and that at

this level of miniaturization

– The cross-coupled CMOS pair (the quad) becomes the most robust and the

fastest voltage regenerator, and

– Fully differential signaling/logic can result in double the capacitance, but safe

operation at half the operating voltage means a 50% net reduction of the

switching energy CV2.

The quad is key to many practical and robust nanoelectronic functions:

– Fully differential signal regeneration,

– Differential amplification,

– Low-voltage, high-speed memory.

The quad has long been the heart of the memory cells in CMOS static random-

access memories (SRAMs). The six-transistor cell in Fig. 3.18 shows this cell with

fully differential read and write capability.

This cell is suitable for low-voltage standby because of the immunity inherent in

the storage of both the true and inverted data. How low can this standby voltage be?

The true and inverted voltage levels have to be separated by at least 2Vt ¼ 50 mV at

Fig. 3.18 Six-transistor CMOS SRAM cell for differential, nondestructive write and read
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room temperature. To this we have to add the variance of the threshold voltages,

giving a standby voltage of 210 mV for our 10 nm target technology.

The voltage difference between ONE and ZERO is about 50 mV, and the

switching energy to flip the content of this cell would correspond to moving 2.5
electrons from one pair of gates to the other: The 10 nm CMOS SRAM cell in
standby is a two-electrons perbit memory for random-access, high-speed write and

nondestructive read.

The price for this effective type of memory is the standby current. It is, to first

order, the geometric mean of the maximum and minimum transistor current for a

given supply voltage:

Istandby ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Imax � Imin

p
:

This amounts to 3 nA for our cell, or 3 A and 600 mW for a 1 Gbit 10 nm SRAM

in standby. We treat the trade-offs between DC and dynamic-switching power in

SRAMs further in Chap. 11.

We will discuss CMOS logic-options at the 10 nm node in Sects. 3.5 and 3.6.

Here we summarize our assessment of CMOS technology and circuits on their

move towards 10 nm:

– 10 nm CMOS transistors are dominated, like all semiconductor devices with

functional volumes <1,000 nm3, by the fundamental variance of the numbers of

charge carriers and doping atoms involved in the electronic functions.

– MOS field-effect transistors <50 nm operate no longer in the familiar (Shockley)

drift mode but in the diffusion or subthreshold mode, where the barrier for mobile

charges is controlled by both the gate and the drain, resulting in small and sensitive

intrinsic voltage gains of transistors.

– Variance and intrinsic gains marginally >1 require complementary NMOS/

PMOS circuitry, in particular robust signal regenerators and accelerators.

– Towards 10 nm, regenerators will have to contain CMOS quads, cross-coupled

complementary pairs, and fully differential signaling and logic will be needed.

– The push for 10 nm transistors means supply voltages <400 mV, heading

towards 200 mV, attractive for high-density memory and mobile systems.

Allowances for speed and signal integrity can mean diminishing returns.

In spite of all these concerns, CMOS is the only robust, large-scale, and
dominant chip technology for the next 20 years.

3.4 Silicon-on-Insulator (SOI) CMOS Technology

The ideal planar integration of CMOS integrated circuits was proposed and realized

more than 35 years ago, as we saw in Sect. 2.4, and as illustrated in Fig. 2.5. Lateral

and vertical oxide isolation of the complementary PMOS and NMOS transistors

allows the highest integration density and the smallest parasitic capacitances in
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order to reduce the switching energy CV2. We follow the lengthy evolution of this

SOI technology. Although its implementation was shown virtually overnight in

1964 [17, 18] by Si epitaxy on sapphire, it acquired the label of being expensive and

difficult, and it remained a very small niche technology for military and space

applications, albeit meeting extreme reliability requirements.

It took 15 years for SOI to receive renewed attention. A lab in Japan and

the Stanford Electronics Laboratory [20] deserve the credit for launching the SOI

wave of the 1980s. Izumi and coworkers [19] realized the film sequence silicon–

insulator–silicon substrate by high-dose, high-energy implantation of oxygen

into silicon to produce a buried oxide layer, of course with a subsequent very-

high-temperature anneal to create a stoichiometric buried silicon dioxide layer and

to recrystallize the top Si film amorphized by the implant. Further milestones are

listed in Table 3.6.

Table 3.6 Selected SOI milestones

Year Milestone Reference

1964 Silicon-on-sapphire (SOS) [17, 18]

1978 SIMOX: Silicon isolation by implanting oxygen [19]

1979 Laser recrystallization of polysilicon deposited on silicon dioxide [20]

1981 FIPOS: Full isolation by porous silicon [21]

ELO: Epitaxial lateral overgrowth [22]

1985 Wafer bonding [23]

1994 ELTRAN: Epitaxial-layer transfer [24]

1995 Smart cut: H implantation, bonding, and splitting [25]

2005 SOI foil [53]

Epitaxial siliconDouble porous
silicon layer

Bonding

Seed wafer

Handle wafer

Handle wafer

Handle wafer

SiO2 Nozzle

a b

c d

e

Fig. 3.19 SOI wafer obtained by the transfer of an epitaxial Si layer (after [26]). A: Formation of a

two-level porous Si layer on the seed wafer. B: Growth of the epitaxial Si layer on the seed wafer.

C: Wafer bonding of the seed wafer to the handle (product) wafer. D: Splitting the wafers.

Polishing, etching, and possibly a smoothing epitaxy step for the handle (product) wafer.

E: Surface cleaning of the seed wafer
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A more detailed description of these processes can be found in [26]. We focus

here on the quality of the Si films and on their economics for large-scale

manufacturing. As a rule, the surviving SOI technologies for ICs have a high-

quality crystalline film grown by Si epitaxy. That feature is available in epitaxial

lateral overgrowth. We cover that in the following section on 3D CMOS. Epitaxial

film is also available in processes following the ELTRAN scheme, which is shown

in Fig. 3.19.

3.5 3D CMOS Technologies and Circuits

For 50 years, integrated circuits have been 2D arrangements of transistors and other

components, such as resistors and capacitors, in a thin surface layer of a crystalline

Si wafer. Recently, 3D integration has become popular in the sense of stacking

chips on top of each other. We address that in Sect. 3.6. Here, we take a dedicated

look at the history and the future potential of stacking transistors on top of each

other with high density and functionality within the same Si substrate.

Early efforts in this direction were made with regard to bipolar transistors and

using PN junction isolation, but without success. Gibbons and Lee deserve the

credit for launching true 3D functional integration for CMOS in 1979. We marked

that as a significant milestone in Chap. 2 (Fig. 2.12, [20]) and we highlighted the

Japanese FED program that followed shortly thereafter. All these related efforts

suffered from the fact that only the bottom crystalline transistor layer offered high-

quality transistors; the higher layers consisted of poorer, recrystallized Si, produc-

ing an inferior transistor quality. The sole high-quality crystalline films on silicon

dioxide as an insulator were those obtained by seeded, selective epitaxial lateral

overgrowth (ELO) [22]. Because the lateral growth distance meant about as much

useless vertical growth and the seed meant a short to the underlying Si layer, this

technique did not receive much attention.

However, if one uses the seed as a vertical contact (a via) between devices

stacked on top of each other, it turns into an advantage rather than being

a shortcoming. This was proposed as a concept at one of the FED meetings [27]

with a highly compact full-adder as an example (Fig. 3.20). The real consequence,

namely to use as many seeds for selective epitaxial growth as there are CMOS

transistor pairs, was expressed in 1984 [28], and a practical process patent applica-

tion was filed, as illustrated in Fig. 3.21 [29].

Coordinated research between Purdue University and the Institute for Micro-

electronics Stuttgart, Germany, in the following years produced a number of

remarkable results based on localized epitaxial overgrowth for 3D CMOS:

– A top gate above the thin-film PMOS transistor provided a mask for the PMOS

source and drain, and it made this transistor a dual-gate transistor with a top and

a bottom channel in parallel. It was shown that this could more than double the
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PMOS transistor current to levels almost equal to the underlying NMOS transis-

tor with the same width (Fig. 3.22) [30].

– Independent operation of the two PMOS gates provided a logic OR function with

a perfect, very-low-leakage off state (Fig. 3.23)

– The PMOS OR function together with an additional NMOS transistor at the

lower level provided a two-input NAND gate with a very small footprint

(Figs. 3.24 and 3.25).

The topography of the stacked complementary transistor pair led to a primitive

cell that, beyond the inverter, offers the function of a selector (Fig. 3.26), which can
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serve as a universal basic element for automatic logic synthesis with the benefit of a

very dense, highly regular physical layout [31].

A part of the 3D strategy was to provide the lower supply voltage from the Si

bulk, where a chip-size PN junction serves as a large charge store to reduce ground

bounce and to provide a ground contact through a “sinker” where needed, for

example, with the NMOS source for the inverter. Numerous 3D test circuits, both

full-custom and sea-of-gates type, were designed. The comparison of these and of

Fig. 3.21 Manufacturing of a 3D CMOS transistor pair with a common gate and common drains

[29]. Top: After formation of the bottom NMOS transistor and localized epitaxial overgrowth

(LOG) with the transistor drain as the seed. Bottom: After formation of the top thinned epitaxial-

film PMOS transistor with its drain connected to the bottom NMOS transistor. The selective

epitaxy acts here as self-assembly

Fig. 3.22 NMOS and PMOS

transistor currents in a 3D

CMOS pair with dual gate

PMOS. # 1989 IEEE
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Fig. 3.24 Scanning electron microscopy (SEM) image of the cross section of a two-NAND gate.

The stacked dual-gate PMOS on top of the NMOS transistor can be seen on the right. LOCOS:

Local oxidation of silicon. # 1992 IEEE
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Fig. 3.25 Layout comparison of 2D and 3D CMOS inverters and two-NANDs for equal design

rules.# VDI-Verlag 1993
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34 standard cells for the same design rules provided the average result [32] that 3D
CMOS with localized epitaxial overgrowth requires only 50% of the area as 2D
CMOS with the same mask count.

3D CMOS is even more effective in the merger of two complementary pairs, the

CMOS quad mentioned in the previous section as the universal core of CMOS

differential amplifiers, regenerators (Fig. 3.27), and storage elements such as

SRAM. In Fig. 3.28, we see such a memory cell with an additional LOG epitaxial

thin-film transistor level for the NMOS word-select transistors [32].

The density potential of 3D CMOS logic and its compatibility with computer-

aided design (CAD) automation were critically evaluated in the late 1990s and their

significance clearly demonstrated [33]. However, the rapid progress in scaling 2D

CMOS circuits met the density requirements until recently so that the 2D evolution

Fig. 3.26 Functions of the 3D complementary pair with dual-gate PMOS transistor.#VDI-Verlag

1993
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has ruled, and disruptive 3D structures remained on the sidelines. Other alternative

introductions of the third dimension in vertical transistors, FinFETs, tri-gate

transistors, and carbon nanotubes with wrapped-around control gates have been

introduced in 2011 as 22 nm Tri-gate transistors by Intel. One can find surveys of

these, for example, in [34–36].

Will the third dimension arrive, finally and in a disruptive fashion? The answer is

• 3D stacking of chips and wafers arrived, fairly disruptively, in 2005, to meet the

density requirements of the market (more in the following section);

• 3D stacking of CMOS transistors on-chip will follow in view of the 10 nm

barrier.

What are the requirements for future 3D CMOS?

– Compatibility with mainstream Si CMOS technology

– No increase in total process complexity

– No disruption of the physical-layer circuit design style

– Large-scale vertical Si interconnect by selective growth to replace contacts and

metal

– High quality of the upper-level thin-crystalline-film transistors

There will certainly appear alternatives to the selective-epitaxy technology

presented here. It merits, however, to be reconsidered: What required growth of

10 mm Si mountains and their thinning-back by chemo-mechanical polishing

(CMP) almost 20 years ago, will now be <1 mm with a much smaller thermal

budget, and selective molecular-beam epitaxy (MBE) could be considered [37], as

well as atomic-layer epitaxy (ALE).

3.6 MOS Low-Voltage Differential Logic

MOS logic styles evolved rapidly in the 1960s and were mostly built on the

availability of one transistor type, which was initially P-type. The gates functioned

as voltage dividers, which required ratio design with narrow, long, high-resistance

Fig. 3.28 Circuit diagram and cross section of a 3D CMOS SRAM cell with three levels of

transistors, including dual-gate PMOS. # VDI-Verlag 1993
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load transistors and wide, short switching transistors. Designs varied largely

depending on designer skills and discipline. This situation improved when deple-

tion-type load transistors became available in about 1970, after the introduction of

ion implantation [10] allowed precise threshold control.

While this type of logic was pretty much a replica of bipolar logic with MOS

transistors, a radical alternative exploited the MOS transistor as a switch with a very

high off-resistance and a large on–off resistance ratio, and, at the same time, a high-

quality capacitor to store the information as a charge. As a consequence, various

styles of clocked MOS logic were introduced in the 1960s with distinct phases for

precharging the output nodes of a gate, followed by a sampling phase, in which the

status of the gate was evaluated. Unit-size transistors could be used, and only the

standard enhancement-type was needed. Complex series–parallel logic switching

networks could be used, generally with reduced total network capacitance and

higher speed.

In our chart of milestones (Fig. 3.1), we note 1980 as the year of killer products

based on dynamic MOS logic. Microprocessors and signal processors used high-

density, high-speed complex dynamic logic to achieve performance. The basis was

domino logic [38], followed by several enhancements to deal with speed problems

caused by the resistance of high-fan-in, series-connected transistors and the asym-

metry of pull-up and pull-down times of gates.

This led to the use of fully differential input trees, which were then connected to

differential amplifiers, which

– Restore full signal swing,

– Deliver perfect TRUE and COMPLEMENT outputs,

– Suppress common-mode asymmetry and offset noise,

– Can drive large-fan-out loads.

In some versions, the construction appeared in the name, such as DCVSL

(dynamic cascode voltage switched logic) [39].

The no.1 field for complex transmission-gate logic is adders and multipliers. In

particular, long carry chains with short overall delays have seen continuous

inventions and improvements, many dependent on (low-voltage) fully differential

signaling (LVDS) for safe operation with sufficient noise margin and fast detection

with differential amplifiers, eliminating common-mode voltages, crosstalk and

other noise, and generating full-swing complementary outputs with high speed.

One implementation of a “Manchester carry chain” is shown in Fig. 3.29. In the

center we see the cross-coupled pair, the quad, as the heart of the amplifier/

accelerator. It assures the safe and high-speed propagation of the carry signals in

spite of a supply voltage of only 0.5 V, as shown in Fig. 3.30 [40–42].

Arithmetic units are those logic circuits where density, speed, and energy in the

form of the number of operations per unit of energy (watts � seconds ¼ joules) or

operations per second per watt (OPS/W) matter most. It is the show-stopper for

media-rich mobile electronics. Watching the energy CV2, we have to minimize the

circuitry (¼C) – and the voltage V by any means because of its quadratic effect. For

the extremely low voltages of 300�500 mV, differential logic has become a must.
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What can be done about the required circuitry? Beyond the optimization of

adders, the key problem is the multiplier. The raw estimate says that the task of

multiplying two N-bit words has a complexity of the order O(N2). A well-known

improvement on this is Booth encoding, which reduces the complexity to O(N2/2).

The result is normally accumulated to a length of 2 N bits, which is overkill in all

signal-processing applications, because, if the inputs have N bit accuracy, the
accuracy of the multiplication result is only N bit. One radical alternative, particu-
larly considering signal processing, is to add the binary logarithms and to do this by

getting the most-significant bit of the result first, [40–42]. This is the basis of the

DIGILOG (digital logarithmic) multiplier.

For our two binary numbers A and B, we determine the leading ONEs at

positions j and k, respectively, and then proceed as follows:

Quad

Cout

VDD

Cout

Kill

CinCin

GND

Generate

PropagatePropagate

Fig. 3.29 One stage of a

differential Manchester carry

chain (MCC) with a

differential regenerator/

accelerator output [40–42].

The switches are VT ¼ 0

transistors

Fig. 3.30 Generation of the most-significant-bit carry and sum of a 16-bit HIPERLOGIC adder in

a 100 nm SOI CMOS technology [40–42]. # 2000 IEEE
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A ¼ 2j þ AR;

B ¼ 2k þ BR;

A � B ¼ ð2j þ ARÞð2k þ BRÞ;
A � B ¼ 2j � Bþ 2k � AR þ AR � BR:

The first part can be obtained easily by shifting and adding, producing a first

approximate result. Iterative procedures on the remainder ARBR deliver more

accurate results: After one iteration, the worst-case error is �6%, after two

iterations it is �1.6%, and the probability that it is <1% is 99.8%. Operating with

two iterations, we can estimate the complexity of this DIGILOG multiplier as

O(3 N), which means an improvement of 24/32 for an 8 � 8 bit multiplier and of

48/128 for a 16 � 16 bit multiplier. This is just to show that arithmetic units have

great potential for continuing improvement.

High-performance logic (HIPERLOGIC) based on the differential logic acceler-

ator of Fig. 3.29 and the DIGILOG multiplier can produce a 16 � 16 bit multiplier

performing 14 TOPS/W (14 GOPS/mW) at the 100 nm node and an operating

voltage of 500 mV, corresponding to70 fJ per operation [40–42]. Moving to 20 nm

and 300 mV, a performance of 700 GOPS/mW can be achieved for a 16 � 16 bit

multiplier with the technique described here or other ongoing developments.

The pressure for better arithmetic performance in mobile multimedia

applications is very high, as expressed in Chap. 13, with the demand for a 300-

fold improvement compared to 2010. The state-of-the art, although impressive,

underlines the 300-fold improvement required in that chapter. We have entered

several results from 2010 publications in Figs. 3.31 and 3.32.

The first plot, Fig. 3.31, can serve as the master graph, because it plots the speed

against the energy per operation. Certainly in mobiles, the issue is: At which energy

can you realize speed? We have entered the HIPERLOGIC data of above for

16 � 16 bit multipliers and some recently reported results from ultra-large-scale

media processors. These contain hundreds to thousands of arithmetic processing

elements (PEs), mostly organized as 4 � 4 bit adder/multipliers.

The best reported achieves 27 MOPS with 12 mW at a supply voltage of 340 mV

in a 32 nm technology, which gives a power efficiency of 2.8 TOPS/W for a 4 � 4

multiplier [43]. The adder inside this processor element is built in static CMOS

logic, which naturally becomes very slow at 340 mV in spite of a very advanced

technology node.

2048 four-bit arithmetic logic units (ALUs) were reported on an image processor

performing 310 GOPS/W with a 200 MHz clock at 1.0 V [44]. The progress in

multiplier performance between 2007 and 2010 is evident in [45], where

670 GOPS/W was reported. Similar efficiency levels were given in [46]. A trend

line of 100�/decade has been drawn in Fig. 3.32, projecting 100 TOPS/W or

100 GOPS/mW for 4 � 4 multipliers in 2020. This may not be good enough

considering the unabated push towards HD and 3D video as outlined in Chaps. 6

and 13, where the demand is for a 1,000-fold improvement in power efficiency
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between 2010 and 2020. The same rate is required for supercomputers (see

Fig. 6.4). Some more radical innovations like HIPERLOGIC will be needed to

meet the requirements of 2020. The HIPERLOGIC example not only offers a

quantum step of an order of magnitude, but it does so for a 16 � 16 multiplier,

and the PEs of 2020 will not be 4 � x4 but 8 � 8 as a minimum. In 2020 a CMOS
16 � 16 bit digital multiplier will perform 600 MOPS with a power efficiency of
1 TOPS/mW (1fJ) (500 times the 2010, much shorter 4 � 4 bit multiplier at

2.8 GOPS/mW).

3.7 3D Chip Stacks

2005 can be seen as the year of the breakthrough for a 3D integration strategy that

has had a long history of sophisticated technology development in the shadow of

scaling down Si transistors. It is the stacking of prefabricated Si crystals at the chip

or wafer level. A number of milestones on this path can be identified as significant

advances and pointers. We have marked 1980 in Fig. 3.1, when the

10�: Future Electron Devices (FED) program in Japan (1980–1990)

began to produce refined techniques for wafer thinning, for producing through-

silicon vias (TSV’s) and for wafer stacking. The
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Fig. 3.31 This master chart of digital multipliers shows the operating speed vs the energy per

operation (top axis) and its inverse, the operations per second per watt, also called the power

efficiency (bottom axis)
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10�: Electronic Eye (Das Elektronische Auge) program in Germany (1994–1998)

led to the realization of a state-of-the-art intelligent vision system with the biomor-
phic structure of high-dynamic-range pixels in a top Si layer being merged with an

underlying Si wafer containing first-level neural signal processing [47]. An

exploded view of this imager is shown in Fig. 3.33.

Another development has been pivotal in creating multilayer Si systems, namely

the use of Si as an active carrier for Si chips forming a Si multichip module (MCM)

as shown in Fig. 3.34 [48]. In this approach, the chips are flipped upside-down and

mounted face-down in the C4 (controlled-collapse chip connect) technique via

mbumps, patented by IBM in 1968. Not only is the Si carrier compatible in thermal

expansion, but it can be preprocessed to contain the proper blocking capacitance for

the chips, Fig. 3.34, eliminating ground bounce, but it can actually be smart,
providing electrostatic discharge (ESD) protection, temperature sensing, self-test
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[49], and energy harvesting, like photovoltaic cells. When the IBM C4 patent

expired in 1983, a new industry was formed providing bumping services and

chip-scale packaging (CSP), a value-adding industry that has grown into a critical

role today.

A further domain of chip stacking developed quickly with the 3D integration of

heterogeneous Si system functions into smart-power and smart-sensor products.

PowerMOS and insulated-gate bipolar (IGB) transistors are large-area Si devices,

as are most Si sensors for pressure, acceleration, etc., so that there is area on the

surface available to place small intelligent chips for control and communication.

Fig. 3.33 Exploded view of a chip-stack intelligent-vision system from 1997. The top layer is the

back-end-of-line (BEOL) interconnect structure. The second layer shows the photoreceptor chip,

and the third layer represents the neural processing chip [47]. Source: IMS CHIPS 1998

Fig. 3.34 Flipped chips on a

Si carrier (1987) [48].

Courtesy IBM Boeblingen
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To take into account this early introduction of chip stacks, we have placed a 1985

marker in Fig. 3.1 for these systems-on-chips (SoCs). Products in this domain are

now produced in volumes of hundreds of millions per year and are specially

covered in Chap. 14.

At about this time, digital, lightweight mobile phones began to appear, and the

stacking of different chips, such as transceivers, processors, memories, and

cameras, produced a high-volume, low-cost market for chip stacks as SoCs, and

these deserve a chapter of their own (Chap. 12).

The 2005 explosion of chip stacking happened because

– The pressure on more flash memory/cm2 became big enough to introduce

chip-stacking and

– Significant know-how for thinning wafers and forming TSVs had been develop-

ing in the background at the interface between the semiconductor and the

equipment industry to become quickly available.

IBM, for example, has had a continuous micropackaging research program over

decades [50], from which experts migrated to the Asian Tiger countries and set up

an industry providing stacking technology as a packaging service.

3D chip stacks developed into a multifaceted field, which can be organized into

two major areas:

– Wafer-level and chip-level stacking and

– Uniform- or heterogeneous-function stacking.

For the stacking of wafers, we have basically three options, as shown in

Fig. 3.35 [51].

This cross section shows the challenges and opportunities for progress in perfor-

mance and cost of new products. In Fig. 3.36, we show a concept involving the

bonding of wafers that contain two levels of transistors each produced by the

localized epitaxial growth presented in the previous section on 3D CMOS (e.g.,

Fig. 3.27). The bonded wafer contains four transistor layers, and further stacking is

proposed with mbumps.

Fig. 3.35 Three options for stacking the upper wafer on the bottom one. (a) Face-up; fusing the

back of the top wafer on the face of the bottom wafer requires full TSV on the top wafer. (b) Face-

down; no TSVs needed, allowing higher density and less interconnect parasitics. (c) Face-up with

oxide fusion, like wafer bonding, exploits strategies for vertical local and global routing to

maximize speed and density [51]. # IBM Technical Journals
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Uniform functions such as memories have the feature that vertical communica-

tion can be organized into a local area of each chip where the TSV signal and power

elevator can be concentrated effectively over numerous levels of chips. Therefore,

memories are candidates for integrating numerous layers of thinned wafers

(Fig. 3.37 [52]).

The state-of-the art in 2010 for stacked DRAMs and Flash memories is four to

eight wafers, and these devices certainly are the extreme test vehicles for managing

yield and cost in the case of wafer-level stacking. Built-in redundancy will support a

push towards more wafer levels for memories so that a trend curve as shown in

Fig. 3.38 is possibly leading to stacks of 64 wafers by 2020.
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Fig. 3.36 3D stack with back-to-back bonded wafers and m bumps to a Si carrier below and

further stacks above. # WEKA Medien 2000
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When we talk about wafers, we mean wafers thinned to about 50 mm by grinding

and polishing, or significantly thinner (10–20 mm) Si films, manipulated as handle

wafers until they are fused to the next lower Si film and then detached from the

handle with techniques similar to the ones shown in Sect. 3.4, for example Fig. 3.19.

The Si film thickness is, of course, essential for the TSV diameter, its parasitic

resistance, capacitance, and inductance, and ultimately for the density achievable.

We see in Fig. 3.39 that the trend curve for the density of TSVs takes 15 years

for a 10-fold improvement. The TSV pitch of 40 mm in 2010 indicates a ratio of

1:1 between TSV pitch and wafer (film) thickness, so the keen interest in

manufacturing technologies for Si films <20 mm will continue.

A future of its own opens up for chip-level stacking. It presents formidable

challenges for handling these thin and miniature chips on the one hand, but it also

opens up the opportunity of literally cracking the complexity problems of large-
scale system chips containing different technologies and different functions with

the strategy of divide and conquer.

Fig. 3.37 Cross section of a stack of 32 wafers with TSVs [52]. # 2010 IEEE
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One example for the production and handling of ultrathin chips is shown in

Fig. 3.40 [53]. A double-layer porous Si surface is produced similar to the

techniques described in Sect. 3.4 on SOI, Fig. 3.19, but now selectively and

including buried cavities in just the areas of the chips. The resulting wafer is fully

processed to implement the function of the chip, be it just a circuit or a sensor or

actuator. And the chips are tested for functionality. A deep-trench etch into the chip

boundaries predisposes the chips to be cracked, picked, and placed on an underly-

ing substrate. This is one possible technique for face-up stacking of fully fabricated

and tested chips.

We see that, in the world of stacking chips, we can partition the total system

into chips optimized for function, design, technology, testability, yield, and

manufacturing source, and pick up these individual chips as known-good die for

3D integration into a chip stack (or possibly several chip stacks on a Si carrier).

We can imagine how multifaceted the creation of new chip products for the best

functionality at optimum cost is getting and that this will continually change

the industry: the management of quality, the product reliability, and the product

liability have to be assured and clarified in a truly global spirit and scenario, which

will be both demanding and rewarding for those involved. This makes up another

call for global education and research enabling growth and progress in our world

with 3D-integrated chips.
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Fig. 3.38 The expected number of stacked wafers for DRAM or Flash products
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3.8 Single-Electron Transistor and Other Concepts

This is a book about nanoelectronic devices and products for everyone, and that

makes it a book about room-temperature, natural-environment nanoelectronics. We

have seen in Sect. 3.2 that our standard MOS transistor, at the end of its scaling

towards 10 nm, has become a single-electron transistor (SET; Fig. 3.41) in the sense

that we find at any given time just one electron in the channel moving across the
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potential barrier either faster, generating more current ¼ high channel conduc-

tance, and an output ZERO or slower, generating less current ¼ small channel

conductance, and an output ONE.

As of 2010, no room-temperature circuits including signal regeneration, built out

of SETs with Coulomb confinement, have been reported. Large-scale logic

functions will probably not become competitive with ultralow-voltage differential

nano-CMOS. An SE device chain with Coulomb confinement may be considered as

a CCD-like serial memory (Chap. 23).

For 10 nm CMOS, we limited our assessment to single-gate transistor structures

for processing and cost reasons, and we saw that the atomic variance of dopants in

the channel had a large effect of 20 mV per doping ion on the threshold voltage and

therefore on the minimum allowable supply voltage, amplified by the allowance for

a worst-case voltage gain or noise margin. At this front, some improvement can be

gained by dual-gate (Figs. 3.22 and 3.23) or surround gate structures [35], if these

can be built with the EOT of 1 nm assumed in our quantitative study. The dual-gate

fundamental threshold sensitivity might improve to 10 mV/charge. The surround-

gate transistor topography should be vertical as in the following proposal for a

complementary bipolar transistor stack (Fig. 3.43). If this could be realized with an

equivalent oxide thickness EOT ¼ 1 nm and a Si cylinder of 10 nm diameter, the

sensitivity would decrease to 6.5 mV/charge.

We have to remember that all these 10 nm transistors operate in the subthresh-

old, barrier-control or carrier-diffusion mode. Since we operate in this barrier-

control mode, analogous to the bipolar transistor, and since we can no longer turn

the MOS transistor off anyway, it is worth revisiting the bipolar transistor, Sect. 3.1,

and scaling it down to the <10 nm level.

Let us assume an NPN nanotransistor with a 10 nm � 10 nm emitter, a metal-

lurgical base width of 10 nm and the base doped at a level of NA ¼ 1020 cm�3. This

configuration is identical to the channel of our MOS nanotransistor in Sect. 3.2.

In equilibrium, depletion widthsWD ¼ 3 nm would extend from the emitter and the

Fig. 3.40 Production of ultrathin-film chips, which have been fully processed and tested in a

standard wafer process. Good die are cracked, picked, and placed on the underlying substrate [53].

# 2006 IEEE
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collector into the base, leaving a neutral base of 4 nm width. Within this neutral

base, we would find 40 acceptors, the Gummel number of this nanotransistor with a

standard deviation of s ¼ (40)1/2 ¼ 6 acceptors. Our corridor with �2 s would

give us Gummel numbers between 28 and 52 or 40 � 30%. Using (3.4), we find a

mean Early voltage VA ¼ 1.9 V, giving us an intrinsic voltage gain according to

(3.5) of

AV ¼ VA=Vt ¼ 1:9=0:025 ¼ 76

103

current
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Fig. 3.41 Single-electron current across a channel of 10 nm length. For a channel cross section of

2 nm � 10 nm, the current density at 10 mA would be 5 � 107 A/cm2, and the volume power

density would be 20 GW/cm3 for a drain voltage of 0.4 V
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at room temperature. If we can realize an emitter doping NE ¼ 1021/cm3, we should

be able to reach a current gain bF > 10, see (3.3), resulting in a power gain AP > 760

� 60%, if we accept that variances accumulate. The maximum useful current for this

nanotransistor, namely the knee current IK, see (3.8), where the transconductance

would be cut in half, would be Imax ¼ IK ¼ 1.2 mA, much larger than any thermal

limit.

This would make a reasonable device with several fundamental advantages over

the MOS nanotransistor:

– No problems with gate dielectrics,

– Optimum transconductance of 60 mV/decade (>3 times that of the MOS

transistor, Fig. 3.14),

– Perfect topology for vertical growth of transistor structures.

Following up on the last statement, we should pursue, as a vertical Si structure,

the pair of vertical complementary bipolar nanotransistors: (N+PNN+)(P+PNP+).

The pair would form one half of the quad, the cross-coupled pair of inverters

(Fig. 3.42), which is the necessary signal regenerator (Fig. 3.17) in low-voltage

differential logic (Fig. 3.29) and the heart of the high-speed SRAM (Fig. 3.18), with

the lowest operating voltage, nondestructive readout, and the smallest write and

read energy.

A structure for the vertical complementary bipolar nanotransistor pair is pro-

posed in Fig. 3.43. The realization of this transistor pair has associated with it the

incorporation of three local interconnect layers for optimum surround contacts to

the P and N bases and to the N+P+ output, and to provide three levels of local

interconnects, for example, to form a high-density quad. The proposed process flow
(Fig. 3.44) is

– SOI wafer with buried N+ as ground supply and heat sink

– P+-poly/salicide for P-base surround contact, INPUT, and interconnect

– Mask #1: P+-poly/salicide etch

– Deposit SiO2 and planarize

– Metal for N+P+ surround contact, OUTPUT, and interconnect

– Mask #2: Metal etch

– Deposit SiO2 and planarize

Quad

Fig. 3.42 The cross-coupled

differential inverter pair
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– N+-poly/salicide surround contact of N base, INPUT, and interconnect

– Mask #3: N+-poly/salicide etch

– Deposit SiO2 and planarize

– Mask #4: Deep etch for transistor column

– Selectively doped Si crystal growth of complementary transistor column,

matched with the poly and metal contact rings

– Mask #5: Deep etch of contact columns

– Selective deposition of metal columns, in situ contacted with the conductor rings

and upwards-extendable as TSVs

The formation of complementary bipolar nanotransistors and three local contact

layers with just five masks is indicative of the potential of

– Device-level 3D integration

– The replacement of masks, overlay, and etch by selective growth (self-assembly)

– Vertical contact columns as TSVs

The complementary bipolar structure together with lateral NMOS-transistor

transmission gates (VT ¼ 0) and logic transistors (VT > 0) would form a

promising technology for low-voltage differential logic and high-speed SRAM

memory.
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Fig. 3.43 Cross section of a vertical complementary bipolar nanotransistor pair as inverter
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Fig. 3.44 Three steps in the formation of the complementary bipolar transistor pair. Top: After

mask #3 and planar oxide. Middle: After mask #4 and deep etch for the growth of the transistor

column. Bottom: After mask #5 and deep etch for contact columns
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Chapter 4

Analog-Digital Interfaces

Matthias Keller, Boris Murmann, and Yiannos Manoli

Abstract This chapter discusses trends in the area of low-power, high-performance

A/D conversion. Survey data collected over the past thirteen years are examined to

show that the conversion energy of ADCs has halved every two years while the

speed-resolution product has doubled approximately only every four years. A closer

inspection on the impact of technology scaling and developments in ADC design are

then presented to explain the observed trends. Next, opportunities in minimalistic and

digitally assisted design are reviewed for the most popular converter architectures.

Finally, trends in Delta–Sigma ADCs are analyzed in detail.

4.1 Introduction

Analog-to-digital converters (ADCs) are important building blocks in modern

electronic systems. In many cases, the efficiency and speed at which analog

information can be converted into digital signals profoundly affects a system’s

architecture and its performance. Even though modern integrated circuit technology

can provide very high conversion rates, the associated power dissipation is often

incompatible with application constraints. For instance, the high-speed ADCs

presented in [1] and [2] achieve sampling rates in excess of 20 GS/s, at power

dissipations of 1.2 W and 10 W, respectively. Operating such blocks in a handheld

application is impractical, as they would drain the device’s battery within a short

amount of time. Consequently, it is not uncommon to architect power constrained
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applications “bottom-up,” by determining the analog/radio frequency (RF) front-

end and ADC specifications based on the available power or energy budget.

A discussion detailing such an approach for the specific example of a software-

defined radio receiver is presented in [3].

With power dissipation being among the most important concerns in mixed-

signal and RF applications, it is important to track trends and understand the relevant

trajectories. The purpose of this chapter is to review the latest developments in low-

power A/D conversion and to provide an outlook on future possibilities, thus

extending and updating the results presented in [4]. Following this introduction,

Sect. 4.2 provides survey data on ADCs published over the past 13 years

(1997–2010). These data show that contrary to common perception, extraordinary

progress has been made in lowering the conversion energy of ADCs. Among the

factors that have influenced this trend are technology scaling, and the increasing use

of simplified analog sub-circuits with digital correction. Therefore, Sect. 4.3 takes a

closer look at the impact of feature-size scaling, while Sects. 4.4 and 4.5 discuss

recent ideas in “minimalistic” and “digitally assisted” ADC architectures. Finally,

the last section presents recently developed approaches for delta-sigma ADCs in

order to face the limitations of aggressively scaled CMOS technologies.

4.2 General ADC Performance Trends

4.2.1 Survey Data and Figure of Merit Considerations

Several surveys on ADC performance are available in the literature [5–8]. In this

section, recent data fromdesigns presented at the IEEE International Solid-StateCircuits

Conference (ISSCC) and the VLSI Circuit Symposium will be reviewed. Figure 4.1

shows a scatter plot of results published at these venues over the past 13 years [9].

Figure 4.1a plots the conversion energy per Nyquist sample P/fNyquist, i.e., power
divided by the Nyquist sampling rate with the latter being equal to two times the

signal bandwidth fb, against the achieved signal-to-noise-and-distortion ratio (SNDR).
This plot purposely avoids dividing the conversion energy by the effective

number of quantization steps (2EN0B), as done in the commonly used figure of

merit [8]

FOM ¼ P

fNyquist2ENOB
¼ P

2fb2ENOB
(4.1)

where

ENOB ¼ SNDR½dB� � 1:76

6:02
: (4.2)
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Normalizing by the number of quantization steps assumes that doubling the

precision of a converter will double its power dissipation, which finds only empiri-

cal justification [8]. Fundamentally, if a converter were purely limited by thermal

noise, its power would actually quadruple per added bit (see Sect. 4.3). Nonetheless,

since this assumption is somewhat pessimistic for real designs, it is preferable to

avoid a fixed normalization between precision and energy altogether when plotting

20 30 40 50 60 70 80 90 100 110

1010

108

106

104

[2]

[10]

SNDR (dB)

B
W

 (
H

z)

Jitter = 0.1 psrms

Jitter = 1.0 psrms

20 40 60 80 100

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

[2]

[10]

SNDR (dB)

 P
 / 

f n
yq

ui
st

 (J
)

Flash
Pipeline
SAR
ΔΣ
Other
100 J/conv−step
10 J/conv−step

a

b
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data from a large range of architectures and resolutions. The FOM given by (4.1) is

useful mostly for comparing designs with similar resolution.

Figure 4.1a indicates that the lowest conversion energy is achieved by ADCs

with low to moderate resolution, i.e., SNDR < 60 dB. In terms of the FOM given

by (4.1), these designs lie within or near the range of 10–100 fJ/conversion-step,

included as dashed lines in Fig. 4.1a.

In addition to an ADC’s conversion energy, the available signal bandwidth is

an important parameter. Figure 4.1b plots bandwidth against SNDR for the given

data set. In this chart, the bandwidth plotted for Nyquist converters is equal to the

input frequency used to obtain the stated SNDR (this frequency is not necessarily

equal to half of the Nyquist frequency fNyquist). The first interesting observation

from Fig. 4.1b is that, across all resolutions, the converters with the highest

bandwidth achieve a performance that is approximately equivalent to an aperture

uncertainty between 0.1 and 1 psrms. The dashed lines in Fig. 4.1b represent

the performance of ideal samplers with a sinusoidal input and 0.1 and 1 psrms

sampling clock jitter, respectively. Clearly, any of the ADC designs at this

performance front rely on a significantly better clock, to allow for additional

non-idealities that tend to reduce SNDR as well. Such non-idealities include

quantization noise, thermal noise, differential nonlinearity and harmonic distor-

tion. From the data in Fig. 4.1b, it is also clear that any new design aiming to push

the speed–resolution envelope will require a sampling clock with a jitter of

0.1 psrms or better.

In order to assess the overall merit of ADCs (conversion energy and band-

width), it is interesting to compare the locations of particular design points in the

plots of Fig. 4.1a and 4.1b. For example, [2] achieves a bandwidth close to the

best designs, while showing relatively high conversion energy. The opposite is

true for [10]; this converter is the lowest energy ADC published to date, but was

designed only for moderate bandwidth. These examples confirm the intuition that

pushing a converter toward the speed limits of a given technology will sacrifice

efficiency and increase the conversion energy. To show this more generally, the

conversion energy of ADCs providing a bandwidth of 100 MHz or more is

highlighted in red in Fig. 4.1a. As can be seen, there are only two designs

that fall below the 100 fJ/conversion step line [11, 12]. The tradeoff between

energy and conversion bandwidth is hard to analyze in general terms. There

are however, architecture-specific closed form results, e.g., as presented in [13]

for a pipeline ADC.

Yet another important (but often neglected) aspect in ADC performance

comparisons is the converter’s input capacitance (or resistance) and full-scale

range. For most ADCs with a sampling-front-end, it is possible to improve the

SNDR by increasing the circuit’s input capacitance. Unfortunately, it is difficult

to construct a fair single-number figure of merit that includes the power needed

to drive the converter input. This is mostly because the actual drive energy will

strongly depend on the driver circuit implementation and its full specifications.

Therefore, an alternative approach is to calculate an approximation for the
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input drive energy based on fundamental tradeoffs. Such a metric was recently

proposed in [14]

EQ;in ¼ CinELSB
2

2ENOB
: (4.3)

In this expression, ELSB is the effective size of the quantization step, i.e., the

full-scale range (in volts) divided by the number of effective quantization steps

(2EN0B). For a converter that is limited by matching or thermal noise, the product in

the numerator of (4.3) is independent of resolution, and captures how efficiently the

capacitance is put to work. Normalizing by 2EN0B then yields a metric similar to

(4.1) in which the energy is distributed across all quantization levels.

The figure of merit defined by (4.3) is useful as a stand-alone metric to compare

ADCs with otherwise similar performance specifications in terms of their input

energy efficiency. Consider e.g. the 9–10 bit, 50 MS/s designs described in [15]

(successive-approximation-register (SAR) ADC with Cin ¼ 5.12 pF, FOM ¼ 52

fJ/conversion-step) and [16] (pipeline ADC with Cin ¼ 90 fF and FOM ¼ 119 fJ/

conversion-step). For the SAR ADC of [15], one finds EQ,in ¼ 1.1 � 10�19 J/step,

while for the pipeline design of [16], one obtains EQ,in ¼ 2 � 10�21 J/step. This

result indicates that the drive energy for the pipeline design is approximately two

orders of magnitude lower compared to the SAR design. Whether this is a signifi-

cant advantage depends on the particular application and system where the con-

verter will be used.

4.2.2 Trends in Power Efficiency and Speed

Using the data set discussed above, it is interesting to extract trends over time.

Figure 4.2a is a 3D representation of the conversion energy data shown in

Fig. 4.1a with the year of publication included along the y-axis. The resulting

slope in time corresponds to an average reduction in energy by a factor of two

approximately every 1.9 years. A similar 3D fit could be constructed for band-

width performance. However, such a fit would not convey interesting informa-

tion, as the majority of designs published in recent years do not attempt to

maximize bandwidth. This contrasts the situation with conversion energy,

which is subject to optimization in most modern designs. In order to extract

a trend on achievable bandwidth, Fig. 4.2b scatter-plots the speed–resolution

products of the top three designs in each year. This metric is justified by the

speed–resolution boundary observed from Fig. 4.1b, in which the straight lines

obey a constant product of fb and 2EN0B. A fit to the data in Fig. 4.2b reveals that

speed–resolution performance has doubled every 3.6 years, a rate that is signifi-

cantly lower than the improvement in conversion energy. In addition, as evident

from the data points, there is no pronounced trend as far as the top performance
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point is concerned; designs of the early 2000s are almost on a par with some

of the work published recently. Consequently, the extracted progress rate of

speed–resolution performance should be viewed as a relatively weak and error-

prone indicator.
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4.3 Impact of Technology Scaling

As discussed in Sect. 4.2.2, the power dissipation of ADCs has halved approxi-

mately every 2 years over the past 13 years. Over the same period, CMOS

technologies used to implement the surveyed ADCs have scaled from approxi-

mately 0.6 mm down to 45 nm. Today, the choice of technology in which an ADC is

implemented strongly depends on the application context. For stand-alone parts,

older technologies such as 0.18 mm CMOS are often preferred (see e.g., [17]).

In contrast, most embedded ADCs usually must be implemented in the latest

technologies used to realize large systems-on-chip (SoCs) [18]. Since the number

of designs used in embedded SoC applications clearly outweighs the number of

stand-alone parts, many ADC implementations in aggressively scaled technology

have been presented over the past several years. Therefore, the role of technology

scaling in the context of the trends summarized in the previous section is now

investigated. Broader discussions on the general impact of scaling on analog

circuits are presented in [5, 19, 20].

4.3.1 Supply Voltage and Thermal Noise Considerations

A well-known issue in designing ADCs in modern processes is the low voltage

headroom. Since device scaling requires a reduction in supply voltage (VDD), the

noise in the analog signals must be reduced proportionally to maintain the desired

signal-to-noise ratio. Since noise trades with power dissipation, this suggests that

to first order power efficiency should worsen, rather than improve, for ADCs in

modern technologies. One way to overcome supply voltage limitations is to utilize

thick-oxide I/O devices [21], which are available in most standard CMOS

processes. However, using I/O devices usually reduces speed. Indeed, a closer

inspection of the survey data considered in this chapter reveals that most published

state-of-the-art designs do not rely on thick oxide devices, and rather cope with

supply voltages around 1 V. To investigate further, it is worthwhile examining the

underlying equations that capture the tradeoff between supply voltage and energy

via thermal noise constraints. In most analog sub-circuits used to build ADCs, noise

is inversely proportional to capacitance

N / kT

C
; (4.4)

where k is Boltzmann’s constant and T stands for absolute temperature. For the

specific case of a transconductance amplifier that operates linearly, it follows that

fNyquist / gm
C

: (4.5)
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Further assuming that the signal power is proportional to (aVDD)
2 and that the

circuit’s power dissipation isVDDmultiplied by the transistor drain current, ID, one finds

P

fNyquist
/ 1

a2
1

VDD

1

ðgm=IDÞ kT � SNR: (4.6)

The variable gm/ID in (4.6) is related to the gate overdrive (VGS – Vt) of the

transistors that implement the transconductance. Assuming MOS square law, gm/ID
equals 2/(VGS – Vt), while in weak inversion, gm/ID equals 1/ (nkT/q), with n ffi 1.5.

Considering the fractional swing (a) and transistor bias point gm/ID as constant, it is

clear from (4.6) that the energy in noise-limited transconductors should deteriorate

at low VDD. In addition, (4.6) indicates a very steep tradeoff between SNR and

energy; increasing the SNR by 6 dB requires a fourfold increase in P/fNyquist.
Since neither of these results correlate with the observations of Sect. 4.2, it is

instructive to examine the assumptions that lead to (4.6). The first assumption is that

the circuit is purely limited by thermal noise. This assumption holds for ADCs with

very high resolution, but typically few, if any, low-resolution converters are

severely impaired by thermal noise. To get a feeling for typical SNR values at

which today’s converters become “purely” limited by noise, it is helpful to plot the

data of Fig. 4.1a normalized to a 4 � power increase per bit [22]. Figure 4.3 shows

such a plot in which the P/fNyquist values have been divided by
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Fig. 4.3 Data of Fig. 4.1a normalized by (P/fNyquist)min as given by (4.7). This illustration suggests

the existence of an “SNDR corner” (bold line). Only ADCs with SNDR > 75 dB appear to be

primarily limited by thermal noise

102 M. Keller et al.



P

fNyquist

� �
min

¼ 8kT � SNR (4.7)

while assuming SNR ffi SNDR. The pre-factor of 8 in this expression follows from

the power dissipated by an ideal class-B amplifier that drives the capacitance Cwith

a rail-to-rail tone at fNyquist/2 [23]. Therefore, (4.7) represents a fundamental bound

on the energy required to process a charge sample at a given SNR.

The main observation from Fig. 4.3 is that the normalized data exhibit a visible

“corner” beyond which (P/fNyquist)/(P/fNyquist)min approaches a constant value. This

corner, approximately located at 75 dB, is an estimate for the SNDR at which a typical

state-of-the-art design becomes truly limited by thermal noise. SinceADCswith lower

SNDR do not achieve the same noise-limited conversion energy, it can be argued that

these designs are at least partially limited by the underlying technology. This implies

that, over time, technology scalingmay have helped improve their energy significantly

as opposed to the worsening predicted by (4.6).

To investigate further, the data from Fig. 4.1a were partitioned into two distinct

sets: high resolution (SNDR > 75 dB) and low-to-moderate resolution (SNDR � 75

dB). A 3D fit similar to that shown in Fig. 4.2a was then applied to each set and the

progress rates over time were extracted. For the set with SNDR > 75 dB, it was

found that the conversion energy has halved only every 4.4 years, while for SNDR

� 75 dB, energy halves every 1.7 years. The difference in these progress rates

confirms the above speculation. For high-resolution designs, (4.6) applies and

scaling technology over time, associated with lower supply voltages, cannot help

improve power efficiency. As observed in [5], this has led to a general trend toward

lower resolution designs: since it is more difficult to attain high SNDR at low supply

voltages, many applications are steered away from using high-resolution ADCs in

current fine-line processes. This is qualitatively confirmed in Fig. 4.4, which
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Fig. 4.4 Conversion energy for ADCs built in 90 nm and below
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highlights the conversion energy data points of ADCs built in CMOS at 90 nm (and

VDD ffi 1 V) and below. As can be seen from this plot, only a limited number of

ADCs built in 90 nm and below target SNDR > 75 dB.

Lastly, an additional and more general factor to consider is the tradeoff between

the transconductor efficiency gm/ID and the transit frequency fT of the active

devices.

4.3.2 gm/Id and fT Considerations

Switched capacitor circuits based on class-A operational transconductance

amplifiers typically require transistors with fT ffi 50fs [24]. Even for speeds of

several tens of MS/s, it was necessary in older technologies to bias transistors far

into strong inversion (VGS – Vt > 200 mV) to satisfy this requirement. In more

recent technologies, very large transit frequencies are available in moderate- and

even weak-inversion. This is further illustrated in Fig. 4.5a, which compares typical

minimum-length NMOS devices in 180 nm and 90 nm CMOS.

For a fixed sampling frequency, and hence fixed fT requirement, newer

technologies deliver higher gm/ID. This tradeoff is plotted directly, without the

intermediate variable VGS � Vt, in Fig. 4.5b. In order to achieve fT ¼ 30 GHz,

a 180 nm device must be biased such that gm/ID ffi 9 S/A. In 90 nm technology,

fT ¼ 30 GHz is achieved in weak inversion, at gm/ID ffi 18 S/A. From (4.6), it is

clear that this improvement can fully counteract the reduction in VDD when going to

a newer process. Note, however, that this advantage can only materialize when

the sampling speed is kept constant or at least not scaled proportional to the

fT improvement. This was also one of the observations drawn from Fig. 4.2b:

a converter that pushes the speed envelope using a new technology typically will

not simultaneously benefit from scaling in terms of conversion energy.

4.3.3 Architectural Impact

As discussed above, the high transistor speed available in new technologies can be

leveraged to improve the energy efficiency of analog blocks (such as amplifiers).

For similar reasons, it can also be argued that the high transistor speed has had

a profound impact on architectural choices and developments. The very high-speed

transistors in 90 nm CMOS and below have led to a renaissance or invention of

architectures that were deemed either slow or inefficient in the past. As illustrated in

Fig. 4.6, one example in this category is the SAR ADC [25], but also binary search

architectures fall within this category (e.g. [26]). In addition, the high integration

density of new processes makes massive time-interleaving (see e.g. [2]) with its

associated benefits a possibility (see Sect. 4.5.2).
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4.4 Minimalistic Design

In addition to technology scaling, the trend toward “minimalistic” and “digitally

assisted” designs continues to impact the performance of ADCs. In this section,

ideas in minimalistic design will be discussed, followed by a discussion on the

importance of digitally assisted architectures in Sect. 4.5.
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Power dissipation in the analog portion of ADCs is strongly coupled to the

complexity of the constituent sub-circuits. The goal of minimalistic design is to

reduce power and potentially increase speed by utilizing simplified analog sub-

circuits. In architectures that previously relied on precision op-amp-based signal

processing, there exists a clear trend toward simplified amplifier structures.

Examples include inverter-based delta-sigma modulators [27, 28] and various

approaches emphasizing op-amp-less implementation of pipelined ADCs

[16, 29–33]. Especially in switched capacitor circuits, eliminating class-A

op-amps can dramatically improve power efficiency. This is for two reasons.

First, operational amplifiers typically contribute more noise than simple gain stages,

as for example resistively loaded open-loop amplifiers. Secondly, the charge

transfer in class-A amplifier circuitry is inherently inefficient; the circuit draws

a constant current, while delivering on average only a small fraction of this current

to the load. In [34], it was found that the efficiency of a class-A amplifier in

a switched capacitor circuit is inversely proportional to the number of settling

time constants. For the typical case of settling for approximately ten or more time

constants, the overall efficiency, i.e., charge drawn from the supply versus charge

delivered to the load, is only a few percent.

As discussed further in [35], this inherent inefficiency of op-amps contributes to

the power overhead relative to fundamental limits. Consider for instance the

horizontal asymptote of Fig. 4.3, located at approximately 150 times the minimum

possible P/fNyquist. The factor of 150 can be explained for op-amp based circuits as

follows. First, the noise is typically given by b � kT/C, where b can range from 5 to

10, depending on implementation details. Second, charge transfer using class-A

circuits, as explained above, brings a penalty of approximately 20�. Third, op-amp
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circuits usually do not swing rail-to-rail as assumed in (4.7); this can contribute

another factor of two. Finally, adding further power contributors beyond one

dominant op-amp easily explains a penalty factor greater than 100–400.

A promising remedy to this problem is to utilize circuits that process charge

more efficiently and at the same time contribute less thermal noise. A well-known

example of an architecture that achieves very high efficiency is the charge-based

successive approximation register (SAR) converter, see e.g. [2, 10, 25]. Such

converters have been popular in recent years, primarily because the architecture

is well-suited for leveraging the raw transistor speed of new technologies, while

being insensitive to certain scaling implications, such as reduced intrinsic gain (gm/
gds). A problem with SAR architectures is that they cannot deliver the best possible

performance when considering absolute speed, resolution, and input capacitance

simultaneously (see Sect. 4.2.1). This is one reason why relatively inefficient

architectures, such as op-amp-based pipelined ADCs, are still being used and

investigated.

In order to make pipelined architectures as power efficient as competing SAR

approaches, various ideas are being explored in research. Figure 4.7 shows an

overview of amplification concepts that all pursue the same goal: improve the

energy efficiency of the reside amplification.

In Fig. 4.7a, the traditional op-amp is replaced by a comparator [31], which shuts

off the capacitor charging current when the final signal value is reached. In

Fig. 4.7b, a “bucket brigade” pass transistor is used to move a sampled charge

packet q from a large sampling capacitor CS to a smaller load capacitor CL, thereby

achieving voltage gain without drawing a significant amount of energy from the

supply [30, 36]. Lastly, in Fig. 4.7c, the gate capacitance of a transistor is used to

acquire a charge sample (q1, q2). The transistor is then switched into a source-
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Fig. 4.7 Energy-efficient switched capacitor amplification concepts. (a) Comparator-based

switched capacitor circuit [31]. (b) Bucket brigade circuit [30, 36]. (c) Dynamic source follower

amplifier [16]
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follower configuration, moving all signal charges q1 + q2 to the small capacitance

from gate to drain, which also results in voltage amplification [16].

A general concern with most minimalistic design approaches is that they tend to

sacrifice robustness, e.g., in terms of power supply rejection, common mode

rejection, and temperature stability. It remains to be seen if these issues can be

handled efficiently in practice. Improving supply rejection, for instance, could

be achieved using voltage regulators. This is common practice in other areas of

mixed-signal design, for example in clock generation circuits [37, 38]. Especially

when the power of the ADC’s critical core circuitry is lowered significantly,

implementing supply regulation should be a manageable task.

A second issue with minimalistic designs is the achievable resolution and

linearity. Op-amp circuits with large loop gain help linearize transfer functions;

this feature is often removed when migrating to simplified circuits. For instance, the

amplifier scheme of Fig. 4.7c is linear only to approximately 9-bit resolution. In

cases where simplicity sacrifices precision, it is attractive to consider digital means

for recovering conversion accuracy. Digitally assisted architectures are therefore

the topic of the next section.

4.5 Digitally Assisted Architectures

Technology scaling has significantly reduced the energy per operation in CMOS

logic circuits. As explained in [39], the typical 0.7 � scaling of features along with

aggressive reductions in supply voltage have led in the past to a 65% reduction in

energy per logic transition for each technology generation.

As illustrated in Fig. 4.8a, a 2-input NAND gate dissipates approximately 1.3 pJ

per logic operation in a 0.5 mmCMOS process. The same gate dissipates only 4 fJ in

a more recent 65 nm process; this amounts to a 325-fold improvement in only

12 years. The corresponding reduction in ADC conversion energy considered in

Sect. 4.2 amounts to a 64-fold reduction over the same time. This means that the

relative “cost” of digital computation in terms of energy has reduced substantially

in recent years.

To obtain a feel for how much logic can be used to “assist” a converter for the

purpose of calibration and error correction, it is interesting to express the conver-

sion energy of ADCs as a multiple of NAND-gate energy. This is illustrated in

Fig. 4.8b assuming ENAND ¼ 4 fJ and FOM ¼ 100 and 500 fJ/conversion, respec-

tively. At low resolutions, e.g., ENOB ¼ 5, a single A/D conversion consumes as

much energy as toggling approximately 1,000 logic gates. On the other hand, at

ENOB ¼ 16, several million logic gates need to switch to consume the energy of

a single A/D conversion at this level of precision.

The consequence of this observation is that in a low-resolution converter, it is

unlikely that tens of thousands of gates can be used for digital error correction in the

high-speed signal path without exceeding reasonable energy or power limits.

A large number of gates may be affordable only if the involved gates operate at
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a low activity factor, e.g., if they are outside the signal path, or if they can be shared

within the system. Conversely, in high resolution ADCs, each analog operation is

very energy consuming and even a large amount of digital processing may be

accommodated in the overall power or energy budget.

In the following, a non-exhaustive discussion of opportunities for leveraging

digital logic gates in the design of ADCs is provided.

4.5.1 Oversampling

The longest-standing example of an architecture that efficiently leverages digital

signal processing abilities is the oversampling delta-sigma converter. This architecture

uses noise-shaping to push the quantization error outside the signal band [22].

Subsequent digital filtering creates a high-fidelity output signal, while the constituent

analog sub-circuits require onlymoderate precision. Even in fairly old technologies, it

was reasonable to justify high gate counts in the converter’s decimation filter, simply

because the conversion energy for typical high-SNDR converters is very large.

A new paradigm that might gain significance in the future is the use of significant

oversampling in traditional Nyquist converters. An example of such an ADC is

described in [40]. As was noted from Fig. 4.5b, migrating a converter with a fixed

sampling rate to technologies with higher fT can help improve power efficiency.

Ultimately, however, there is diminishing return in this trend due to the weak-

inversion “knee” of MOS devices as shown in Fig. 4.5a. The value of gm/ID no

longer improves beyond a certain minimum gate overdrive; it therefore makes no

sense to target a transistor fT below a certain value. This, in turn, implies that for

optimum power efficiency, an ADC should not be operated below a certain clock

rate. For example, consider the fT versus gm/ID plot for 45 nm technology in

Fig. 4.5b. For gm/ID > 20 S/A, fT drops sharply without a significant increase in

gm/ID. At this point, fT ¼ 50 GHz, implying that is still possible to build a switched

capacitor circuit with fclock ffi 50 GHz/50 ¼ 1 GHz.

To date, there exists only a limited number of applications for moderate- to high-

speed ADCs that require such high sampling rates, and there will clearly remain

a number of systems in the future that demand primarily good power efficiency at only

moderate speeds. A solution to this situation could be to oversample the input signal by

a large factor and to remove out-of-band noise (thermal noise, quantization noise, and

jitter) using a digital filter. Per octave of oversampling, this increases ADC resolution

by 0.5 bit. In a situationwhere a converter is purely limited by noise, this improvement

is in line with the fundamental thermal noise tradeoff expressed in (4.6).

4.5.2 Time-Interleaving

Time-interleaved architectures [41] exploit parallelism and trade hardware com-

plexity for an increased aggregate sampling rate. Time-interleaving can be
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beneficial in several ways. First, it can help maximize the achievable sampling rate

in a given technology. Second, time-interleaving can be used to assemble a very fast

converter using sub-ADCs that do not need to operate at the limits of a given

architecture or technology. As discussed above, this can help improve energy

efficiency.

A well-known issue with time-interleaved architectures, however, is their sensi-

tivity to mismatches between the sub-converters. The most basic issue is to properly

match the offsets and gains in all channels. In addition, for the common case of

architectures that do not contain a global track-and-hold circuit, bandwidth and

clock timing mismatches are often critical [42].

Using digital signal processing techniques to address analog circuit mismatch in

time-interleaved converter arrays is an active research area [43]. Basic algorithms

that measure and remove gain and offsets in the digital domain have become

mainstream (see e.g. [44]), while techniques that address timing and bandwidth

mismatches are still evolving.

As with most digital enhancement techniques, the problem of dealing with

timing and bandwidth mismatches consists of two parts: an algorithm that

estimates the errors and a mechanism that corrects the errors. For the correction

of timing and bandwidth errors, digital methods have been refined substantially

over the years [45]. Nonetheless, the complexity and required energy of the

proposed digital filters still seem to be beyond practical bounds, even for today’s

fine-line technology. As a consequence, timing errors in practical time-

interleaved ADC are often adjusted through digitally adjustable delay lines [1,

2, 46], while the impact of bandwidth mismatches is typically minimized by

design.

As far as estimation algorithms are concerned, there is a wide and growing

variety of practical digital domain algorithms [43]. Particularly interesting are

techniques that extract the timing error information “blindly,” without applying

any test or training signals [47, 48]. It is clear that algorithms of this kind will

improve further and find their applications in practical systems.

4.5.3 Mismatch Correction

Assuming constant gate area (W � L), transistor matching tends to improve in

newer technologies. In matching-limited flash ADC architectures, this trend has

been exploited in the past to improve the power efficiency by judiciously down-

sizing the constituent devices [14]. In order to scale such architectures more

aggressively, and at the same time address new sources of mismatch in nano-

scale technologies, it is desirable to aid the compensation of matching errors

through digital means.

In flash ADCs, there are several trends in this direction. As illustrated in Fig. 4.9,

the first and most transparent idea is to absorb offset voltages (Vos) in each

comparator using dedicated “trim DACs” or similar circuits that allow for a digital

threshold adjustment [49–51]. The input code for each DAC can be determined at
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start-up or whenever the converter input is in an idle condition. Alternatively, and

for improved robustness, it is also possible to adjust the trim codes continuously in

the background (during normal operation), e.g., using a chopper-based approach

[52] or through a two-channel architecture [53].

An important aspect of the arrangement in Fig. 4.9 is that most of the digital

circuitry required to control the trim DACs is either static during normal operation

or can run at very low speeds. This means that there is often no concern about the

digital energy overhead for calibration.

In modern technologies, and when near-minimum-size devices are being used,

the comparator offsets may necessitate relatively complex trim-DACs to span the

required range with suitable resolution. One idea to mitigate this issue is to include

redundant comparators, and to enable only the circuits that fall into the (reduced)

trim-DAC range after fabrication [54]. This scheme can yield good power effi-

ciency as it attacks the mismatch problem along two degrees of freedom. Larger

offsets can now be accommodated using smaller trim-DACs, which in turn imposes

a smaller overhead in terms of area and parasitic capacitance introduced to signal-

path nodes.

The idea of using redundant elements can be pushed further to eliminate the

trim-DACs and the trim-range issue altogether. In [41], redundancy and compar-

ator reassignment are employed to remove all offset constraints. A similar

concept is proposed in [40] (see also [55]), but instead of a static comparator

reassignment, a fault tolerant digital encoder is used to average the statistics

along the faulty thermometer code. While this approach is conceptually very

elegant, it requires a relatively large number of logic operations per sample in the

high-speed data path. In light of the data from Fig. 4.8 (for low ENOB values),

such a solution may be efficient only for very aggressively scaled technologies, i.

e., 45 nm and below.

Thus far, the concept of using redundant elements has not yet found widespread

use. It remains to be seen if these techniques will become a necessity in technologies

for which the variability of minimum-size devices cannot be efficiently managed

using trim-DACs. Extrapolating beyond flash ADCs, it may one day be reasonable

and advantageous to provide redundancy at higher levels of abstraction, for instance

through extra channels in a time-interleaved ADC array [56].
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4.5.4 Digital Linearization of Amplifiers

As pointed out in Sect. 4.4, power-efficient and “minimalistic” design approaches

are typically unsuitable for high-resolution applications, unless appropriate digital

error correction schemes are used to enhance conversion linearity. A generic block

diagram of such a scheme is shown in Fig. 4.10. In [32], it was demonstrated that a

simple open-loop differential pair used in a pipeline ADC can be digitally

linearized using only a few thousand logic gates. In ADCs, the concept of digital

amplifier linearization has so far been applied to the pipelined architecture [32,

57–62]. However, it is conceivable to implement similar schemes in other

architectures, e.g., delta-sigma modulators [63].

One key issue in most digital linearization schemes is that the correction

parameters must track changes in operating conditions relatively quickly, prefera-

bly with time constants no larger than 1–10 ms. Unfortunately, most of the basic

statistics-based algorithms for coefficient adaptation require much longer time

constants at high target resolutions [59, 60]. Additional research is needed to extend

the recently proposed “split-ADC” [64, 65] and feed-forward noise cancelation

techniques [66] for use in nonlinear calibration schemes.

4.5.5 Digital Correction of Dynamic Errors

Most of the digital correction methods developed in recent years have targeted the

compensation of static circuit errors. However, it is conceivable that in the future

the correction of dynamic errors will become attractive as well.

Analog
Nonlinearity

Digital
Inverse

Modulation

Dout, corrVin
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Fig. 4.10 Digital linearization of signal path amplifiers
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One opportunity is the digital correction of errors due to finite slew rate, incomplete

settling or incomplete reset of amplifiers [34, 58, 67, 68]. Another opportunity lies in

correcting high-frequency nonlinearities introduced at the sampling front-end of high-

speed ADCs [69–71]. Correcting high-frequency distortion digitally is particularly

attractive in applications that already have a complex digital back-end that can easily

provide additional resources (e.g., inside an FPGA (field-programmable gate array)).

Such applications include, for instance, wireless base stations [69] and test and

measurement equipment.Most digital high-frequency linearization schemes proposed

to date are based on relatively simple, low-order non-linearity models. However, if

digital capabilities in nano-scale technologies continue to improve, dynamic compen-

sation schemes based on relatively complexVolterra seriesmay become feasible [72].

4.5.6 System-Synergistic Error Correction Approaches

In the discussion so far, ADCs were viewed as “black boxes” that deliver a set

performance without any system-level interaction. Given the complexity of today’s

applications, it is important to realize that there exist opportunities to improve ADC

performance by leveraging specific system and signal properties.

For instance, large average power savings are possible in radio receivers when

ADC resolution and speed are dynamically adjusted to satisfy the minimum

instantaneous performance needs. The design described in [73] demonstrates the

efficiency of such an approach.

In the context of digital correction, it is possible to leverage known properties of

application-specific signals to “equalize” the ADC together with the communica-

tion channel [74–79]. For instance, the converter described in [77] uses the system’s

OFDM (orthogonal frequency-division multiplexing) pilot tones to extract compo-

nent mismatch information (see Fig. 4.11). In such an approach, existing system
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Fig. 4.11 Block diagram of a digitally assisted, time-interleaved ADC using a system-synergistic

calibration approach
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hardware, for instance the FFT (fast Fourier transform) block, can be re-used to

facilitate ADC calibration.

4.6 Trends in Delta-Sigma A/D Converters

As considered in the previous sections, designers of analog circuits have to face

various challenges associated with each new technology generation. New concepts

at the system level as well as for sub-circuit blocks must be developed due to

reduced supply voltage and reduced intrinsic gain per transistor while benefitting

from increased transit frequency fT. The following section illustrates recent

approaches in delta-sigma ADCs in order to deal with these limitations. As will

be seen, many of the concepts considered in Sects. 4.4 and 4.5 have already found

their application in this kind of ADC, however, mostly as “proof of concepts” in

prototypes implemented by research-orientated institutions, not in industrial mass-

market products.

Delta-sigma ADCs have been with us for some decades. Today, they achieve

medium resolution in signal bandwidths of several tens of megahertz, e.g., 12 bits

in a signal bandwidth of 20 MHz [80], according to the well-known equation for

the peak signal-to-quantization-noise ratio (SQNR) of an ideal modulator given

by [81]

SQNRp;ideal ¼ 3p
2
ð2B � 1Þ2 ð2N þ 1Þ OSR

p

� �2Nþ1

: (4.8)

In (4.8), N is the order of the loop filter and B the number of bits of the internal

quantizer according to Fig. 4.12. The oversampling ratio OSR is defined as
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Fig. 4.12 System-theoretical model of a single-stage delta-sigma modulator, (a) Continuous-time

modulator, (b) Discrete-time modulator

4 Analog-Digital Interfaces 115



OSR ¼ fs
2fb

(4.9)

where fs is the sampling frequency and fb the signal bandwidth.
As illustrated in Fig. 4.12, the heart of any delta-sigma ADC, i.e., the delta-

sigma modulator, may be implemented in either the discrete-time (DT) or the

continuous-time (CT) domain. The loop filter is mostly implemented by means of

active RC or gmC integrators in the case of CT implementations, or by means of

switched-capacitor (SC) or switched–op-amp (SO) integrators in case of DT

implementations. Thus, the specifications for the unity-gain bandwidth product of

operational amplifiers for CT implementations are relaxed in comparison to SC

implementations due to relaxed settling requirements, an important characteristic

particularly in high-frequency applications. Consequently, CT implementations are

considered to be more power efficient.

At first glance, this characteristic seems to be confirmed by Fig. 4.13a, where

the FOM according to (4.1) is plotted versus the signal bandwidth. These data

were collected from the survey provided in [9], extended by delta-sigma ADCs

published in IEEE Journal of Solid-State Circuits from 2000 to 2010. Most

outstanding is a factor of 10 between the FOM of the most efficient CT and

DT implementation for a signal bandwidth of 20 MHz [80, 82]. However, in

order to perform a fair comparison, i.e., following Sect. 4.2.1 by considering the

FOM of implementations with similar bandwidth and resolution, Fig. 4.13b

should be considered. Obviously, two pairs of designs achieve almost the same

resolution in a bandwidth of 20 MHz, i.e., 50 dB and 63 dB [82–85]. Interest-

ingly, however, and contrary to the above, the FOM of the DT implementation

outperforms the FOM of the corresponding CT implementation by factors of

2 and 3, respectively.

How can this discrepancy be explained? First, the calculation of the FOM does

usually not take into account that CT modulators offer inherent anti-aliasing

filtering without additional power consumption. By contrast, this filtering must

be explicitly implemented outside of a DT modulator, thus resulting in additional

power consumption. Second, it is often not clearly stated in publications whether

further sub-circuit blocks of a delta-sigma modulator are implemented on-chip or

off-chip, e.g., clock generation, reference generation, or digital cancelation filters

(DCFs) as needed for cascaded delta-sigma modulators (see Sect. 4.6.1). Even if

so, the power consumption of each sub-circuit block is not always given sepa-

rately. Indeed, the CT cascaded design achieving 63 dB included the implemen-

tation and thus the power consumption of the on-chip clock and reference

generator as well as of the DCF [83]. By contrast, the calculation of the FOM of

its DT counterpart was based on the power consumption of the modulator only

[82]. Similar observations were made for the CT and DT designs achieving 50 dB

[84, 85]. Thus, care must be taken even in comparing designs with similar

characteristics. In order to clearly demonstrate or demystify the promoted

power efficiency of CT implementations, it would be interesting to see a compar-

ison between the implementation of a DT and a CT delta-sigma modulator
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Fig. 4.13 Comparison of FOM and SNDR between DT and CT delta-sigma modulators

exhibiting a bandwidth greater than 2 MHz. FOM (a) and SNDR (b) versus bandwidth
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designed according to identical specifications. Furthermore, the same sub-circuit

blocks should be implemented while being optimized according to the minimum

requirements of a DT and a CT implementation.

For these reasons, it has yet to be seen in the future whether CT modulators will

become the vehicle for low-power implementations or whether DT

implementations keep pace with them. At present, CT architectures are the favored

architectures for the implementation of broadband or high-speed delta-sigma ADCs

as illustrated in Fig. 4.13. From this trend, it may be concluded that they will also

become the architecture of the future. In the following, considerations are thus

illustrated based on CT delta-sigma modulators.

From the linearized model shown in Fig. 4.12a, i.e., replacing the strongly

nonlinear quantizer by a linear model consisting of a quantizer gain kq and an

additive white noise source e [22], the signal transfer function (STF) and noise

transfer function (NTF) result in

y½n� ¼ yx½n� þ ye½n�
¼ STFx½n� þ NTF½z�e½n�

¼ kq L0ðsÞ
1þ kq L1½z� x½n� þ

1

1þ kq L1½z� e½n� (4.10)

where L1 [z] is the discrete-time equivalent of the product of DAC(s) and L1 (s) due
to the sampling process. Note that no argument for the STF is given since it is equal

to a mixture between a continuous-time and a discrete-time transfer function. This

aspect results in the anti-aliasing property, as will be discussed shortly.

Formerly, high resolution was achieved by applying a high OSR in a first-order

modulator, i.e., larger than 100, while using a single-bit quantizer for the implementa-

tion of the internal quantizer. The latter was also of advantage since no additional

dynamic element matching technique must be implemented in order to linearize

the transfer characteristic of a multi-bit DAC.With steadily increasing demand for

higher signal bandwidths, the OSR has become quite small. Today, an OSR between

10 and 20 represents a typical value in applications with signal bandwidths up to

20MHz (e.g., [80, 86]). To compensate for the loss of resolution due to the reduction of

the OSR, either the order of the loop filter or the resolution of the internal quantizer has

been increased. However, both approaches have their limitations, because of either

architectural or technology constraints, of which those for the loop filter will be

considered first. At the same time, trends for overcoming these limitations will be

outlined.

4.6.1 Loop Filter

The loop filter of a delta-sigma modulator is typically implemented either as a

cascade of integrators in feedback (CIFB) or in feed-forward (CIFF) [22]. Both
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types are illustrated in Fig. 4.14 by means of a continuous-time second-order loop

filter. An implementation of the same transfer function L1(s), and thus the same

NTF according to (4.10), is possible by either architecture.

However, it is most likely that the CIFF architecture will become the dominant

architecture in the near future. In comparison to a CIFB architecture, the output swing

of each integrator is highly reduced, except for the one in front of the quantizer. If

an additional feed-in path from x(t) to v(t) is inserted (Fig. 4.14b, dashed line),

the loop-filter has to process almost only the quantization noise. Thus, the last

integrator also exhibits a highly reduced signal swing at its output. These

characteristics are illustrated in Fig. 4.15. For simulation purposes, a sine wave

input signal was applied to the modulators (fsig ¼ fb, û ¼ �1.9 dBFS (decibels

relative to full scale), OSR ¼ 165, k1 ¼ 6/5, k2 ¼ 45/32, 4-bit quantizer).

According to the simulation results, a reduction of the output swing by a factor

approximately equal to five can be noticed. Thus, it can be concluded that this
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Fig. 4.15 Signal swing at the output of the integrators of the loop filters shown in Fig. 4.14.
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feed-in path from x(t) to v(t): solid line, crosses)

4 Analog-Digital Interfaces 119



architecture offers not only a better robustness against distortion but also a high

attractiveness for implementations in new technology nodes in which the supply

voltage has been reduced. On the other hand, the suppression of the implicit anti-

aliasing filter around multiples of fs, as offered by the STF of any CT architecture, is

less effective in a CIFF architecture than in a CIFB architecture. This characteristic

is illustrated in Fig. 4.16.

Although the loop-filter architectures shown in Fig. 4.14 implement the same

filter function L1(s), L0(s) results in

L0;CIFB ðsÞ ¼ k1k2
fs
s

� �2

; (4.11)

L0;CIFF ðsÞ ¼ k2
fs
s
þ k1k2

fs
s

� �2

; (4.12)

L0;CIFFþfeed�inðsÞ ¼ 1þ k2
fs
s
þ k1k2

fs
s

� �2

: (4.13)

From (4.12) and (4.13), it can be seen that the signal path around the second

integrator, or both integrators, acts as a short for frequencies larger than fs.
Thus, the suppression of high frequencies by L0(s) and thus the implicit anti-

aliasing feature of a CIFF architecture is less effective than that of a CIFB

architecture.
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Fig. 4.16 Signal transfer functions of the different architectures based on the loop filters shown in

Fig. 4.14
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Taking the scaling of the loop filter into account, a more detailed analysis of the

achievable SQNR of an ideal single-stage delta-sigma modulator results in [87]

SQNRp;scaling ¼ 10 log ðSNRp;idealÞ þ 20 log kq
Y
i

ki

 !
; (4.14)

i.e., the resolution also depends on the set of scaling coefficients and the quantizer

gain. Typically, the product of the scaling coefficients is smaller than one, particu-

larly in high-order single-stage modulators where less aggressive scaling must be

applied for stability reasons [88]. The achievable SQNRp,scaling is thus reduced

compared to SQNRp,ideal and single-stage modulators with loop filter order higher

than four are not attractive.

It can be foreseen that, driven by the ever increasing demand for higher bandwidth

and resolution in combination with reconfigurability demanded, for example, by new

telecommunication standards, delta-sigma modulators must be pushed beyond their

present performance limits in the near future. Towards these goals, cascaded delta-

sigma modulators offer a promising alternative to single-stage architectures. In these

architectures, as illustrated by the example of a CT 2-2 modulator in Fig. 4.17, the

quantization errors of all stages except for the last are canceled via digital cancelation

filters (DCFs) at the output y[n]. For the quantization error of the last stage, the cascade
provides noise-shaping with the order of the overall modulator, i.e., four in the case of

the 2-2 modulator. Taking scaling into account, the SQNRp,scaling of an ideal cascaded

modulator consisting ofM stages with order Ni in the ith stage results in

SQNRp;scaling ¼ 10 log ðSNRp;idealÞþ

20log10

YM
i¼1

YNi

j¼1

kij

 !
kqM

YM�1

i¼1

kiNiðiþ1Þ 1

" #
;

(4.15)
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Fig. 4.17 Continuous-time 2-2 cascaded modulator

4 Analog-Digital Interfaces 121



i.e., the performance loss is given by the product of the single-stage scaling

coefficients, the quantizer gain of the last stage and the scaling coefficients of

each signal path connecting a quantizer input to the input of the next stage.

Obviously, the major advantage of cascaded modulators consists in the cascad-

ing of low-order modulators. Thus, the performance loss due to scaling is less

severe since each modulator in the cascade can be scaled more aggressively than a

single-stage modulator whose order is equal to the overall order of the cascade.

Furthermore, the values of the scaling coefficients between stages may become

larger than one if multi-bit quantizers are used. Indeed, it has been reported that an

ideal CT 3-1 cascaded modulator with four-bit quantizers outperforms a fourth-

order single stage modulator in terms of resolution by three bits, and a CT 2-2 cascaded

modulator by even more than four bits [89]. However, whether these values are

achievable in an implementation, where several sources of non-idealities have to be

considered as well, is still to be proven.

By switching later stages in or out of the cascade, cascaded architectures also

offer a promising approach to reconfigurability in terms of bandwidth and resolu-

tion, as postulated in Sect. 4.5.6. The reasons why they have not yet replaced single-

stage architectures despite all these advantages are manifold.

First, they rely on perfect matching between the analog and the digital parts of

the modulator, i.e., the loop filters and the digital cancelation filters. Otherwise,

low-order shaped quantization noise of earlier stages in the cascade leaks to the

output, drastically reducing the resolution. However, since digitally assisted circuits

may become available nearly “for free” in the future, these matching problems may

easily be overcome. Different on-line and off-line approaches to their compensation

have already been presented [90, 91].

Furthermore, a new architecture for a cascaded delta-sigma modulator has been

presented recently [92]. As illustrated in Fig. 4.18, this kind of cascaded modulator

performs a cancelation of the quantization error of the first stage without the need

for digital cancelation filters. Thus, the non-ideality of a mismatch between the

scaling coefficients of the analog and digital parts of a classical cascaded modulator

is overcome. Additionally, it was proven by means of a first prototype that opera-

tional amplifiers with a DC gain as low as 35 dB may be used for a successful

implementation, thus making it attractive for the implementation in a deep sub-
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micrometer CMOS technology with reduced intrinsic gain per transistor [93]. For

these reasons, this kind of cascaded delta-sigma modulator is called a sturdy

multistage noise-shaping (SMASH) delta-sigma modulator. However, at first

glance, it seems that a SMASH modulator sacrifices the apparently most important

advantage of a MASH modulator in comparison to a single-stage modulator: the

guarantee of overall stability of the cascade by cascading low-order modulators. As

is obvious from Fig. 4.18, the second stage is embedded inside the loop-filter of the

first stage, its order increasing accordingly.

A second reason is given by the characteristic that cascaded architectures

consume more power and need more area for their implementation since, besides

the DCFs, at least one additional quantizer becomes mandatory.

These characteristics are even more apparent in a time-interleaved delta-sigma

modulator, another alternative for the implementation of a broadband ADC apply-

ing small-to-moderate oversampling. Time-interleaved delta-sigma modulators

consist of n identical delta-sigma modulators working in parallel, as illustrated in

Fig. 4.19 (see also Sect. 4.5.2). Thus, the sampling rate fs of each modulator can be

reduced by a factor of nwhile the same resolution is provided as offered by a single-

stage modulator clocked at fs. This reduction becomes feasible since the outputs of

all n modulators are combined in order to achieve the same resolution at an output

rate fs. However, only a few time-interleaved delta-sigma modulators have been

presented so far, consisting of two paths only [84, 94–96].

Interestingly, the concepts for cascading and time-interleaving delta-sigma

modulators have been known for more than 15 years [97]. However, they gained

renewed interest only recently, particularly due to demand for broadband ADCs

with the capability of reconfiguration in bandwidth and resolution. In the near

future, it is to be expected that research on these architectures will be increased in

order to overcome major non-idealities and to reduce their power consumption and

area requirement, e.g., by op-amp sharing as presented in [84, 96].

Finally, first prototypes of minimalistic delta-sigma modulators as introduced in

Sect. 4.4 were recently presented, i.e., the loop-filter was implemented based on

simple inverters instead of traditional op-amps [27, 28].
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Fig. 4.19 System-theoretical model of a DT time-interleaved delta-sigma modulator
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4.6.2 Quantizer

In the last subsection, trends for the implementation of the loop filter of a delta-sigma

modulator were considered. Therein, special emphasis was placed on broadband

applications, i.e., bandwidths in the range of several tens of megahertz, which allow

only low oversampling to be applied. Furthermore, the aspects of highly scaled

CMOS technologies were taken into account, i.e., reduced supply voltage and

reduced gain per transistor. In the following, another key component of a delta-

sigma modulator is considered: the quantizer.

Traditionally, the quantizer is implemented by means of a flash ADC. However,

with upcoming supply voltages below 1 V, multi-bit flash quantizers can hardly be

implemented. Considering the example of a 4-bit quantizer, the LSB (least signifi-

cant bit) becomes as small as 62.5 mV. Since this value represents a typical value

for the offset voltage of a CMOS comparator, either an offset compensation

technique must be applied or a rather large input transistor must be implemented.

Besides, multi-bit flash ADCs are very power consuming.

First attempts to overcome these hindrances covered the replacement of the

multi-bit flash ADC by means of a successive approximation ADC or a tracking

quantizer [98, 99]. However, the first approach requires an additional clock running

at multiples of the original sampling frequency, which makes it less attractive for

broadband applications. The second approach only reduces the number of

comparators while still three comparators were needed for the replacement of a

4-bit flash ADC in order to guarantee good tracking capability.

Recently, two new concepts were presented that directly comply with the benefits

of scaled CMOS technologies for digital applications. They thus may become the

favorite architectures for the implementation of amulti-bit quantizer in the near future.

4.6.2.1 Voltage-Controlled Oscillator Based Quantizer

In the first approach, the flash ADC is replaced by a voltage-controlled oscillator

(VCO), as illustrated in Fig. 4.20 [100]. The voltage Vtune, which is used to tune the

frequency of the VCO, is equal to the output voltage v(t) of the loop filter in

Fig. 4.12. By means of registers, it is observed whether a VCO delay cell undergoes

a transition or not within a given clock period. This is performed by comparing

samples of the current and the previous states of the VCO by XOR gates. The

resulting number of VCO delay cells that undergo a transition is a function of the

delay of each stage as set by Vtune. Thus, a quantized value of Vtune is obtained.

The advantages of this approach with respect to future CMOS technology nodes

are obvious. First, this implementation is a highly digital implementation; it relies on

inverters, registers, XOR gates and one adder. An area- and power-efficient imple-

mentation thus becomes feasible. Second, any offset-related non-idealities are over-

come since a CMOS inverter achieves full voltage swing at its output. For the same

reason, the number of delay elements and thus the resolution can easily be increased.
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Third, it is also to be expected that this architecture will take advantage of future

technology nodes since the resolution versus sampling speed tradeoff directly

improveswith the reduced gate delays inmodernCMOSprocesses. This characteristic

makes it very attractive for high-speed operations with small latency. Furthermore,

this architecture provides first-order noise-shaping for the quantization error, whereby

the order of the loopfilter can be reduced byone; thus, one op-amp can be saved. It also

provides inherent data-weighted averaging for its digital output code, for which the

linearity requirements imposed on theDAC in the feedback path become less stringent

while making an explicit technique for dynamic element matching (DEM) obsolete.

A first prototype applying a VCO-based quantizer in a third-order delta-sigma

modulator (0.13 mm CMOS, 1.5 V supply voltage) achieved 67 dB signal-to-noise-

and-distortion ratio (SNDR) in a bandwidth of 20 MHz [100]. In a redesign, the

SNDR was improved to 78 dB by quantizing the phase instead of the frequency of

the VCO [101]. Thereby, harmonics generated by the nonlinear tuning gain of the

VCO caused by its nonlinear voltage-to-frequency transfer characteristic were

sufficiently suppressed. However, an explicit DEM technique became mandatory.

4.6.2.2 Time Encoding Quantizer

In the second approach, the multi-bit flash ADC is replaced by a time-encoding

quantizer [102]. It consists of a 1 bit quantizer embedded in a feedback system

followed by some filter blocks and a decimator, as illustrated in Fig. 4.21. The

Vtune

register I

register II

XOR gates

digital out

clock

ring
oscillator

Fig. 4.20 Voltage-controlled oscillator based quantizer
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feedback loop forces u(t) to oscillate at frequency fc with an amplitude A if no input

signal is applied, i.e., v(t) ¼ 0, and if the quantizer is not sampled with fOSD. In order
to establish this limit cycle, the filter H(s) in the feedback loop must be designed

according to

H ðsÞ ¼ A
4fc
s
e�s= ð4 fcÞ: (4.16)

However, if the quantizer is sampled with a frequency fOSD sufficiently larger

than fc, then the feedback system can be considered as a quasi-continuous-time

system. In this case, the limit cycle is still established and its frequency is almost not

influenced if an input signal v(t) is applied.
By means of this approach, most of the power of the quantization error of the

1-bit quantizer is located around fc, which is designed to be much larger than fb.
The remaining power within the signal band resembles that of a multi-bit quantizer.

Thereby, the 1-bit quantizer can be designed to function like an arbitrary multi-bit

quantizer while overcoming any offset related non-idealities.

The output signal of the feedback system is filtered by an equalization filter H[z].
This filter is a digital replica of H(s), where the transfer function from v(t) to u[n] is
set equal to one within the signal band. Subsequently, the quantization noise power

located around fc is removed by a sinc decimation filter whose zeros are placed

accordingly. Furthermore, the multi-bit encoding is performed by this filter block

and the output rate is decimated to that of an equivalent multi-bit counterpart. Thus,

the following further oversampling ratios have been defined for a delta-sigma

modulator with an internal time-encoding quantizer:

COSR ¼ fc
fs

(4.17)

ROSR ¼ fOSD
fc

: (4.18)

First prototypes achieved an SNDR of 10 bits and 12 bits in signal bandwidths of

17 MHz and 6.4 MHz, respectively [103]. In both implementations, the time-
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y[n]v(t)
+
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Fig. 4.21 Time encoding quantizer
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encoding quantizer replaced a 4-bit flash quantizer. However, fOSD was set equal to

1.632 GHz and thus became a factor of four larger compared to the sampling

frequency fs of an equivalent 4-bit implementation. The application of a time-

encoding quantizer in a broadband modulator may thus be limited.

4.7 Conclusion

This chapter was intended to discuss trends in the context of low-power, high-

performance A/D conversion. Using survey data from the past 13 years, it was

observed that power efficiency in ADCs has improved at an astonishing rate

of approximately 2� every 2 years. In part, this progress rate is based on cleverly

exploiting the strengths of today’s technology. Smaller feature sizes improve the

power dissipation in circuits that are not limited by thermal noise. In circuit elements

that are limited by thermal noise, exploiting the high transit frequency fT of modern

transistors can be of help in mitigating a penalty from low supply voltages.

A promising paradigm is the trend toward minimalistic ADC architectures and

digital means of correcting analog circuit errors. Digitally assisted ADCs aim to

leverage the low computing energy of modern processes in order to improve the

resolution and robustness of simplified circuits. Future work in this area promises to

fuel further progress in optimizing the power efficiency of ADCs.

Overall, improvements in ADC power dissipation are likely to come from a

combination of aspects that involve improved system embedding and reducing

analog sub-circuit complexity and raw precision at the expense of “cheap” digital

processing resources. These trends can already be observed in delta-sigma ADCs,

which have been considered in detail.
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Chapter 5

Interconnects, Transmitters, and Receivers

Bernd Hoefflinger

Abstract Interconnects on-chip between transistors and between functions like

processors and memories, between chips on carriers or in stacks, and the commu-

nication with the outside world have become a highly complex performance,

reliability, cost, and energy challenge.

Twelve layers of metal interconnects, produced by lithography, require, includ-

ing the contact vias, 24 mask and process cycles on top of the process front-end.

The resulting lines are associated with resistance, capacitance and inductance

parasitics as well as with ageing due to high current densities.

Large savings in wiring lengths are achieved with 3D integration: transistor

stacking, chip stacking and TSV’s, a direction, which has exploded since 2005

because of many other benefits and, at the same time, with sensitive reliability and

cost issues. On top of this or as an alternative, non-contact interconnects are

possible with capacitive or inductive coupling. Inductive in particular has proven

to be attractive because its transmission range is large enough for communication in

chip stacks and yet not too large to cause interference.

Optical transmitters based on integrated III-V compound-semiconductor lasers

and THz power amplifiers compete with ascending low-cost, parallel-wire

transmitters based on BiCMOS technologies. Parallel mm-wave and THz trans-

ceiver arrays enable mm-wave radar for traffic safety and THz computed-

tomography.

In spite of all these technology advances, the power efficiency of data commu-

nication will only improve 100� in a decade. New compression and architectural

techniques are in high demand.
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5.1 On-chip Interconnects

The interconnection bywires ofmillions and billions of devices,mostly transistors, on

large-scale integrated circuits (LSICs) has evolved into themost serious obstacle to the

performance increases expected of each new chip generation. The best assessment of

the problem is the ITRS (International Technology Roadmap for Semiconductors) [1].

Regarding on-chip wiring requirements, we extract the data shown in Table 5.1.

The aggressive scaling of the first-level metal (M1) and the incredible wire

lengths of the first six layers of a total of 12 layers, rising to 14 in 2020, present a

massive resistive and capacitive load, which reduces speed and increases energy

and cost significantly. Before we look at this load more closely, we point out the

steps that promise to alleviate this burden:

– Increase the transistor/device efficiency, i.e., reduce the number of transistors/

devices per function (Sect. 3.6).

– Stack transistors in 3D on top of each other and use selective growth/deposition

of Si/alloys/metal for local interconnects over distances of several nanometers as

opposed to lateral wires/contacts, which are more than an order-of-magnitude

longer and expensive (Sect. 3.7).

– Use TSVs (through-Si-vias) for 3D interconnects instead of 2D global wires to

the chip perimeter.

The latter has finally received massive attention, but its effect on the kilometers

projected in Table 5.1 has not yet been assessed more quantitatively. We notice that

the global wiring pitch is not scaled at a level close to 1 mm, and there seem to be

other accepted limits per chip:

Chip area <10 cm2

Pins on the chip perimeter Total <3,000

Signals <1,000

Power <2,000

The standard wire material is thin-film copper, whose characteristic parameters

are listed in Table 5.2. The Cu resistivity in Table 5.2 includes the effects of grain

boundaries and surface roughness. It clearly shows the limits of conventional metal

interconnects and the motives for finding a replacement. We also show how large

Table 5.1 Roadmap for on-chip interconnects. First-level metal (M1), semi-global and global

wires (From [1])

Year 2010 2015 2020

Node 32 18 10

M1 half pitch [nm] 45 21 12

M1 pitch [nm] 90 42 24

Length/cm2 [km/cm2] for M1 + 5 metal layers, signals only 2.2 4.7 8.4

Semi-global wire pitch [nm] 180 84 48

Global wire pitch [nm] 856 856 856
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the speed penalty is for Cu wires driven by transistors of the same generation and

for two channel width-to-length ratios W/L. At the 2020 node, the minimum

transistor with an intrinsic delay of 0.8 ps and with W ¼ L ¼ 10 nm, driving an

M1 wire 200 nm long (a distance of two simple gates), would mean a total delay

from transistor input to the end of the wire of 1.6 ps. Obviously, a transistor with

W ¼ 100 nm would provide ten times the current and it could drive a wire 2 mm
long for a total delay of 1.6 ps. These delays are a part of the information in Fig. 5.1,

which shows the expected delays for different interconnect lengths.

Figure 5.1 presents a summary of data on the delay times associated with various

types of interconnects as a function of their length.We have studied Cu lines driven by

NMOS transistors, and their characteristics are the superposition of two lines in our

log–log diagram: The intrinsic delay of the 10 nm transistor from Sect. 3.4 (Fig. 3.10),

and the intrinsic delay of a Cu wire with the parameters of Table 5.2, which is charged

by this transistor with the maximum current of 190 mA mm–1 from Fig. 3.9 (center).

The intersection of these two lines can be considered as the characteristic line length,

where the total delay is twice the intrinsic delay of the transistor. Proper design of the

CMOS driver would optimize (reduce) the total delay for a given wire length and load

capacitance at its end: Choose a complementary pair as the driver with the input pair a

minimum pair with width Wref and output capacitance Cref. Express the total capaci-

tance of wire and load inmultiples ofCref asNCref. Choose the width of the driver pair

as N1/2 W.We choose this design rule here in order to show that standard wiring with

CMOS drivers can be tailored to provide a relative minimum of delay.

Figure 5.1 also shows reference characteristics for nanocarbon interconnects

such as carbon nanotubes (CNTs) or graphene lines [2] in different transport modes.

These fascinating structures have aroused tremendous research interest because of

some outstanding fundamental parameters, particularly those for electron transport:

Mobility 20,000 cm2 V–1 s–1, 20 � Si

Peak velocity 8 � 107 cm s–1

Diffusion constant 200 cm2 s–1

Ballistic transport length 3 mm

In his 2010 review paper [2], Jim Meindl, a leader in interconnect research,

presented the nanocarbon delay times introduced in Fig. 5.1 with the parameters

listed above. All nanocarbon delay lines are intrinsic delay times without any

consideration of how to drive these lines.

Table 5.2 Roadmap for Cu first-level metal interconnect and SiO2 dielectric

2010 2015 2020 Comments

M1 pitch [nm] 90 42 24 ITRS 2009

Aspect ratio 1.8 1.9 2.0 ITRS 2009

Cu resistivity [mO cm] 4.08 6.61 9.8 ITRS 2009

Resistance/mm [O mm–1] 11 77 340

Capacitance/mm [fF mm–1] 0.19 0.18 0.16 ITRS 2009

Transistor intrinsic delay tS [ps] 1.6 1.2 0.8 Fig. 3.10

M1 length (mm) for combined delay 2tS for W/L ¼ 1 0.6 0.4 0.2

W/L ¼ 10 6.0 4.0 2.0
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The intrinsic delay time for the drift mode at 8 � 107 cm s–1 is obviously the

shortest, rising with an increase in L2 to cross the CMOS transistor-driven Cu line at

1 mm. The diffusion mode is an order-of-magnitude slower than the drift mode and

also has an L2 behavior. It is slower than the transistor driver beyond 300 nm. The

ballistic mode starts out with a delay proportional to line length L and assumes an L2

dependence at a few micrometers, when phonon scattering sets in. It is slower than a

proper CMOS driver beyond 1 mm. For the spin wave, we have entered the

characteristic of a high-speed wave at 107 cm s–1. It has the longest delay in this

comparative study and is slower than any Cu line driven by a CMOS transistor. The

conclusion from this comparison in Fig. 5.1 is that delay times at the lower end are

limited by intrinsic transistor speed at about 1 ps, and that for any interconnect

length, the best and the working solution is the Cu line driven by CMOS transistors.

The line capacitances and the line delays in Table 5.2 are those for a SiO2

dielectric with a relative dielectric constant k ¼ 4. Research on low-k dielectrics for
insulators between interconnects is an ongoing effort with some partial solutions.
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It is interesting to note that the more radical solution, air insulation, is returning
40 years after its earlier appearance in beam-lead technology at Bell Labs [3]. Its

renaissance is assisted by the large-scale use of air gaps in MEMS and NEMS

(micro- and nano-electro-mechanical systems). Many examples appear in Chap. 14.

As we move towards 2020, MEMS-type air bridges of 100 mm length are becoming

long-distance interconnects, and gaining a factor of 4 in the reduction of wiring

capacitance means a practical quantum step forward [4].

5.2 On-chip and Chip–Chip Communication

In this section, we consider various techniques to send and receive digital signals

across a chip or between chips in an assembly by amplifier circuitry. In a way, we

have already used this active-circuit technique in the previous section, when we

drove the Cu lines by a CMOS inverter or inverter pair, and we saw the benefits or

the necessity already for load capacitances on the order of femtofarads (fF).

However, on ICs, we encounter loads 1,000 times larger, particularly between

processor and memory elements, and another order-of-magnitude higher (10 pF)

if we have to send or receive signals between chips assembled in a multichip

package or on a chip carrier (CC) or printed-circuit board (PCB). For a data rate

of 1 Gb/s and a voltage swing of 1 V between ONE and ZERO on a load of 10 pF,

we need a power of 10 mW, and this power efficiency [mW/(Gb/s)] has become the

figure-of-merit (FOM) for digital chip communication. It is, in other terms, the

communication energy per bit: energy/bit ¼ CV2.

Remarkable progress has been made regarding this energy, predominantly by

reducing the voltage to the typical level of 1 V in 2010 and by scaling the circuit

dimensions, and here particularly the area of the contact islands, the pads on which

electrical contacts are made to the outside of the chip. The state-of-the-art in 2010 is

highlighted in Table 5.3.

Table 5.3 Speed and power efficiency of chip–chip transceivers

Speed Power efficiency Refs.

[Gb/s per pin] [mW/(Gb/s) per pin]

47-pin chip-to-chip, 45 nm node 10.0 1.4 8.1 in [5]

Clock-forwarded receiver, 65 nm 7.4 0.9 8.2 in [5]

Complete transceiver, 65 nm node 12.5 1.0 20.5 in [5]

Reconfigurable transceiver, 45 nm 25.0 3.8 20.7 in [5]

Inductive-coupling

synchronous 1.0 0.4 [6]

asynchronous 11.0 1.4 [6]

4-channel optical transmitter 12.5 [7]

Optical Ge receiver 10.0 1.5 20.1 in [5]

24-channel 850 nm optical transceivers 15 6.0 [8]
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We can summarize the achieved results as

Power efficiency in 2010 for chip–chip transceivers: 1 mW/(Gb/s) per pin

¼ 1 pJ/bit per pin

For a typical voltage of 1 V, this means an effective capacitance of 1 pF, typical of

fine-pitch mbumps with close alignment tolerances. The table also shows the 2010

status of contactless inductive transceivers [6]. Here, thin-film inductive spiral loops

with presently 30 mm diameter serve as 1:1 transformer coils for vertical signal

transmission with near-field ranges about equal to their diameter. This is a very

promising technique for signal transmission in 3D chip stacks. It is one avenue towards

further progress in the power efficiency of chip–chip communication. Fig. 5.2 contains

a projection starting from the 2010 data, and the long-term history is plotted in Fig. 5.3.

From 2010 to 2020, another 100-fold improvement is feasible. The contribution to

the power efficiency from reducing the voltage swing from 1 V to an outer limit of

300 mV would be a factor of 10, but this will require extensive use of LVDS (low-

voltage differential signaling). The other tenfold improvement from reducing the effec-

tive capacitance implies further scaling and creative use of the third dimension, stacking

devices and chips in order to avoid the penalties associated with lateral wiring distances.

A favorite in bridging lateral distances and reducing crosstalk has been optical

communication across air or through fibers or SiO2 waveguides. An example for the

state-of-the-art in Ge detectors is listed in Table 5.2 with 10 Gb/s and a power

efficiency of 1.5 mW/(Gb/s). Improvements are expected by operating the photo-

detector in the avalanche mode. On the transmitter side, 4-channel and 24-channel

laser-diode transmitters have been announced with rates up to 15 Gb/s per diode

channel [7,8]. The expensive optical interconnect will not readily replace the other

alternatives, and its added cost will be carried only in specific application areas,
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such as large servers and supercomputers, where millions of such channels with

lengths from centimeters to meters will be needed. A special example would be

mask-less, direct-write nanolithography, where systems of more than 100,000

parallel beams would be driven at rates >100 terabit s–1 (Chap. 8).

The 2020 (short-range) communication target of 10 fJ/bit would take us to the

typical energy level of synapses of a neuron (Chap. 18), where we find power levels

of 1 pW in signals about 10 ms apart. If we revisit Table 5.1 to find a 2015 wire length

of 5 km/cm–2 for six wiring levels with a total height of about 500 nm, we obtain a

volume wiring density of 100,000 km cm�3, a wire length that would stretchthree
times around the earth. We conclude that, in communications energy and wiring

density, we are really approaching the characteristics of the human brain.

5.3 Wireless Transceivers

A highly important field for the connection of chips to the outside world, but also for

the contact-less communication between chips, is the wireless transmission and

reception of information. We give an overview, again with an emphasis on figures-

of-merit and on how the trends in the world of digital mobile communication

(Chaps.12 and 13) impact the required chip performance. We start with an overview

of typical power requirements onwireless transmitters and receivers listed inTable 5.4.

We have also listed the radio frequency (RF) power levels in dBm units, commonly

quoted by RF professionals. This means power on a log scale relative to 1 mW:

Power dBmð Þ ¼ 10 � log10
Power Wð Þ

1mW
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We choose some recent 60 GHz transceivers and the 2–5-GHz range to highlight

the state-of-the-art performance in Table 5.5.

The reported results span a wide range of carrier frequencies with the emphasis

on the 60 GHz band, which is considered for short-range radar and for high-data-

rate (10 Gb/s) indoor wireless communication. The performance levels have been

achieved with typically 1 V and 90–40 nm CMOS technologies with power-added

efficiencies (PAEs), i.e., ratios of RF to DC power, of typically 10%. This is very

promising for media-rich wireless, where these data rates are necessary.

Overall, we have to realize that bandwidth in broadband wireless is becoming

limited (Fig. 5.4) and more precious so that bit-rate compression and coding require

sustained R&D.

The data on the 650 GHz experiments also show that solutions for terahertz

imaging are available with present 130 nm high-speed SiGe BiCMOS technologies,

making up an impressive high-performance technology arsenal.

Nevertheless, the mobile-broadband volume has increased at such dramatic rates,

Fig. 5.5, in particular for wireless video, that quantum-jump improvements in video

data rates are needed to support the future mobile companions envisioned in Chap. 13,

Table 5.4 RF power levels of wireless digital systems

33 dBm 2 W Maximum output UMTS/3 G mobile phone (power class 1)

30 dBm 1 W Maximum output GSM 800/1900 mobile phone

20 dBm 100 mW Typical transmission power of a wireless router

15 dBm 32 mW Typical WiFi transmission power of a laptop

4 dBm 2.5 mW Bluetooth transmission power, class 2: 10 m

�10 dBm 100 mW Typical maximum receiver signal of a WLAN

�70 dBm 100 pW Typical wireless receiver in an 802.11 network

�120 dBm 1 fW Receiver signal from GPS satellite

Table 5.5 Wireless transmitters and receivers. On-chip performance 2010 [5]

Frequency

[GHz]

Data rate Microwave

power [dBm]

PAEa

[%]

Energy per bit

[nJ/bit]

Ref.b

UWB impulse

radio

3–5 1 Mb/s �80. . .–92 0.92 transmit 11.9

5.3 receive

Receiver 2.4 0.5 Mb/s �82 0.83 11.6

SiGeBiCMOS 60 13 4 11.3

16-ch. transmitter

Receiver 65 nm 60 �21 11.4

1.1 V Transceiver 56 11 Gb/s 1 mW Tx 3 0.06/14 mm 23.1

SiGeBiCMOS

Transceiver

160 <5 1 23.2

1 V 65 nm Ampl. 60 17 11.7 23.6

1.2 V 90 nm Amp. 60 20 14.2 23.7

60.5 18 4.9 23.8

1.2 V Amp. 85 6.6 3 23.3

3.3VSiGeBiCMOS 650 �54 Rx 23.9
aPower added efficiency
bReferences refer to papers at the ISSCC 2010 [5]
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Fig. 5.5 Projected mobile-broadband data volume per month [9] (# 2010 IEEE)

Fig. 5.4 Limited spectrum for mobile broadband [9] (# 2010 IEEE)
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and new, highly efficient video cameras with intelligent focal-plane frame processing

(Chap.15) have to be developed.
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Chapter 6

Requirements and Markets for Nanoelectronics

Bernd Hoefflinger

Abstract The semiconductor market grew 2010 by 70Bio.$ against 2009, more

than in the previous 9 years taken together, and the semiconductor industry

launched the biggest investment program in its history with 100Bio.$ over a 2-

year period. This was the overture to a decade with great potential and great

challenges. We look at the market segments and the required electronic functions,

and we highlight four product and service areas:

• Approaching 6 Billion mobile-phone subscribers

• Access to education for any child

• One Carebot (personal robot) per family

• Efficient and safe personal mobility.

At the level of over four billion active mobile phones 2010, it is clear that mobile

electronic companions have become the drivers of nanoelectronic innovations with

growth only limited by the creation and support of new, attractive features and

services. Energy, bandwidth, size and weight requirements of these consumer

products provide the largest pressure for System-on-Chip (SoC) architectures.

Other exemplary new products are selected for their significance, some for their

lengthy path into the market. Health care is such an example: The non-invasive

glucose sensor and the portable ECG recorder” with automatic, neuroprocessor-

driven event detection in the size of a quarter $ would serve hundreds of millions of

people. Nanoelectronics for self-guided health is an area of public policy in view of

the cost of “a posteriori” medical care.

Access to information and education for any child/student will be provided by 1$

tablets where service contracts and the spin-offs from surfing and cloud-computing

will generate the revenue.
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Personal robots, coined by the ageing Japanese nation as the key product after

the PC and ridiculed by others, will arrive as carebots for education, entertainment,

rehabilitation, and home-service, accepted as a large-scale need by 2020 in most

developed countries including China.

Accident prevention systems on rail and road already would makemillions of units

per year, if required on all trucks and busses, and they would save many lives. For

electric bikes, scooters and cars, there is no limit tomore intelligent control and energy

efficiency. Effective individual mobility, compatible with the environment, is another

matter of global competition, of public well-being and of a related public policy.

6.1 Progression of the Semiconductor Market

The semiconductor market has seen a history of growth and cycles like no other

industry. It reached the level of $1 billion (109) in 1970, and it grew by 15%per annum

for the next 30 years,much faster than any other industry, to the level of $200 billion in

2000. This corresponded to about 100 billion chips per annum at an average selling

price (ASP) of about $2. More than 80% of this market has been integrated circuits,

and the average number of transistors on these circuits (chips) increased from about

100 in 1970 to about 100 million in 2000. This growth helped the information and

communication industry (ICT) to grow fromabout $350 billion in 1970 to $3 trillion in

2000 at a rate of 7.5%/a (percent per annum), about half the rate of chips and yet about

twice that of the world economy as a whole. This development is illustrated in Fig. 6.1

together with the first decade of the new millennium and an outlook towards 2020.

We see that between 1980 and 2000

– Chips quadrupled their share of the ICT industry to 7%

– The ICT industry doubled its share of the world economy to 10%.

The first decade of the new millennium has seen diminished growth on all fronts

due to the burst of the internet bubble in 2000 and the financial crisis of 2008/2009, but

also due to the slow start of third-generation mobile-phone products and services.

For the years 2010 and 2011, the semiconductor industry expects to grow by $100

billion, which is more than the growth in the past 9 years, to about $320 billion. As

Fig. 6.1 shows, a conservative estimate will carry the semiconductor industry to $450

billion in 2020, and several sources predict an optimistic growth by 7%/a to $600 billion.

At this level of chip revenue, the revenue of the ICT industry would reach $7 trillion in

2020, so that it would double its share of the world economy or, in other words, it would

continue to support and to assure the growth of the world economy by at least 2.5%/a.

What are the market drivers among chips, and which are the key requirements on

these chips? The fundamentals, in simple terms, have persisted over four decades,

and they have settled recently at these parameters:

1. The cost per transistor drops by 50%/a.

2. The number of transistors per chip increases by 50%/a, which allows new

functions and new applications.
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3. The number of chips increases by 15%/a.

4. Total available market (TAM) increases by 7%/a.

From a general functionality point of view, we can summarize the expectations/

requirements for the decade 2010–2020 as:

– Memories: Increase the number of bits per chip-scale package 100–300-fold.

– Logic: Increase the operations per second per watt 300-fold.

These broad targets can be seen as general drivers for the advancement of the

chip industry. In the following, we take a closer look at the market segments, the

special functionalities on the chips, and on their relationships, as well as their

significance for progress.

Fig. 6.1 The world economy (gross product of goods and services), the ICT revenue, and the

semiconductor industry revenue (CHIPS) from 1980 to 2020 [1–5]

6 Requirements and Markets for Nanoelectronics 143



We notice in Fig. 6.2 that computers and communications make up about 65% of

the chip market, with a trend towards communications. These two segments

continue to drive the chip market. Consumer chips have changed by just 1% to

19%, with, however, the introduction of many new products within their segment,

as we will see shortly (Fig. 6.3). Automotive chips have increased their share by

Fig. 6.2 Segments of the semiconductor market in 1995 and 2009 [5, 6] (#WSTS and EE Times)

Fig. 6.3 Revenue details for 2009 within the major market segments [5, 6] (#WSTS and EE

Times)
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60% and their revenue by 157% in that 14-year period. Table 6.1 shows that this

period saw an overall growth in revenue of 62%. Besides automotive, consumer and

communications sectors came in with growth beyond the chip average of +62%.

Within the major market segments, several product areas stand out, which have

become the drivers, as we can see in Fig. 6.3.

Chips for notebooks/netbooks and for mobile phones have provided most of the

revenue growth and will continue to do so. In the consumer segment, all areas have

seen and continue to see remarkable growth. The actual progress will depend on the

continuing, rapid improvement of the chip functionalities, which are listed in

Table 6.2 in a matrix against the market segments. We have listed the chapters of

this book in which the special functions are treated in detail, and we have

highlighted their importance for the different markets. Here we continue by

pointing out the potential and challenges for nanochips in the various markets.

6.2 Chips for Computers

The potential and challenges for nanochips in the computer segment are

summarized in Table 6.3. Computers continue to mark the leading edge in

processing power provided by the most complex chips, and Chap. 10 provides

insight into the performance and progression of mainframe processors. Their

ultimate assembly into supercomputers marks the high end of computing power,

Table 6.1 Chip revenue ($billion) and 14-year growth by market segment

1995 2009 Change (%)

Computing 70 99 +41

Communication 21 45 +114

Consumer 25 43 +72

Med./Industrial 14 20 +40

Automotive 7 18 +157

Military 3 2 �33

Total 140 227 +62

Table 6.2 Market segments (vertical) and special functions (horizontal) of nanochips

Processor

(Chaps. 10,

13, 16)

Memory

(Chaps. 11, 18)

Analog/digital

(Chap. 4)

Transmitter/

receiver

(Chap. 5)

Sensor/actuator

(Chaps. 14,

15, 17)

Computing xxx xxx xx

Communication xx xx xxx xxx

Consumer x xxx xxx xxx xx

Med./industrial xx xxx xxx xx xxx

Automotive xx x xxx x xxx

Military xxx xxx xxx xxx xxx
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continuously monitored by TOP500 [7], the agency keeping track of the peak in

worldwide computing power, as illustrated in Fig. 6.4.

We see that the world’s leading supercomputer achieved 20 teraFLOPS in 2009

and that the industry believes in a trend line of 1,000�/decade, which predicts a

performance of the number 1 supercomputer in 2020 of 20 peta(1015)FLOPS,

equivalent to the total worldwide computing power in 2010. This performance

will either be demonstrated in a brute-force approach of merging the processor

power then available into such a powerful – and power-hungry – system, or by the

DARPA-funded Program on Ubiquitous High-Performance Computing [8]. The

required electrical power for the worldwide processor farms in 2020 will indeed be
the number 1 problem of future high-performance computing, and it will be touched

upon in Chap. 20.

Figure 6.3 tells us that the high-end computer chips, those going into servers and

supercomputers, make up about one third of the total revenue from computer chips.

Chips for desktops make up another, declining third, and chips for portable
notebooks and netbooks represent the remaining, rising third. This sector is the

promising, controversial, and embattled field of growth, because it has an army

approaching from the mobile-phone camp from the communication segment with

Table 6.3 Challenges for nanochips in the computer segment

Processors Memory Analog/digital Transmit/receive Sense/actuate

Computers Throughput Capacity Bandwidth Video

Speed Bandwidth Noise 3D Display

Energy architecture Energy

Fig. 6.4 Outlook in 2009 for the TOP 500 worldwide computing power measured in FLOPS

(floating-point operations per second) [7] (#TOP 500)
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fourth-generation (4 G) smart phones and personal assistants/companions. This

convergence is the most dynamic phenomenon of product development at the

start of the decade 2010–2020. These mobile products have the dual requirement

of ultra-low-power and high-performance data and video processing. We leave the

video part to the sections on communication and consumer chips and just highlight

the competition within the data-processing community:

– CISC versus RISC

– Cloud computing

– Processor-memory bandwidth

The CISC (complex-instruction-set computing) league, led by the Wintel alliance

of Microsoft Windows and Intel, naturally stuck with high-power cores and broad

communication between processing and memory elements, has faced a steadily grow-

ing, highly diversified league of RISC (reduced-instruction-set computing) companies,

mostly licensing the architecture and the operating system from ARM (Advanced

RISC Machines), today the world’s most successful licensor of chip technology (see

Chap. 21). In terms of shipments in 2010, there are 300 million PCs/a against 700
million mobile phones/a, and the newcomers, tablet PCs. These are the new hardware/

software/wireless-mobile medium for e-books and e-newspapers/magazines.
The progression of these wireless mobile media can be followed by watching

ventures dedicated to provide computing and information access to children and

students. This movement was pioneered by Professor Negroponte’s, UN-endorsed

project OLPC – One-Laptop-per-Child. It provided exemplary pressure on bringing

the cost and power consumption of a PC down and solving the battery problem in

remote locations (initially with a crankshaft dynamo). While the price for such an

educational PC has been brought down to <$100, the wireless-mobility issue can

now be served by third- and fourth-generation mobile-phone systems. Together

with the user interface provided by the new generation of e-tablets/pads, the post-

Gutenberg galaxy is becoming a reality, where OLPC takes on the new meaning of

Open Libraries for Practically all Children.
We can see that educational e-books are spreading faster in newly developed

countries than in the Old World, and that this global potential offers sufficient

growth for computer chips, if their cost, performance, and power consumption

make the big steps indicated above.

The trend towards mobile thin clients helps the promotion of cloud computing,
the shift of complex-software-dependent and computationally intense tasks to

remote servers in the internet. This system- and services-driven strategy with

sizable investments in public and private infrastructure has evolved into

government–industry

10�: Programs for cloud computing,

shifting the PC emphasis away from classical desktop/laptop PCs.

Advances in computing are more and more limited by cost and energy,

mostly expended for the high-speed and highly parallel communication between
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processors and memories. This communication expense does not scale effectively

with new technology generations, mostly because of the circuit topology and the

interference between channels. Therefore, the pressure is rising on the classical

monopoly of the von Neumann architecture of processor, data- and instruction-

memory. This architecture will continue to be the best for mathematical tasks.

However, for

– Databases

– Interconnection networks

– Search engines,

– Video and graphics processing

alternative architectures have advanced, such as associative processing, helped
by scaling of transistors and memory cells. This is evident in a review of associative

memories, also called content-addressable memories (CAMs) [9]. The more radical

innovation strategy is a critical-size R&D effort on silicon brains:

10�: Programs Fast Analog Computing with Emergent Transient States, FACETS (Europe),

and Systems of Neuromorphic Adaptive Plastic Scalable Electronics, SyNAPSE (DARPA)

([10, 11] and Chap. 18).

These programs mark a renaissance of cellular neural networks (CNNs), origi-

nally conceived in the 1960s and more broadly investigated in the 1980s and in

some European centers continuously (Chap. 16). Now, it seems that there is a

critical interest because of

– Roadblocks for von Neumann and

– Nanoscale devices and 3D integration necessary and now available for complex

brain-like structures.

In any event, the results of these more radical programs will not only influence the

computer segment of chips, but also any of the other segments. Of these,

communications, with billions of subscribers, will certainly be the largest.

6.3 Communication

The potential and challenges for nanochips in the communication segment are

summarized in Table 6.4. The communication segment has been driven by the

digital mobile phone, first introduced in 1985 in Europe with the GSM standard and

in Japan with the PCS standard. Global standardization evolved with code-division

multiple access (CDMA) and then about 2000 with UMTS, the Universal Mobile

Telecommunication Standard, also called 3G (Third generation). This has brought

not only still images but also video to the mobile phone as well as e-mail and

internet so that all mobile phones manufactured today have these features of smart
phones. The demand on
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– Transmission bit rate

– Video compression and coding

– Camera and display resolution

– Tactile interface

has put and continues to put tremendous pressure on the rate of progress regarding

– Processing power efficiency (GOPS mW–1)

– Transceiver bandwidth (GHz) and power efficiency (RF power/DC power)

– Overall power management (sleep vs active)

The processing-power efficiency, owing to the inclusion of video capability, had

to be improved 300-fold between 2000 and 2008. This achievement led to the

projection of another factor of 300 within the present decade, not only to bring high-

definition TV (HDTV) resolution (2 k � 1 k) wireless anywhere, anytime to the

user but real movie resolution of 4 k � 2 k pixels at rates of 25 frames per second. It

is the live sports-event experience with personal zoom and possibly 3D that could

eventually be demonstrated with this extreme technology specification.

The wireless, fiber, and satellite communication infrastructure will have to grow

50-fold to support this growth in data traffic, and also to meet the demand from the

tablet computers mentioned in the previous section. Obviously, e-tablets will also

be introduced by the leaders in the mobile-phone market as their up-scale product in

this continuing convergence of PC and smart phone. The third party in this

convergence is the TV, accounted for within the consumer segment, but really

also a communication and computer product, considering its capabilities listed in

the next section.

6.4 Consumer Segment

The potential and challenges for nanochips in the consumer segment are

summarized in Table 6.5. The TV has advanced to a

– Server

– Broadband transceiver

– 3D movie theater

Table 6.4 Challenges for nanochips in the communication segment

Processors Memory Analog/

digital

Transmit/

receive

Sense/actuate

Communication Energy Capacity Resolution Bandwidth Video

Signal

processing

Nonvolatile Speed Energy 3D display

Architecture Bandwidth Energy
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These attributes make the TV a product as challenging as the computing and

communication products discussed above. The requirements on the chips are as

high as for PCs and smart phones, because, in any given technology generation, its

video resolution will be 16–32 times higher, and it has to run virtually continuous-

time, which tells us that we have an energy crisis unless we achieve the same levels

of power efficiency and unless we can handle display drivers with the complexity of

today’s cinema projectors at the energy and cost level of a consumer commodity.

The silicon compact disk, a flash memory in a credit card, is about to replace

CDs and DVDs, and solid-state drives (SSDs), having achieved 32GB capacity in

2009 and now heading towards terabytes (Ch. 11), will replace the disk drives in

MP3 players.

HD graphics and video, heading towards 3D, represent a sizable and highly

competitive market, justifying aggressive development, which will, however, fail the

energy test unless quantum jumps in the efficiency of image processing are achieved. It

is here that new architectures such as neuromorphic networks (Chaps. 16 and 18) have

to be explored on a 10� level-of-effort.

These processing architectures will also help digital cameras to new heights of

stand-alone video and image focal-plane processing and coding. In fact, with the

global push towards 3D integration of device and chip layers, the retinomorphic, 3D

integration of photoreceptor planes and processing planes (Fig. 3.33) will be

introduced on a larger scale. This will be discussed in Chap. 15.

6.5 The Professional Segments of the Chip Market

The three segments medical/industrial, automotive, and military have a number of

requirements in common that have forced the chip industry over decades to meet

high standards. These mean significant levels of process R&D and rigorous quality-

management systems (QMSs). Generally, there are higher operating requirements

for chips in professional applications:

– Extended temperature range

– Electromagnetic protection and compatibility (EMC)

– Harsh environments

– Controlled degradation

– Guaranteed reliability levels (FIT).

Table 6.5 Challenges for nanochips in the consumer segment

Processors Memory Analog/digital Transmit/receive Sense/actuate

Consumer Energy Nonvolatile Cost Wireless Video

Cost Cost Audio

Architecture Capacity 3D display
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A guarantee of 100 FIT (one failure in 107 h), a typical requirement for

an application-specific chip (ASIC) with millions of transistors tells us that the

assurance of the quality and reliability of chips is a major task.

A system of standards and certifications has evolved, which we summarize here

to highlight the discipline in the chip industry that has been responsible for the

unparalleled growth of this industry:

– MIL-STD-883: This has been the global procedure for the qualification of chips

for 40 years.

– QML (Qualified Manufacturing Lines): Total plant qualification established and

performed by RADC (Rome Air Development Center) since 1981 associated

with the development of the chip factories manufacturing wafers and chips under

contract with outside customers. The beginning of the foundry age.
– ISO 90001 (1988) and ISO 9000:2000: International standards for total quality

management of manufacturing enterprises.

– CECC-EN 1001–14: Certification of integrated-circuit manufacturing, specific

for each technology generation.

– QS 9000: Qualification of chip suppliers by automotive customers (adopted by

many professional industrial customers).

These qualifications have to be performed at least for each technology genera-

tion and mostly on a per-product basis, and the semiconductor company in turn has

to certify all suppliers and service providers. Over the past 20 years, such quality

chains have been established generally for most professional businesses worldwide.

It is still a singular phenomenon that the chip industry has had this culture for

40 years, and, in the case of the rapid deployment of new technology nodes, has to
do this every 18 months.

Naturally, those chip makers in the professional segments need a consistent,

advanced R&D commitment. However, there is a large area of mutual interest

between them and those in the volume segments.

We have seen that the three major segments of the chip market, making up more

than 80% of the total market, have to make significant investments in video

processing. On one hand, they can benefit from R&D conducted by the three

remaining, professional segments of the market, where the system R&D level is

naturally higher. On the other hand, the volume introduction of new chips in the big

segments helps the professionals to bring the cost down for these innovations.

6.6 Medical/Industrial Segment

The potential and challenges for nanochips in the medical/industrial segment are

summarized in Table 6.6. Industrial applications of microchips are to a large degree

in electronic control. These often safety-critical tasks means that IC solutions had

and have to go through elaborate approval procedures, for example, performed by

UL (Underwriters Laboratories) or to obtain European certification (the CE mark).
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Historically, this meant that the certification laboratories went slowly and orderly

from

– Mechanical to electromechanical (relays),

– To discrete-transistor boards,

– To small-scale ICs (operational amplifiers, then diode–transistor logic (DTL)

and transistor–transistor logic (TTL)),

– To gate arrays,

– To microcontrollers,

– To application-specific chips,

some of these levels taking more than 10 years. The message is that control

hardware and software are slow to be certified and have long lifetimes once

accepted. It means that new computing paradigms will take >30 years to be

accepted in industrial control. Fuzzy logic as a parallel multi-input, rule-based

control architecture, introduced in the early 1980s, has only made it into

selective applications, and cellular neural networks (CNNs), after 20 years, are

just beginning to make it into industrial control, although they have, for exam-

ple, high levels of built-in fault tolerance. Essential properties of chips in

industrial control have to provide

– High reliability under wide variation in operating conditions

– Fault-tolerant architecture

– Fail-safe performance (under degradation, go into a safe, defined state)

– FMEA (failure-mode and effect analysis)

These are just a few criteria intended to show that an aggressive scaling of

technologies to levels where transistors perform marginally and with a large

variance is not the strategy for progress in professional applications., Rather safe

and effective new architectures should be explored that reduce the number of

components and the power density in chips and packages, offering the largest

benefits in cost, energy, and system lifetime/reliability.

Among the many exemplary industrial electronic products, robots stand out as

the most complex systems and with the promise of being the next big thing after the
PC, as predicted by Japanese experts in 2001 [12].

The personal robot, designated by the aging Japanese nation as the key product

after the PC and ridiculed by others, has arrived in various shapes, from vacuum

cleaners to humanoid marching bands and tree climbers. As of 2010, 50% of the

Table 6.6 Challenges for nanochips in the medical/industrial segment

Processors Memory Analog/digital Transmit/receive Sense/actuate

Medical

Industrial

Performance Non-volatile Speed Bandwidth Multi-sense

Architecture Precision Body-Area Net Lab-on-Chip

Power-drive

Intelligence

Fail-safe

Fault-tolerant

152 B. Hoefflinger



world robotics market is already accounted for by home/service robots, and this

market is predicted to grow threefold within the next 15 years [13], as detailed in

Table 6.7.

Robot electronics today is composed of hundreds of outdated commodity

sensors, controllers, and actuators, in industry owing to lengthy certification

routines and otherwise often as a proof concept and devoid of an economy-of-

scale. In order to really make robots adaptable, intelligent, and safe in real-life

situations, a quantum jump towards adaptive, intelligent, fault-tolerant hardware

with multisensor and multiactuator interfaces is needed, and neural architectures fit

these tasks. They will also reduce significantly size, weight, power consumption,

and cost. The new focus on silicon brains (Chaps. 16 and 18) will be key to this

development.

Personal carebots for education, entertainment, rehabilitation, and home-

services are accepted as a large-scale need by 2020 in most developed countries,

including China, not only for the elderly in aging societies but also as companions

and tutors for the young. Several exemplary projects illustrate the 10� level of

these developments:

10� Programs for carebots:

– A Robot in Every Home by 2020 (Korea)

– Japan Robotics Association

– KITECH (Korea Institute of Industrial Technology)

– Taiwan [14]

– CARE (Coordination actions for robotics in Europe)

Different directions are being pursued. Many systems are special-function tech-

nical solutions while multifunction, companion-type carebots tackle the human-

interaction and feel issue with humanoid, also called android, systems [15, 16], as

shown in Fig. 6.5.

Robot learning and the robot–human interaction are continuing fundamental

challenges [17, 18], but also interdisciplinary challenges, where nanochip

strategists and designers have to get more involved given the formidable perfor-

mance levels of functionalities that can be realized today and in the near future.

This call for interdisciplinary development work should also be heard more

clearly regarding the vast opportunities in medical electronics. Pioneering

Table 6.7 Worldwide robotics market growth 2010–2025 in $billion, after [13]

2010 2025 Growth rate

Home 12 34 �2.8

Manufacturing 8 12 �1.5

Medical 2 9 �4.5

Public sector 2 8 �4.0

Bio-industrial 1 3 �3.0

Total 25 66 �2.6
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achievements such as the pacemaker of 1964 [19], based on a bipolar circuit just 4

years after the invention of the integrated circuit [20] highlights the importance of

radical innovations for the formation of entirely new industries. In this case, it is the

industry for electronic implants and prosthetics. Among the many systems being

developed at present, we chose retinal implants for the restoration of vision as the

most complex system. Its implantation in the retina of the eye and its interaction

with the visual cortex was proposed in 1996. Experts in ophthalmology, physiology,

neurology, microsurgery, biomedicine, physical chemistry, and microelectronics

worked together, and after about 10 years of R&D [21], tests could be performed

with patients worldwide. An account and perspective is given in Chap. 17.

We can only pinpoint a few areas where medical electronics has significant

impact on public health and on growth within the chip market. Minimally invasive

diagnosis, therapy, and surgery benefit most from the decreasing size and the

increased performance of scaled-down chips. A key example for the state-of-the-

art is the camera pill from Given Imaging [22], which can be swallowed, and, while

traveling through the intestines, transmits images to a receiver on the body’s surface

(Fig. 6.6).

Personal, portable, non-invasive diagnostic and monitoring devices offer great

benefits to patients and a potential mass market for medical electronics. The

percentage reduction in size and weight of these devices would appear directly in

the growth rate of the available market. As an example, the Holter tape today is a

magnetic-tape recorder the size of a Walkman that monitors a patient’s cardiogram

over 24 h. It then has to be reviewed by the physician for critical events. This could

be transformed into a device barely larger than the needed skin contact, containing a

neural-network event-recorder chip, trained for the individual patient, and an event

flash memory. This would deliver directly the critical events and the time when they

Fig. 6.5 The android robot Geminoid F by Hiroshi Ishiguro of Osaka University and ATR in 2010

[15] (# 2010 IEEE)
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occurred, and it could directly alert the patient or his supervision of any problems.

Such a device would have a significant preventive effect and save a posteriori

suffering of patients and expenses of (public) insurers. Therefore, the development

of such a device would be in the public interest, and resources should be provided to

accelerate their introduction into practice.

The same is true for the non-invasive, continuous monitoring of blood sugar for

diabetics. About 20 million people worldwide suffer lifelong from type-I (genetic)

diabetes, and 500 million acquire it due to lifestyle and age. The consequences of

inadequate monitoring – blindness, amputation, and heart disease – are burdensome

and expensive. It is also presently a big business for the pharmaceutical industry

selling test strips, often 5 per patient per day, for intrusive blood tests, which, of

course, are tough on patients and not good enough to detect the critical events of

hypoglycemia. An ear clip with a multispectral, near-infrared spectrometer, contin-

uously trained for the patient’s characteristics, would offer continuous care-free

monitoring. Research on this technology started in the 1980s, with an estimated

total level-of-effort of < $100 million worldwide over 30 years, without and

probably against the pharmaceutical industry. In 2010 there is no such system on

the market. There are many other examples where a public research policy guided

by long-term health requirements is needed, especially because lengthy public

certification procedures limit the investment of venture capital and often are not

survived by start-ups.

The remarkable advances of chips and microsystems in miniaturization and

performance, driven by the big-three market segments, have created a new market

with significant benefits and leverage: Minimally-invasive surgical robots.
The availability of microchips for

– Millmeter-size video cameras and 3D vision

– Microsensors and microactuators

– High-performance video processing

has allowed quantum jumps in medical surgery and related fields [23].

3D medical imaging plays a key role in surgical robots, and it is driven to its

highest levels in resolution and speed in computed tomography (CT), a sector with

Fig. 6.6 The Given Imaging

autonomous camera capsule,

which transmits wireless

images from inside the

intestines after being

swallowed, has been used in

hospitals since 2002 [22].

Source: Given Imaging
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remarkable unit growth. It has extreme requirements for integrating large numbers

of Si tiles on the torus of the equipment to sense and process the radiation arriving

on their surfaces. It is now entering a new generation with the large-scale availabil-

ity of the 3D integration of sensing and processing chips connected by thousands to

millions of TSVs (Sect. 3.7).

6.7 Automotive Segment

The potential and challenges for nanochips in the automotive segment are

summarized in Table 6.8. The automotive segment with a revenue of about $20

billion in 2010 is the fastest growing segment in the chip industry. In spite of the

enormous pressure on cost put on the chip industry by the automotive companies,

the chip content/car has doubled each decade to $400 in 2010, and it will double

again by 2020, driven by the fundamental interest in efficient and safe personal
mobility, which has, in the meantime, become a mass issue in the newly developed

countries as well, with over 1 billion potential customers. This mobility issue and its

support by electronics and computing became the topic of the largest-ever joint

research effort in Europe:

10�: PROMETHEUS: Program for European Traffic with Highest Efficiency and Unprecedented

Safety.

Fifteen car companies and over 70 research institutes started a joint, long-term

research project in 1986, the centennial of the automobile, on all aspects of informa-

tion and communication technology (ICT) to innovate road traffic [24]. Soon,

automotive suppliers and ICT companies joined so that, at the peak of the program,

about 50 companies and over 100 institutes participated in PROMETHEUS until

about 1996, when it was continued as many, more specific programs. It was probably

the largest seeding program for new automotive and traffic technology. Programs

with similar goals were set up in the US and Japan, for example,

10�: IVHS: Intelligent Vehicle–Highway Society (USA),

an industry–government cooperative still in existence today. A 1993 special issue

of IEEE Micro [25] reflects on some topics of these programs.

– Navigation

Table 6.8 Challenges for nanochips in the automotive segment

Processors Memory Analog/digital Transmit/receive Sense/actuate

Automotive Fail-safe Non-volatile Speed Bandwidth Multisense

Architecture Cost Precision Security Power-drive

Intelligence Cost Cost Display

Cost Cost
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– ESP (Electronic Safety Program) (Chap. 14)

– ACC (Autonomous Cruise and Anti-collision Control)

are some of the prominent results in the market. A wealth of prototypes have

seen tens of thousands of operating hours and hundreds of thousands of

kilometers and are under consideration or waiting, indicative of the lengthy

procedures necessary for certification or clarification of privacy or liability

issues. Presently, accidents with considerable fatalities and damage, caused by

trucks and buses due to driver fatigue or negligence, are rising steeply, while

fatigue-warning, lane-keeping, and collision-avoidance systems are among the

most tested functions [26] (see an example in Fig. 6.7).

However, governments are slow to make these systems mandatory, keeping

market demand low and cost high. Instead, their introduction should be mandatory

and temporarily subsidized in view of public-safety interests. Naturally, in the

introductory phase of these new systems, developed in the advanced countries,

high-level manufacturing jobs would be produced there, replacing the migration of

other manufacturing jobs to low-cost regions.

A recent area of high growth is the transition to hybrid and electric vehicles

because of the never-ending optimization of their electronic control. The intelligent

personalization of these cars to the driver and to his/her daily commute route will be

one application of the coming intelligent neuro-controllers (Chap. 16).

6.8 Military Segment

The potential and challenges for nanochips in the military segment are summarized

in Table 6.9. Military electronics, as we have seen, has been the leader in challeng-

ing specifications and the driver for fail-safe, high-quality, and reliable electronics.

This continues to benefit the other professional segments.

Fig. 6.7 Traffic-sign detection and classification [26] (#Springer )
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Chapter 7

ITRS: The International Technology Roadmap

for Semiconductors

Bernd Hoefflinger

Abstract In a move singular for the world’s industry, the semiconductor industry

established a quantitative strategy for its progress with the establishment of the

ITRS. In its 17th year, it has been extended in 2009 to the year 2024. We present

some important and critical milestones with a focus on 2020. Transistor gate

lengths of 5.6 nm with a 3 sigma tolerance of 1 nm clearly show the aggressive

nature of this strategy, and we reflect on this goal on the basis of our 10 nm

reference nanotransistor discussed in Sect .3.3. The roadmap treats in detail the

total process hierarchy from the transistor level up through 14 levels of metallic

interconnect layers, which must handle the signal transport between transistors and

with the outside world. This hierarchy starts with a first-level metal interconnect

characterized by a half-pitch (roughly the line width) of 14 nm, which is required to

be applicable through intermediate layers with wiring lengths orders of magnitude

longer than at the first local level. At the uppermost global level, the metal pattern

has to be compatible with high-density through-silicon vias (TSV), in order to

handle the 3D stacking of chips at the wafer level to achieve the functionality of the

final chip-size product. At the individual wafer level, the full manufacturing process

is characterized by up to 40 masks, thousands of processing steps and a cumulative

defect density of hopefully <1/cm2.

7.1 History and 2010 Status of the Roadmap

The organization of the US semiconductor industry, the SIA (Semiconductor

Industry Association), launched its first roadmap in 1992. From the experience

with Moore’s law of 1965 [1] and 1975 [2] (Fig. 2.10) and of the “scaling” law of

1974 [3] (Fig. 2.11), a forecasting scheme was derived with a 15-year horizon. That
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effort was joined by the semiconductor industry in Europe, Japan, Korea, and

Taiwan in 1998, and the first International Technology Roadmap for Semi-

conductors (ITRS) was issued in 1999. A fully revised roadmap has been issued

since in every odd-numbered year. For our discussion here, we rely on the 2009

roadmap reaching out to the year 2024 [4]. Its aim is to provide the best present
estimate (of the future) with a 15-year horizon.

The roadmap started out in the 1990s with shrink factors of 0.7�/2 years for

minimum dimensions and other dimensional parameters such as film thicknesses,

lateral tolerances within layers and between layers, etc., which had to be scaled

concurrently. This target orientation had a tangible influence on progress, evident in

the 1999 speed-up on scaling to 0.7�/18 months (Fig. 2.17). In the meantime, the

roadmap process and structure has evolved into a highly complex, multidimen-

sional effort with major enhancements:

2001: system drivers

2005: emerging research devices (ERD)

2007: emerging research materials (ERM).

As a result, numerous international working groups have been established.

Table 7.1 is a listing, together with references to the chapters in the present book

in which related issues are addressed by specialists.

Broad global assumptions and stiff models of exponential progress are charac-

teristic of the roadmap, supported so far by 40 years of history. We start with the

S-curve for the introduction of new products as shown in Fig. 7.1.

In Fig. 7.1, first conference paper means first product announcement (typically at

the ISSCC). It is also characteristic that the specific equipment for a new generation

becomes available in an early (alpha) version only 3 years before the mass produc-

tion of chips. Furthermore, lead-time from samples to volume is less than

12 months. If the ITRS or the industry talks of a technology node, it means the

start of volume production. For calibration: 2010 is the year of the 32 nm node. The
32 nm here in the ITRS defines the smallest half-pitch of contacted metal lines on
any product. Model assumptions are also made for the overall innovation process,

as we see in Fig. 7.2.

Table 7.1 Structure of the 2009 ITRS and related chapters in the present book

System drivers Chaps. 6, 10–13

Design Chap. 9

Test and test equipment Chap. 21

Process integration, devices and structures Chap. 3

RF and analog/mixed-signal technologies Chaps. 4, 5

Emerging research devices Chaps. 3, 23

Front-end processes Sect. 3.2

Lithography Chap. 8

Interconnects Sect. 3.6, Chap. 5

Factory integration Chap. 21

Assembly and packaging Sect. 3.8, Chaps. 12, 21
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The assumed R&D lead-time of 10 years in the example emphasizes that any

new chip technology with an economic impact in 2020 should have been presented

in a credible reduction to practice by 2010.

Based on these fundamentals, the core of the roadmap continues to be the overall

roadmap technology characteristics (ORTC).

Fig. 7.2 Typical ramp from research to production. The example illustrates the assumption of

introducing high-electron-mobility materials for the transistor channel by 2019 [4]. FEP: Front
end processing (# SEMATECH)

Fig. 7.1 Production ramp-up and technology-cycle timing [ITRS 2009]. ERD/ERM emerging

research devices/materials, PIDS process integration and device structures (# SEMATECH)
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7.2 ORTC: Overall Roadmap Technology Characteristics

These characteristics are the smallest lengths for gates and linewidths of first-level

metal introduced in a product in a given year (Table 7.2).

The trends expressed in this data are best illustrated by the lines in Figs. 7.3 and 7.4.

The basic observation on these trend lines is that progress is slowing: The 0.7 �
shrink, which classically happened every 2 years and even saw a speed-up in the
decade 1995–2005 to 18 months, has slowed to 3 years and to almost 4 years for the
physical gate length in logic chips.

The 2009 roadmap draws a magic line at the 16 nm node in 2016. The roadmap

data is called near-term to this year (2016), and it happens to bear significance,

because, after 2016 and the 16 nm node, the solutions to most of the technology

issues related to a straight scaling strategy had to be declared as unknown in

Table 7.2 Key lithography-related characteristics by product and year [ITRS 2009]

Near-term years 2010 2012 2014 2016

Flash Poly Si ½ pitch [nm] 32 25 20 16

MPU/ASIC first metal ½ pitch [nm] 45 32 24 19

MPU physical gate length [nm] 27 22 18 15

Long-term years 2018 2020 2022 2024

Flash poly Si ½ pitch [nm] 12.6 10.0 8.0 6.3

MPU/ASIC first metal ½ pitch [nm] 15.0 11.9 9.5 7.5

MPU physical gate length [nm] 12.8 10.7 8.9 7.4

Fig. 7.3 ITRS trend lines for metal-1 half-pitch of DRAM and flash memory [4] (# SEMATECH)
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2009, whereas with the lead-time model of Fig. 7.2, they should have been known

since 2004–2006. As a case in point, lithography and transistor performance are

highlighted here: As outlined in Chap. 8 on nanolithography, there is in 2010 no
known lithography technology for 16 nm and beyond other than low-throughput
multiple-electron-beam (MEB) lithography. As described in Sect. 3.2, MOS

transistors with an equivalent oxide thickness (EOT) of 1 nm and L < 15 nm are

a step back in current/mm, have fundamentally large variances of threshold and
current and mostly no intrinsic gain.

In Sect. 7.4, we discuss to what extent emerging research devices can remove

this roadblock by 2020. In any event, the historic scaling strategy is coming to an
end in a window of 16–10 nm. Is this the end of the chip industry as the world leader
in market growth? To answer this question, it is worthwhile forgetting the ORTC

scaling trend lines as a self-fulfilling prophecy or driver for a moment and to look at

the solely important product and service drivers.

7.3 System Drivers

The system-drivers working group was established in 2001 in order to focus on the

requirements of the various chip markets, in a way a late recognition of a market-

driven strategy (market pull) after the Y2K crash and after 40 years of an unparal-

leled technology push provided by a Moore’s law implemented by scaling or, in

other words, forceful 2-year successions of new technology generations.

Fig. 7.4 ITRS trend lines for gates and metal-1 half-pitch in microprocessors and high-

performance ASICs [4] (# SEMATECH)
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The International Technology Working Groups (ITWGs) are a mix of market

(horizontal) and specialty (vertical) groups in the sense of the matrix in Chap. 6 of

this book, recalled here as Table 7.3. Our expert authors deal with the requirements

and challenges in the specialty areas in the chapters indicated in the table.

The extensive listings of requirements and challenges of the 16 working groups

of the ITRS show common denominators for the required rates of progress in terms

of product performance:

– Double the computing/communication speed every 2 years

– Double the memory density every 2 years.

This cannot be achieved by scaling anymore, and, in fact, it has not been achieved

by scaling since the mid-1990s, but rather by “engineering cleverness”, as demanded

by Moore in the 1980s. The multiprocessor cores in computing and the multilevel

storage/transistor and stacked memory chips are striking examples of this cleverness.

Clearly, the energy per function, CV2, demands continuous and forceful reduc-

tion of the capacitance C and the operating voltage V, and the decisive contributions
have to come from

– The reduction of wire lengths per function

– The reduction of transistor sites per function

– The reduction of the bandwidth between processors and memories

– The reduction of voltage swing (e.g., low-voltage differential signaling, LVDS).

The progress on these issues is critical, and it will be addressed again in Sect. 7.4.

As to system requirements, we have to look some more at the 2�/2 years rate, as

aggressive as it may be. It promises a 32� progress per decade. Just looking at the

personal mobile assistant of 2020 (Chap. 13), we see that advances 300� between
2010 and 2020 have been demanded and have been considered to be feasible. This

strategizing clearly requires quantum jumps in performance beyond the 2�/2 years

improvement. The multi-bit/cell flash RAM is the most prominent example of this

phenomenon (Fig. 7.5).

Operations per second per milliwatt is the key metric for graphics and image

processing, and it is here that rich media and 3D vision require a 300-fold improve-

ment between 2010 and 2020. HIPERLOGIC in Sect. 3.6 and digital neuro-

processing in Chap. 16 are indicative of such quantum jumps in performance

Table 7.3 Markets (vertical) and special functions (horizontal) of nanochips

Processor

Chaps. 10, 13,

16

Memory

Chaps. 11,

18

Analog/

digital

Chap. 4

Transmitter/

receiver

Chap. 5

Sensor/actuator

Chaps. 14, 15, 17

Computing xxx xxx xx

Communicating xx xx xxx xxx

Consumer x xxx xxx xxx xx

Med./Industrial xx xxx xxx xx xxx

Automotive xx x xxx x xxx

Military xxx xxx xxx xxx xxx
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beyond just an extension of the mainstream by 2�/2 years. In view of the 16 nm

barrier, the ITRS puts high hopes on emerging research devices.

7.4 ERD: Emerging Research Devices

Numerous keywords for future devices and new information paradigms are men-

tioned by this working group. With reference to the innovation curve in Fig. 7.2 as

applied to product introduction by 2020, we focus on enhancedMOS transistors with
gates 10 nm long. The roadmap shows a possible progression, reproduced in Fig. 7.6.

The most important, 10�, R&D tasks are clearly identified in this figure:

1. Transition to metal gate

2. Transition to high-k (high-dielectric-constant) gate dielectric
3. Transition to fully depleted silicon-on-insulator (FD SOI)

4. Transition to multiple-gate (MuG) transistors

While items 1 and 2 have been introduced into production, continuous improve-

ment is necessary. Item 3, thin Si films on insulator, with thicknesses <5 nm, fully

depleted, are a matter of complex trade-offs and closely related to the challenging

introduction of multiple-gate transistors, either as

– Dual-gate transistors or as

– Surround-gate transistors.

Fig. 7.5 Gigabits/chip for DRAM and flash RAM [4]. SLC single-level cell,MLCmulti-level cell

(# SEMATECH)
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These transistor types upset the physical-design topographies so much engraved

in the industry that their introduction by any company will really mean a quantum

step in the industry. While dual-gate and tri-gate transistors have been introduced in

2011, and several interesting and powerful functionalities have been described in

Sect. 3.5, the surround-gate transistor is a long-term topic closely associated with

the nanotube-transistors (Sect. 3.8).

Figure 7.6 also points out new materials for the transistor channels. Strained Si

and SiGe have already been introduced to achieve higher electron mobilities and

hole mobilities coming closer to those of ideal electrons for speed and symmetrical

operation. III–V materials for MOS transistor channels are considered with opti-

mism to benefit from a fivefold or higher mobility. However, we should keep inmind

that what counts in switching circuitry is maximum current, and this is determined

by maximum velocity, (3.15), and this would be at best two times higher. While this

might still be worth the effort, the processing and compatibility challenges and the

loss of a technology with complementary transistors have to be weighed in.

The emphasis on speed is only justified for the gighertz and terahertz community

of superprocessors and broadband communication. For all others, energy/function
is the issue. Here we deal with the world below 400 mV. We studied this world

extensively in Sects. 3.2 and 3.3, and the most important messages we learned are:

1. The maximum operating voltage for a 1 nm (EOT) gate transistor is 500 mV.

2. At <500 mV, MOS transistors operate in the barrier-control (diffusion, bipolar,
or leakage) mode, where the potential barrier is controlled by both the gate and

the drain voltages (3.17, 20).

3. The transconductance of a MOS transistor at room temperature is a decade of

current per120 mV at best, with a fundamental 4s spread to <300 mV for

L ¼ 10 nm.

Fig. 7.6 A possible progression to a 10 nm transistor in 2020 [4] (# SEMATECH)
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4. The intrinsic voltage gain for tI ¼ 1 nm (EOT) and L ¼ 10 nm is unity, i.e., no

gain without channel engineering (3.22).

5. The maximum current is again determined by the maximum high-field velocity

and not by low-field mobility (3.16, 21).

Again, the mobility advantage of III–V materials and Ge is not relevant. Fur-

thermore, the temperature dependence of currents in the barrier-control mode is

rather strong. This means that on–off current ratios shrink rapidly at higher

temperatures, a problem for Si and likely the out for Ge as a channel material.

6. The fundamental variance of nanotransistors due to Poisson distributions of

charges (acceptors, donors, channel charges) requires that any signal regenera-

tor/amplifier has to be made up of complementary transistors, and, in fact,

differential signaling (LVDS), and cross-coupled complementary transistor

pairs are required (Sect. 3.3) for safe logic operations.

These stringent criteria have to be observed in the evolution of scaled-down

MOS transistors but also for any possible replacements in the real world of chips for
the masses, which is at 20�C and mostly significantly higher on-chip.

Beyond the scenario of Fig. 7.6 and a 2020 horizon, emerging research pursues

many directions in the absence of a winner. The ERD committee has assessed more

than 15 different technologies in a multidimensional performance evaluation. We

select the evaluation of two types of transistors, which we discussed in Sect. 3.8:

– The carbon-nanotube (CNT) MOSFET

– The single-electron transistor (SET)

Their evaluation, as shown in Fig. 7.7, shows eight well-chosen performance

criteria:

– Performance

– Energy efficiency

– Gain

– Scalability

– Compatibility with CMOS architecture

– Compatibility with CMOS technology

– Operational temperature

– Reliability

Apart from the quantitative assessment of the criteria, the important observation

on these diagrams is the evolution of the ratings over time: From green in 2005

through blue in 2007 to red in 2009. Although a span of four years is short on a

research time scale, the apparent trend is that almost all values of 2005 looked

optimistic compared with the assessment in 2009. This appearance of more realism
is frequent in the 2009 issue of the roadmap. It is an indicator that more fundamental,

radical innovations are seen as having an impact farther in the future than assumed in

recent years. This does not mean that the progression of electronic chips has slowed,

but that other disruptive innovations have taken center stage, which are less nano and

quantum-driven. Interconnects are a superb example of this phenomenon.
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7.5 Interconnects

For the integrated circuit functions on a chip, thousands to billions of transistors

have to be interconnected by thin-film metal layers, each separated from those

above and below by inter-level dielectric insulators. The schematic cross section in

Fig. 7.8 of the surface of a chip illustrates the resulting structure.

At the bottom, we see a pair of complementary transistors, each in its well for

isolation. Blue tungsten plugs reach up to the first metal interconnect layer. The

manufacturing process up to this level is called the front-end of line (FEOL). What
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Fig. 7.7 Evaluation of (a) carbon nanotube MOSFETs and (b) single-electron transistors [4]
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follows in the example is three layers of intermediate-level wires, two layers of

semi-global, and another five layers of global interconnects. This hierarchy visibly

demonstrates the most serious roadblock for nanoelectronics:

The multi-level interconnect with its problems of

– Resistance, capacitance, inductance

– Loading the transistors

– Cross talk

– Area and volume

– Overlay tolerance

– Cost and yield

– Reliability

The scaling of this maze of inverted skyscrapers with skywalks at up to 14 levels

is a highly complex challenge, and the roadmap demands a progression as shown in

Fig. 7.9, for which manufacturable solutions beyond 2015 are not known or have

severe drawbacks in resistance, crosstalk and reliability. In any event, the pressure to

– Reduce operating voltages

– Use low-voltage differential signaling (LVDS)

Fig. 7.8 Schematic cross section through the surface of a CMOS chip illustrating the wiring

hierarchy. Blue and orange: metal, gray: insulators [4] (# SEMATECH)
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mounts steadily.

At the same time, lateral wiring lengths are becoming excessive, because of the

wider pitch, which has to be accepted at the higher, intermediate, and global levels,

and also because of the slower pace of scaling transistors and, in fact, the end of the

roadmap for lateral transistor dimensions.

This scenario has finally caused a widespread commitment since about 2005 to

reduce lateral wiring lengths and chip sizes by stacking chips on top of each other,
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as we discussed in Sect. 3.7. Many alternatives for stacking exist, depending on chip

functionality and the manufacturers involved, leading to new networks and action

chains. We highlight these possible scenarios with the illustration of three

alternatives for producing vias, which have to go through the (thinned) chips to

carry signals and power from one chip to the next (Fig. 7.10).

Assuming a SOI chip, TSV-first means that the via is formed literally before the

formation of the transistor layer. In the center, the alternative TSV-middle is shown,

where the TSV is formed at the end of the FEOL, together with the first metal.

At the back-end-of-line (BEOL) on the right, a voluminous TSV-last is shown

going through the chip, indicative of the aspect ratios that have to be realized by

appropriate cutting and/or etching processes.

Bearing in mind the serious lithography limits on a volume-production level

below 15 nm and the conductance limits of metal wires at this scale, the further

scaling-down of interconnects is clearly the number one area for alternative

wires/interconnects such as carbon nanotubes and graphene lines because of

their fundamental advantages but also because they can be produced without

lithography [5–7].
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Chapter 8

Nanolithography

Burn J. Lin

Abstract Nanolithography, the patterning of hundreds to thousands of trillions of

nano structures on a silicon wafer, determines the direction of future nano-

electronics. The technical feasibility and the cost-of-ownership for technologies

beyond the mark of 22 nm lines and spaces (half pitch) is evaluated for Extreme-

Ultra-Violet (EUV = 13 nm) lithography and Multiple-Electron-Beam (MEB)

direct-write-on-wafer technology. The 32 nm lithography-of-choice, Double-

Patterning, 193 nm Liquid-Immersion Optical Technology (DPT) can possibly be

extended to 22 nm with restrictive design patterns and rules, and it serves as a

reference for the future candidates.

EUV lithography operates with reflective mirror optics and 4� multi-layer

reflective masks. Due to problems with a sufficiently powerful and economical

13 nm source, and with the quality and lifetime of the masks, the introduction of

EUV into production has been shifted to 2012.

MEB direct-write lithography has demonstrated 16 nm half-pitch capability, and

it is attractive, because it does not require product-specific masks, and electron

optics as well as electron metrology inherently offer the highest resolution. How-

ever, an MEB system must operate with more than 10,000 beams in parallel to

achieve a throughput of ten 300 mm wafers per hour. A data volume of Peta-Bytes

per wafer is required at Gigabit rates per second per beam. MEB direct-write would

shift the development bottleneck away from mask technology and infrastructure to

data processing, which may be easier.

The R&D expenses for EUV have exceeded those for MEB by two orders of

magnitude so far. As difficult as a cost model per wafer layer may be, it shows

basically that, as compared with DPT immersion optical lithography, EUV would

be more expensive by up to a factor of 3, and MEB could cost less than present

B.J. Lin (*)

TSMC, 153 Kuang Fu Road, Sec. 1, Lane 89, 1st Fl., Hsinchu R.O.C. 300, Taiwan

e-mail: burnlin@tsmc.com

B. Hoefflinger (ed.), CHIPS 2020, The Frontiers Collection,
DOI 10.1007/978-3-642-23096-7_8, # Springer-Verlag Berlin Heidelberg 2012

175

mailto:burnlin@tsmc.com


optical nanolithography. From an operational point-of-view, power is a real con-

cern. For a throughput of 100 wafers per hour, the optical system dissipates 200 kW,

the MEB system is estimated at 170–370 kW, while the EUV system could

dissipate between 2 and 16 MW.

This outlook shows that the issues of minimum feature size, throughput and cost

of nanolithography require an optimisation at the system level from product

definition through restrictive design and topology rules to wafer-layer rules in

order to control the cost of manufacturing and to achieve the best product.

Optical patterning through masks onto photosensitive resists proceeded from

minimum features of 20 mm in 1970 to 22 nm in 2010. The end of optical

lithography was initially predicted for 1985 at feature sizes of 1 mm, and hundreds

of millions of dollars were spent in the 1980s to prepare X-ray proximity printing

as the technology of the future, which has not happened. The ultimate limit of

optical lithography was moved in the 1990s to 100 nm, initiating next-generation-

lithography (NGL) projects to develop lithography technology for sub-100-nm

features and towards 10 nm. This chapter is focused on two of these NGL tech-

nologies: EUV (extreme-ultraviolet lithography), and MEB (multiple-electron-

beam lithography). These are compared with the ultimate optical lithography,

also capable of delineating features of similar size: DPT (double-patterning,

liquid-immersion lithography).

8.1 The Progression of Optical Lithography

Optical lithography has supported Moore’s Law and the ITRS (Chap. 7) for the first

50 years of microelectronics. The progression in line-width resolution followed the

relationship

Resolution ¼ k1
l
NA

:

Shorter-wavelength optical and resist systems, and the continuing increase of the

numerical aperture (NA) as well as reduction of the resolution-scaling factor k1
provided a remarkable rate of progress, as shown by the data on the period

1999–2012 (Figs. 8.1 and 8.2).

The medium for optical patterning was air until 2006, when k1 ¼ 0.36 at the

193 nm line of ArF laser sources was reached. The single biggest step forward was

made when the lens–wafer space was immersed in water, and the NA effectively

increased by 1.44� according to the refractive index of water at 193-nm wave-

length, so that, with the inclusion of restricted design rules and more resolution-

enhancement techniques (RETs), the 32-nm node could be reached in 2010.
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With the introduction of DPT, the mask cost is doubled, the throughput is

halved, and the processing cost more than doubled, making the total wafer-

production cost unbearably high and causing serious economic effects.

NA
l

Resolution = k1

Fig. 8.2 Resolution for half pitch [(linewidth + space)/2] as wavelength reduction progresses [1].

# 2009 IEEE

Fig. 8.1 Lens and reticle parameters, OPC, and RETs employed for the technology nodes from

1999 to 2012 [1]. OPC: Optical proximity correction, OAI: Off-axis illuminatiom, HLC:

Handcrafted layout compensation, RB OPC: Rule-based OPC, MB OPC: Model-based OPC,

HB OPC: Hybrid-based OPC, AF: Assist features, DFM: Design for manufacturability, S2E

DFM: Shape-to-electric DFM, MB AF: Model-based assist features, RDR: Restricted design

rules. # 2009 IEEE
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A 2010 state-of-the-art optical-lithography system with ArF water-immersion

DPT can be characterized by the following parameters:

Minimum half pitch 22 nm at k1 ¼ 0.3, l ¼ 193 nm, NA ¼ 1.35

Single-machine overlay <2 nm

Reticle magnification 4�
Throughput ~175 wph (300 mm diameter wafer)

Price ~€40 M

Related equipment ~US$15 M

Footprint ~18 m2 including access areas

Wall power 220 kW

This most advanced equipment is needed for the critical layers in a 32-nm

process:

– Active

– Gate

– Contact

– Metal 1–n
– Via 1–n.

These layers form the critical path in the total process, which can involve more

than 10 metal layers resulting in a total mask count >40. Liquid-immersion DPT

can be pushed to 22 nm with restricted design rules, limited throughput, and

a significant increase in cost. It is desirable to use less expensive alternative

technologies at and beyond the 22 nm node. The following sections are focused

on the two major contenders for production-level nanolithography at 32 nm and

beyond: EUV and MEB. Nanoimprinting holds promise for high replicated resolu-

tion. However, fabrication difficulties of the 1� templates, limited template dura-

bility, expensive template inspection, and the inherent high defect count of the

nanoimprint technology prevent it from being seriously considered here [7].

8.2 Extreme-Ultraviolet (EUV) Lithography

The International SEMATECH Lithography Expert Group decided in 2000 that

EUV lithography should be the NGL of choice. The EUV wavelength of 13.5 nm

means a > 10� advantage in resolution over optical, as far as wavelength is

concerned, and sufficient progress overall, even though the k1 and the NA with

the necessary reflective-mirror optics would be back to those of the early days with

optical lithography. The system principle is shown in Fig. 8.3.

The 13.5 nm radiation is obtained from the plasma generated by irradiating a Sn

droplet with a powerfulCO2 laser. This is realizedwith an efficiency of 0.2–0.5% from

CO2 laser irradiation. The numbers in the figure illustrate the power at each component

along the path of the beam, required to deliver 1 mJ/cm2 of EUV light at the wafer at

the throughput of 100wph (wafers per hour). About 0.1%of the EUVpower arrives on
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the wafer. Evidently, the overall power efficiency from the laser to the wafer is

extremely small. This poses a serious problem: If we consider a resist sensitivity of

30 mJ/cm2 at 13.5 nm, hundreds of kilowatts of primary laser power are needed.

Other extreme requirements [2] are:

– Roughness of the mirror surfaces at atomic levels of 0.03–0.05 nm, corres-

ponding pictorially to a 1-mm roughness over the diameter of Japan.

– Reflectivity of mirrors established by 50 bilayers of MoSi/Si with 0.01 nm

uniformity.

– Reticle cleanliness in the absence of pellicles and reticle life at high power

densities.

– Reticle flatness has to be better than 46.5 nm, which is 10� better than the

specification for 193-nm reticles.

– New technology, instrumentation, and infrastructure for reticle inspection and

repair.

Nevertheless, EUV lithography has received R&D funding easily in the order

of US$1 billion by 2010. Two alpha tools have been installed, producing test

structures like those shown in Fig. 8.4.

In any event, EUV lithography puts such strong demands on all kinds of

resources that, if successful, it can be used by only a few extremely large chip

On mask
550P mW

On collector 
9.36P Watt

In-band
EUV light
26.8P W

2nd normal 
incidence 
mirror

Grazing 
incidence 
mirrors

M1
370P mW

M2

M4

M3

M5

M6

On wafer 
1P mJ / cm2, 
30P mW for 

100 wph

On 1st NI
mirror 6.37P
Watt

Fig. 8.3 EUV illuminator and imaging lens. It is an all-reflective system [1]. # 2009 IEEE
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manufacturers or consortia of similar size and technology status. Attaining lower

imaging cost than DPT cannot be taken for granted. A 2012 system can be esti-

mated to have the following characteristics:

Minimum half pitch 21 nm at k1 ¼ 0.5, l ¼ 13.5 nm, NA ¼ 0.32

Single-machine overlay <3.5 nm

Reticle magnification 4�
Throughput 125 wafers (300-mm dia. wafer)

Price €65 M

Related equipment US$20 M (excluding mask-making equipment)

Footprint 50 m2 including access areas

Wall power 750–2,000 kW

If we consider that a Gigafactory requires 50 such systems for total throughput,

we can appreciate that this technology is accessible to a few players only. Further

data on these issues will be discussed in Sect. 8.4.

8.3 Multiple-Electron-Beam (MEB) Lithography

Electron-beam lithography has been at the forefront of resolution since the late

1960s, when focused electron beams became the tools of choice to write high-

resolution masks for optical lithography or to write submicrometer features directly

on semiconductor substrates. As a serial dot-by-dot exposure system, it has the

N32 SRAM contact holes
Focus = –40nm

CD = 53nm

Focus = 0nm

CD = 52 nm

CD = 54nm

Focus = + 40nm

Fig. 8.4 Micrographs of SRAM test structures: 32-nm contact holes with a pitch of 52–54 nm [1].

# 2009 IEEE
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reputation of being slow, although orders-of-magnitude improvements in through-

put were achieved with

– Vector scan (about 1975)

– Variable shaped beam (1982)

– Cell projection through typically 25� Si stencil masks (1995)

A micrograph of a 1997 stencil mask with 200-nm slots in 3-mm Si for the gates

in a 256 Mb DRAM is shown in Fig. 8.5.

Electron beams have many unique advantages:

– Inexpensive electron optics

– Large depth-of-field

– Sub-nanometer resolution

– Highest-speed and high-accuracy steering

– Highest-speed On-Off switching (blanking)

– Secondary-electron detection for position, overlay, and stitching accuracy

– Gigabit/s digital addressing

The systems mentioned so far were single-beam systems, using sophisticated

electron optics. A scheme to produce a large array of parallel nanometer-size

electron beams is used in the MAPPER system [3], as shown in Fig. 8.6, where

13,000 beams are created by blocking the collimated beam from a single electron

source with an aperture plate. The beam-blanker array acts upon the optical signal

from the fiber bundle to blank off the unwanted beams. The On-beams are

Fig. 8.5 SEM micrograph of a Si stencil mask with 200-nm slots in 3-mm Si for the gates in a

256 Mb DRAM (Courtesy INFINEON and IMS CHIPS)
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subsequently deflected and imaged. All electron optics components are made with

the MEMS (micro-electro-mechanical system) technology, making it economically

feasible to achieve such a large parallelism [6].

The MAPPER write scheme is shown in Fig. 8.7. For a 45-nm half-pitch system,

the 13,000 beams are distributed 150 mm apart in a 26 � 10 mm2 area. The

separation ensures negligible beam-to-beam interaction. Only the beam blur

recorded in the resist due to forward scattering calls for proximity correction. The

beams are staggered row-by-row. The staggering distance is 2 mm. The deflection

range of each beam is slightly larger than 2 mm to allow a common stitching area

between beams, so that the 150-mm spaces in each row are filled up with

patterns after 75 rows of beam pass through. Each beam is blanked off for unexposed

areas [4].

Massive parallelism is not allowed to be costly. Otherwise the cost target to

sustain Moore’s law still cannot be met. One should forsake the mentality of using

the vacuum-tube equivalent of conventional e-beam optics and turn to adopting the

integrated-circuit-equivalent highly-parallel electron optics, whose costs are

governed by Moore’s law. With cost of electron optics drastically reduced, the

dominant costs are now the digital electronics, such as CPU (central processing

Electron Source

Collimator lens

Beam Blanker Array

Beam Deflector Array
Projection lens Array

Fiber bundle

Aperture Array

Fig. 8.6 The MAPPER MEB system [1]. # 2009 IEEE
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unit), GPU (graphics processing unit), FPGA (field programmable gate array), and

DRAM, required to run the massively parallel, independent channels. For the first
time, the cost of patterning tools is no longer open-ended but rather a self-reducing
loop with each technology-node advance.

Another multiple-beam system uses a conventional column but with a program-

mable reflective electronic mask called a digital pattern generator (DPG) as shown

in Fig. 8.8.

The DPG is illuminated by the illumination optics through a beam bender. The

DPG is a conventional 65-nm CMOS chip with its last metal layer turned towards

the illuminating beam. The electrons are decelerated to almost zero potential with

the Off-electrons absorbed by the CMOS chip while the On-electrons are reflected

back to 50 keV and de-magnified by the main imaging column to expose the wafer.

Even though there are between 1 M and 4 M pixels on the DPG, the area covered is

too small compared to that of an optical scanner. The acceleration and deceleration

of a rectilinear wafer stage to sustain high wafer throughput are impossible to reach.

Instead, a rotating stage to expose six wafers together can support high throughput

with an attainable speed. Again, all components are inexpensive. The data path is

still an expensive part of the system. The cost of the system can be self-reducing.

The fascination with these systems, beyond the fundamental advantage that they

provide maskless nano-patterning, lies in the fact that MEB lithography directly

benefits in a closed loop from the

– Advances in MEMS and NEMS (micro- and nano-electro-mechanical systems)

technology for the production of the aperture and blanking plates as well as

arrays of field-emission tips, and

– Advances in high-speed interfaces to provide terabits/s to steer the parallel

beams.

Fig. 8.7 MAPPER writing scheme (EO: Electron optics) [1]. # 2009 IEEE
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MEB direct-write lithography demonstrated 16-nm resolution (half-pitch) in

2009.

For high-volume manufacturing (HVM), the basic MEB chamber with 13,000

columns and 10 wph has to be clustered into 10 chambers to reach 100 wph, as

illustrated in Fig. 8.9.

An MEB system with 10 chambers has about the same footprint as the 193-nm

optical immersion scanner. A 2012 assessment would be as follows:

Minimum linewidth 22 nm

Minimum Overlay 7 nm

No reticle Maskless

Number of e-beams 130,000

Throughput 100 (300 mm) wph

Data rate 520 Tbit/s

Estimated Price US$50 M

Footprint 18 m2

Digital
Pattern

Generator

Projection
Optics

EXB
Filter

Beam
Bender

Illumination
Optics

Multiple Wafer
Rotary Stage

Electron Gun

Fig. 8.8 Second generation reflective electron-beam lithography (REBL) system. EXB: charged

particle separator E � B
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The following calculation of data rates illustrates the challenges and possible

system strategies for these maskless systems [5]:

– Total pixels in a field (0 and 1 bitmap)

¼ 33mm� 26mm 2:25 nm� 2:25 nm=ð Þ � 1:1 10% over scanð Þ
¼ 190Tbits

¼ 21:2TBytes

– A 300-mm wafer has ~90 fields

– 10wph ) <0:9 s/field

– 13;000 beams ) data rate >3:75 Gbps=beam!
– In addition to data rate, also challenge in data storage and cost

– Use more parallelism to reduce data rate

MEB lithography by 2010 has seen R&D resources at only a few percent

compared with those for EUV, and no industry consensus has been established to

change that situation. However, this may change in view of the critical comparison

in the following section.

8.4 Comparison of Three Nanolithographies

The status in 2010 and the challenges for the three most viable nanolithographies

for volume production of nanochips with features <32 nm are discussed with

respect to maturity, cost, and factory compatibility. Table 8.1 provides a compact

overview.

1m
HVM clustered production tool:

>13,000 beams per chamber 
(10 WPH)
10 WPH x 5 x 2 = 100WPH
Footprint ~ArF scanner

Fig. 8.9 MEB maskless-lithography system for high-volume manufacturing [1]. # 2009 IEEE
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Single-patterning technology optical immersion lithography (SPT) is taken as

a reference. Given the 2010 status, neither EUV nor MEB is mature for production.

Lithography has become the show-stopper for scaling beyond 22 nm so that serious

investment and strategy decisions are asked for. Cleanroom footprint in Fig. 8.10,

cost per layer in Table 8.3 and electrical power in Table 8.2 are used to provide

guidance for the distribution of resources.

We see that the footprint for the throughput of 100 wph with optical and e-beam

technology is about the same, while that for the EUV scanner is more than double.

Cost estimates, difficult as they may be, are important in order to identify

fundamental components of cost and their improvement (Table 8.3). The numbers

for optical DPT versus SPT are fairly well known. The exposure cost is a strong

function of throughput, so it doubles for DPT. However, because of the extra

etching step required by DPT, the combined exposure-and-processing cost more

Table 8.1 Maturity, cost, infrastructure, and required investment

Wafer cost Mask cost Infra-

structure

Maturity Investment

MEB ML2 Potentially low 0 Ready Massive

parallism

needs

most work

Badly needed

Immersion DPT More than 2� SPT Ever increasing Ready Mature No question

EUV From slightly

below to much

higher than

DPT

Can be higher

than DPT

Expensive,

to be

developed

Not yet Plenty but

never

enough

ScannerMEB cluster

2020

4020

Ten 10-wph MEB tools
Data equipment on subfloor 

46
00 900 1000

1010

3795

5795

84
00

1000

Footprint of 
EUV Scanner 
and light 
source 

2020

4020

46
00

Scanner 
footprint 
with light 
source 
on 
subfloor

100

1000

EUV Scanner

Fig. 8.10 Footprint comparison of MEB cluster, optical scanner, and EUV scanner [1]. # 2009

IEEE
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than doubles. For EUV lithography, if the development goal of the EUV tool

supplier is met, the combined exposure and processing cost is slightly less than

that of DPT with ArF water-immersion lithography. If the goal is not met, either due

to realistic resist sensitivity or source power, a fivefold smaller throughput is likely.

It drives the total cost per layer to 3� that of optical DPT. With multiple electron

beams meeting a similar throughput-to-tool-cost ratio as the EUV goal, a cost/layer

of 80% against DPT is obtained. Further sharing of the datapath within the MEB

cluster could bring the tool cost down by 40% so that overall cost/layer might drop

to 60% of DPT.

The total electrical power required in a Gigafactory just for lithography will no

longer be negligible with next-generation-lithography candidates. The optical

immersion scanner as a reference requires 219 kW for a 100-wph DPT tool.

A total of 59 scanners to support the 130,000 wafers/month factory, would consume

8.6% of the factory power target of 150 MW.

Table 8.2 Electrical power (kW) for 32-nm lithography in a 150-MW Gigafactory for 130,000

12 in. wafers/month (HVM: High-volume manufacturing) [1]

kW Immer

scanner

EUV HVM MEB HVM

Supplier

estimate

Supplier

estimate

30 mJ/cm2

instead of

10 mJ/cm2

30 mJ/cm2 resist +

conservative collector

and source efficiencies

Ten

10 wph

columns

Share

datapath

Source 89 580 1,740 16,313 120 120

Exposure unit 130 169 190 190

Datapath 250 53

Total per tool 219 749 1,930 16,503 370 173

Total for 59 tools 12,921 44,191 113,870 973,648 21,830 10,222

Fraction of

scanner

power in fab

8.61% 29.46% 75.91% 649.10% 14.55% 6.81%

130 k wafers per month 1200 fab, 150,000 kW

Table 8.3 Cost per lithography layer relative to single-patterning (SP) water-immersion ArF

lithography [1]

All costs normalized to SP

exposure cost/layer

Imm SP Imm SP EUV goal EUV

possibility

MEB goal MEB

possibility

Normalized exposure tool

cost

3.63E + 06 3.63E + 06 4.54E + 06 4.54E + 06 4.54E + 06 2.72E + 06

Normalized track cost 5.58E + 05 5.58E + 05 4.88E + 05 2.09E + 05 4.88E + 05 4.88E + 05

Raw thruput (WPH) 180 100 100 20 100 100

Normalized exposure

cost/layer

1.00 1.80 2.17 10.37 2.17 1.37

Normalized consumable

cost/layer

0.91 2.27 1.43 1.43 1.05 1.05

Normalized expo+consum

cost/layer

1.91 4.07 3.61 11.80 3.22 2.42
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We saw in Sect. 8.2 that the energy efficiency of the EUV system is extremely

small. Even the supplier estimate results in a power of 750 kW/tool or 44 MW for

59 tools, corresponding to 30% of the total fab power. If the resist-sensitivity target

of 10 mJ/cm2 is missed by a factor of 3 and the actual system efficiency from source

to wafer by almost another factor of 10 from the most pessimistic estimate, then the

EUV lithography power in the fab rises to unpractical levels of between 141 MW

and 974 MW. The cost to power these tools adds to the already high cost estimate

shown in Table 8.2. It is also disastrous in terms of carbon footprint.

The overall-power estimate for MEB maskless systems arrives at a total power

of 370 kW for the 10-column cluster with 130,000 beams, of which 250 kW is

attributed to the datapath. This would result in 22 MW for the fab, corresponding to

16% of the total fab power, also high compared to that of DPT optical tools. It is

plausible to predict that the power for the datapaths could be reduced to 50 kWwith

shared data, resulting in a total of 173 kW for each cluster and a total lithography

power in the plant of 6.8% or less.
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Chapter 9

Power-Efficient Design Challenges

Barry Pangrle

Abstract Design teams find themselves facing decreasing power budgets while

simultaneously the products that they design continue to require the integration of

increasingly complex levels of functionality. The market place (driven by consumer

preferences) and new regulations and guidelines on energy efficiency and environ-

mental impact are the key drivers. This in turn has generated new approaches in all

IC and electronic system design domains from the architecture to the physical

layout of ICs, to design-for-test, as well as for design verification to insure that

the design implementation actually meets the intended requirements and

specifications.

This chapter covers key aspects of these forces from a technological and market

perspective that are driving designers to produce more energy-efficient products.

Observations by significant industry leaders from AMD, ARM, IBM, Intel, nVidia

and TSMC are cited, and the emerging techniques and technologies used to address

these issues now and into the future are explored.

Topic areas include:

– System level: Architectural analysis and transaction-level modeling. How archi-

tectural decisions can dramatically reduce the design power and the importance

of modeling hardware and software together.

– IC (Chip) level: The impact of creating on-chip power domains for selectively

turning power off and/or multi-voltage operation on: (1) chip verification, (2)

multi-corner multi-mode analysis during placement and routing of logic cells

and (3) changes to design-for-test, all in order to accommodate for power-gating

and multi-voltage control logic, retention registers, isolation cells and level

shifters needed to implement these power saving techniques.
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– Process level: The disappearing impact of body-bias techniques on leakage

control and why new approaches like High-K Metal Gate (HKMG) technology

help but don’t eliminate power issues.

Power-efficient design is impacting the way chip designers work today, and this

chapter focuses on where the most significant gains can be realized and why power-

efficiency requirements will continue to challenge designers into the future. Despite

new process technologies, the future will continue to rely on innovative design

approaches.

9.1 Introduction

Design teams find themselves facing decreasingly tighter power budgets while,

simultaneously, the products that they are designing continue to require increas-

ingly complex levels of integration and functionality. Consumer preferences, new

regulations and guidelines on energy efficiency and environmental impact are key

drivers in the market place. This in turn has generated new approaches in all IC and

electronic-system-design domains from the architecture to the physical layout of

ICs, to design-for-test, as well as for verification to insure that the design imple-

mentation actually meets the intended requirements and specifications.

This chapter covers key aspects of these forces from the technological and

market perspectives that are driving designers to produce more energy-efficient

products. The observations of key industry leaders from AMD, ARM, IBM, Intel,

nVidia, and TSMC are cited, and the emerging techniques and technologies used to

address these issues now and projected into the future are explored.

Product power efficiency significantly impacts the consumer-electronics industry.

It is a major driver in terms of consumers’ requirements and preferences for mobile

and portable handheld devices. As far back as June 18, 2007, when Apple Inc.

announced that the battery-life runtimes increased for its iPhone, Apple stock

jumped 3.81% that day (As a reference comparison, the NASDAQ composite

index closed down a fraction of a percent that same day). Consumers’ preference

for lower power devices has definitely commanded the attention of the chief officers

that run large corporations producing consumer-electronic products.

The so-called “green” movement to create environmentally friendly products

also has an impact on the industry and extends well beyond small handheld devices

to computers, household appliances, and other electronics. The U.S. Environmental

Protection Agency’s (EPA) Energy Star program created in 1992 is one such

example. The agency sets up requirements for Energy Star certification that allows

companies to place the Energy Star logo onto their products. This program has

gained consumer mind-share, and customers who want to save energy look for this

label on products when comparison shopping. This program has proven so successful

that it has also been adopted in Australia, Canada, Japan, New Zealand, Taiwan,

and the European Union.
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9.2 Unique Challenges

For the designers of electronic devices, the task of reducing power has introduced

new challenges. Traditionally for CMOS designs, most of the logic could be

designed under the assumption that the power and ground supply lines on the

chip were constants. The only variations were mainly caused by coupling noise

and voltage drop due to the inherent resistance of the supply and ground lines. In

order to squeeze as much energy efficiency out of their designs as possible,

designers now have to design logic blocks where the supply voltage may be set

for multiple operating points and in some instances totally turned off altogether.

This brings on a whole new set of challenges that did not exist under the old

constant-supply-source design style.

When blocks of a design operate at different voltages, it is necessary to check

that the signals that are used to communicate between these blocks are driven at

appropriate voltage levels for correct operation. For example, if one block (Block A)

has its supply voltage (Vdda) set to 0.8 V and it is sending a signal to another block

(Block B) that has its supply voltage (Vddb) set to 1.25 V, it is quite possible that a

signal originating from A and arriving in B may not be able to send a logical ‘1’

value that is recognizable by B. Since 0.8 V is only 64% of Vddb, it is actually quite

likely that B will see this as an “unknown” value, that is, not being a valid ‘1’ or ‘0’.

This can lead to major problems with the functionality of the design and will be

discussed in more detail later in this chapter. The same applies to signals that cross

between blocks that are powered up and powered down independently. Special

precautions need to be taken so that input signals to blocks that are still powered ON

are not just left floating. For blocks that are completely powered down, the designer

also has to answer the question of what is the intended state of the block when it is

powered back ON. Is it sufficient to just reset the registers in the block or should the

original state be restored? Perhaps only part of the state needs to be restored. These

and other questions need answers in order to produce a working design.

Joe Macri, CTO at Advanced Micro Devices, has said, “Platform power is as

important as core silicon power” [1]. For IC engineers, it is important to understand

that the chip power is only part of the story. At the end of the day, the chip has to go

into a package, and that package has to go onto a board. The chip probably also has

some software running on it. It is the power characteristics of the end product that

the consumer is going to experience. Placing all types of hooks for power manage-

ment into the IC is of little value if the software running on it doesn’t make good use

of those capabilities.

The diagram in Fig. 9.1 shows the interdependent relationship between system-

level design, chip design, package design, and PCB design. The Open SystemC

Initiative (OSCI) has released version 2.0 of its Transaction Level Modeling speci-

fication (referred to as TLM 2.0). Transaction level models are a way to let system

designers create high-level models in order to explore the design space and perform

power, performance, and area (PPA) analysis. The ability to separate the function-

ality from the power and timing allows system designers to focus on the models for
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the desired behavior and then perform successive refinements to tie the power and

timing characteristics to specific implementations of that behavior. Using high-level

synthesis (HLS) tools is one way to generate register transfer level (RTL)

implementations from the behavioral models written in C or C++. These tools

appear promising in terms of providing a way to quickly generate multiple

implementations in order to search the design space for the best possible solutions.

Power-management techniques such as power-gating and dynamic voltage and

frequency scaling (DVFS) that turn off the power to portions of the design and

change the voltage level on the supply rails impose new requirements on the

verification process. Power-aware verification takes into account the fact that

logic cannot produce valid output unless it is powered ON. As previously men-

tioned, checks are also needed to insure that signals crossing power domains, i.e.,

portions of the chip that are running on different supply rails, have the appropriate

voltage levels to insure that good logical ‘0’ and ‘1’ values are communicated.

Likewise for test structures that create scan chains out of the registers for shifting in

test vectors and then shifting out the results, it is important to understand the power

domain structure on the chip to insure the test integrity.

Power management schemes that use multiple voltage levels increase the num-

ber of scenarios under which the design has to meet timing constraints. The number

of modes of operation for power-efficient chips significantly increases the com-

plexity of closing timing in a manner that the chip meets timing for all possible

modes of operations and across all of the process, voltage, and temperature corners.

Power integrity is an important issue at the board level. Many ICs use off-chip

voltage regulators placed on the printed circuit board (PCB). As the number of

voltage levels increases per chip, the board complexity also increases. Another

important factor from an integrity standpoint is the amount of current that needs to

be delivered. Since dynamic power is proportional to the supply voltage squared,

reducing supply voltages has been an important weapon in the designer’s arsenal

for fighting power. Back in the days of 0.5 mm CMOS when the supply voltage was
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Fig. 9.1 Power impacts the whole system. TLM transaction level modeling, PCB printed circuit
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typically set at 5.0 V, a 25W chip would require 5 A of current. Today, a 25 W chip

may be largely supplied by 1.0 V or less, thus requiring 25 A of current! For large-

scale microprocessors and graphics processors, these current levels can exceed

100 A. Coupled with the speed of signals and other noise sources, maintaining

PCB power integrity is challenging.

People often wonder if all of this additional effort for managing power is only a

temporary phase that the industry is going through and whether some technological

breakthrough will allow the return to a less complex design style. It seems inevitable

that eventually some technology will come along and supplant CMOS. Unfortu-

nately though, at the time of writing, it doesn’t look like it will happen very soon.

Figure 9.2 shows a chart from the 2009 International Technology Roadmap for

Semiconductors (ITRS) [2] indicating the expected power trend for system-on-chip

(SoC) consumer-portable ICs. The bars on the chart indicate static and dynamic

power. Static power is the amount of power that is used just to have the device turned

on without any useful work being performed. Typically in CMOS designs, this is due

to current “leaking” in the transistors used as switches. In an ideal switch, the device is

either “OFF” or “ON”. When the ideal switch is ON, current can flow freely without

any resistance and when it is OFF, no current flows at all. The real-world transistor

implementation differs from the ideal, and one of the differences is that, when the

transistor switch is OFF, some current can still get through the switch. As threshold

voltages have decreased and as gate insulators have become thinner, the switches

have become “leakier”. Dynamic power refers to the power used to perform useful

computation and work. For CMOS logic, this involves the transistor switches

turning OFF and ON to perform the intended logic computations. CMOS found

early success in low power applications, e.g., digital watches, because the vast

majority of the power was used only for the dynamic switching portion of the

logic computations. Ideally, as the transistor switches turn ON and OFF, current
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flows to charge up a given capacitive load or discharge it, but does not flow on a

direct path from power to ground. This is accomplished by creating complementary
circuits that only allow either the path to power or the path to ground to be activated

for any given logic output, hence the name complementary metal oxide semicon-

ductor (CMOS). The dynamic power for CMOS circuitry can be approximated by

using a capacitive charge/discharge model, yielding the following common equa-

tion: Pdynamic � afCV2, where a represents the switching activity factor. A major

point of importance here is the quadratic impact of voltage on dynamic power.

Clearly, the trend in Fig. 9.2 is heading in the wrong direction, although you

might detect brief periods where there are slight dips in the bars attributable to the

projected use of technologies such as fully depleted silicon on insulator (FDSOI) or

multi-gated structures such as Fin-FETs. While I won’t hazard to make predictions

10+ years out in an industry as dynamic as the semiconductor industry, it is pretty

clear that the expected trend going forward is for the power management problem to

increasingly become even more challenging.

The Chief Technology Officer at ARM, Mike Muller, has presented a number of

talks where he has mentioned “dark silicon” [3]. He points out that, by the year

2020, we could be using 11-nm process technology with 16 times the density of

45-nm technology and the capability of increasing clock frequencies by a factor of

2.4. Since dynamic power is proportional to clock frequency, roughly speaking we

would need to reduce the power on a per device basis by approximately a factor of

38 (16 � 2.4). Unfortunately, Mr. Muller also points out that the expectation is that

the 11-nm devices’ energy usage will only drop to a third of the 45-nm level and is

quoted as saying that this will leave engineers “with a power budget so pinched they

may be able to activate only 9% of those transistors” [3]. Clearly, there is a need for

more innovation in terms of getting the most capability out of the underlying

capacity of the process technologies.

9.3 When Power Does Not Scale

The electronics industry has a history of pushing technologies until the limits

from an energy-efficiency standpoint are reached, starting with vacuum tubes

through bipolar-transistor emitter-coupled logic (ECL), n-channel metal oxide

semiconductor (NMOS) to complementary metal oxide semiconductor (CMOS)

(as a side note, I find it interesting that the industry stayed with the term MOS

even after moving to polysilicon self-aligned gate processes and now, with the

advantages of high-k metal gate [HKMG] processes, MOS is truly MOS again). In

each case, the technologies were initially limited by the levels of integration. As the

technologies advanced though, the ability to create higher-density designs exceeded

the reduction in per-device energy usage. Eventually, power becomes a primary

driver from a design perspective. If you want to go faster, you need to find ways to

become more power efficient. All other things being equal, if one design uses less

power than another, then the clock frequency on the lower power design can be
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cranked up until the power matches the power of the higher-power design, thus

reaping the benefits of the higher clock rate. Power budgets limit the amount of

functionality that is integrated into a single chip. The more energy efficient a chip

is, the more functionality that can be integrated into it. This is very relevant in light

of Mike Muller’s comments about activating only 9% of the transistors.

In many ways, the impact of power on CMOS design has been like the impact of

driving along at 200 mph and hitting a brick wall, but that doesn’t mean that this

wasn’t foreseen. The charts in Fig. 9.3 are an extension of two charts shown by

Fred Pollack, an Intel Fellow, at Micro32 in 1999 [4]. His slides went up to the

Pentium III processor and I have added more recent processors to the charts to

illustrate what has happened since then. At the inflection point indicated in Fig. 9.3,

the flattening of the power density curves corresponds to an equal flattening in the

clock frequency curves. In 2002, then Intel CTO Pat Gelsinger predicted that by

2010 x86 processors would be running at 30 GHz clock frequencies [5]. In all

fairness to the former Intel CTO, it is pretty clear to see how he arrived at that

prediction. For roughly 15 years, processor designs were heading straight up the

line on that log chart. Continuing that line to 2010 implies a clock frequency of

~30 GHz.

The brick-wall incident appears to take place around 2004 and not coincidentally

at the 90 nm technology node. What happened? Going back to 0.5 mm again when

the supply voltage was typically set at 5.0 V, the threshold voltage for NMOS

transistors was in the neighborhood of 1.25 V. Leakage current for these devices

was relatively negligible in the overall scheme of energy consumption. As the

technology scaled down further to 0.35 mm, the supply voltage scaled down to

3.5 V, at 0.25 mm to 2.5 V, at 0.18 mm to 1.8 V. This scaling continued down to

roughly 1 V at 100 nm, and the 100 nm node is a pretty reasonable marker for where

the inflection point occurs. A general rule of thumb for performance reasons was to

set the threshold voltage at approximately one fourth of the supply voltage so at a

supply voltage of 1.0 V the threshold voltage would be somewhere in the vicinity of

0.25 V. This drop in threshold voltage from ~1.25 V at 0.5 mm to ~0.25 V at 100 nm
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has a huge impact on the leakage current of the transistors. In short, in order to limit

subthreshold leakage current in the transistors, the threshold voltages have been

held relatively constant and therefore so have the supply voltages at around roughly

1.0 V. Remembering that the dynamic power is proportional to the voltage squared,

it becomes even more apparent why the inability to scale down the supply voltage at

the same rate as the feature size is so important to the amount of energy consumed

at successive technology nodes.

The graph on the right in Fig. 9.3 shows the sudden halt to increasing clock

speeds. The industry had become accustomed to the exponential increase, indicated

by the straight line on the log graph, in clock speeds over time. As was mentioned

previously, dynamic power is proportional to the clock frequency at a given voltage.

One trick that people who “overclock” processors use is to increase the supply

voltage along with adding exotic cooling to remove all of the thermally dissipated

energy. As was also mentioned earlier, dynamic power for CMOS circuits is

proportional to the supply voltage squared. In effect, if it is necessary to increase

the voltage in order to run at higher clock frequencies, then it can be said that the

power increases proportional to the cube of the clock frequency. This approximation

is at least often true for relevant operating regions, and you may see this relationship

mentioned in other literature. It is no small wonder then that, after the release of the

Pentium 4 570 J at 3.8 GHz in November 2004, there has been a long string of years

without the introduction of x86 processors at a higher clock frequency. In fact, the

clock rates for the subsequent generation of processors actually fell.
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For processor designs, a significant portion of the energy consumed by the

circuitry is actually used for clocking. Figure 9.4 shows power-budget pie charts for

two general-purpose (microprocessor unit, MPU) processors and two application-

specific (ASP) processors. This diagram appears in Slide 1.30 on p.20 in [6]. Across

these four designs, the power budget for clocks is between approximately 20% to

almost 50% with the values being higher for the MPUs than for the ASPs. For

instance, a special-purpose processor designed for networking applications could

easily have a higher percentage of its power budget allocated for I/O in order to deal

with the transfer of large amounts of data. One thing that’s interesting to note about

all four of the processors shown is that the power budget for the clocks rivals the

power budget for the logic.

A number of issues become more challenging as clock frequencies are increased.

First, the constraints on skew and jitter are tighter, and this often leads to longer

insertion delays and longer buffer chains that consume more power. Second, as the

skew decreases, more registers are triggered in a narrower window of time causing

more activity to occur virtually simultaneously. Higher activity levels create a need

for more current to sustain the logic circuitry, and this can lead to noise and IR-drop

issues. Third, higher current levels can exacerbate local hot spots and together with

higher current densities can also adversely impact reliability. From a power stand-

point, it’s very important to pay attention to clocking schemes and to use efficient

clock-tree synthesis tools and methods in order to generate energy-efficient designs.

9.4 Advanced Technology Adoption Drives

Power-Aware Design

The halt in voltage scaling at about 100 nm creates significant challenges for

designers designing with sub-100 nm technologies. Initially, this impacted only

the design teams that were working on the very leading-edge technologies. As of

the time of this writing, 32 nm processors are available off-the-shelf, and designers

are working on 22-nm versions. The 22-nm node is four process generations beyond

90 nm. This implies that a lot of design teams are already designing at 90 nm and

below. Often the perception is that the adoption of new technology nodes has

slowed. This perception though depends upon the observer’s point-of-view. If

you take the viewpoint from silicon foundries, the demand for new technology

nodes is as strong as ever. TSMC reported for Q2 2011 that 64% of their revenue

was due to wafers at 90 nm and below and that 90 nm accounted for 9%, 65 nm for

29% and 40 nm for 26% [7]. From this data, revenue from the 40 nm node is on the

verge of eclipsing 65 nm and 65 nm is already falling from a peak of 32% of

revenue in Q1 2011. Since Q3 2009, the cumulative 90 nm and under percentage

has gone from 53% to 64% of wafer revenue while total revenue has also increased

significantly. Clearly from TSMC’s viewpoint, there’s been no slow down in the

demand for new technology nodes. If the data is looked at from the perspective of
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new design starts, then a different picture is formed. Design starts in newer

technology nodes appear to be decreasing. Certainly, the costs for designing in

newer nodes are increasing, and this puts pressure on the number of projects that are

economically viable at these nodes, so what we are really experiencing are fewer

designs with higher volumes moving first to the new nodes. Another way that

designers can make use of newer technology nodes, is to design for Field-Program-

mable Gate Arrays (FPGAs) that are implemented in these newer technology nodes.

To the foundries though, an FPGA is one design. Intuitively, this would all seem to

make sense, and it looks similar to other industries as they mature and start to

consolidate.

The added complexity of elaborate power-management schemes is part of that

additional cost of designing in more advanced technology nodes. One of the real

changes that have occurred is how prevalent power issues are across the design

spectrum once the 100 nm barrier is crossed. Originally, power was primarily a

concern for designers that were designing chips for portable and battery operated

devices. Before 130 nm, most other design teams were primarily concerned about

meeting timing (performance) and area constraints. Power was pretty far down the

list and was often left as an optimization exercise for subsequent versions of the

design. In other words, the priorities were get the chip out meeting timing and area

and then worry about the power later. This approach hit a number of teams very

hard at the inflection point shown in Fig. 9.3. Chips have to go into packages and

onto boards. As mentioned early, power is a platform issue and not just a chip issue.

If a board has a 25 W power budget and a chip comes in at say 22 W, unless that

chip is the only chip going onto the board, that’s probably a problem. If a chip

misses the maximum power limits for its intended package and the increased cost of

the next available package that can accommodate the additional thermal power

dissipation makes the combined part cost too expensive for its target market, that’s

a problem too. Chip area and yield fade a bit in importance when the cost of the

packaging becomes significantly higher than the cost of the silicon. If the only way

to get into a lower-cost package is to reduce the power consumption of the chip,

suddenly power shoots up the list of design priorities. This became a concern for all

types of designs and not just portable, battery operated applications.

The change in priorities has caused designers to re-think a number of strategies.

Back in 1996 when Power Compiler ® was released, it had a feature for inserting

clock-gating into designs. The prevailing thinking at that time was that adding any

logic onto the clock tree was generally a “bad” idea. As might be guessed from the

pie charts shown in Fig. 9.4, clock-gating is now a generally accepted design

practice and can be a powerful technique for reducing dynamic power. Not using

clock-gating often means that the design team is missing out on significant power

savings. In response to increased leakage power that typically started to appear

around 130 nm, foundries started to offer multiple cell libraries at the same

technology node where each library corresponded to cells that were built using a

threshold set for that library. As an example, one library might use transistors with a

0.35 V threshold and the other 0.25 V. The cells in the higher threshold voltage

library leak less than the cells in the lower threshold library but at the expense of
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having slower timing characteristics. Basically, the idea is to use as many high-

threshold cells as possible and only insert the faster, leakier low-threshold cells

where necessary in order to meet timing. There could easily be a factor of 30 in the

leakage between the two libraries implying that, if only 3% of the cells needed to be

low-threshold cells, the overall leakage would still be roughly twice as high as a

design only using high-threshold cells. Nonetheless, twice as high is still much

better than 30 times as high. The technique could allow designers to meet timing

and reduce leakage by an order of magnitude compared to using only low-threshold

cells. High-threshold libraries are often referred to as “low-power” libraries. One

needs to be somewhat careful about reading too much into that though. The high-

threshold libraries are low power from a leakage standpoint but, from a perfor-

mance and energy-efficiency standpoint, lower-threshold libraries will have better

power characteristics for some designs. Remembering the “overclockers” trick of

raising the voltage to get higher clock speeds, if in using a higher-threshold library

it is necessary to raise the supply voltage to meet the same timing that could be

achieved with a lower voltage using a low-threshold library, the lower-threshold

library may win in terms of overall power consumption.

In response to the technological challenges of increased static and dynamic

power in the smaller technology nodes, designers have turned to techniques for

varying the supply voltages. One effective way to reduce static power is to turn off

circuitry when it’s not in use. This is often referred to as “power gating”. At first, it
may sound strange that there would be much circuitry not being used but for

applications like mobile phones, most of the time, most of the designed functional-

ity is not being used. For example, advanced mobile phones have features for

making phone calls, playing music, watching videos plus numerous other personal

computer-like applications. In reality though, the phone will likely spend most of its

time in a mode that occasionally checks for incoming phone calls and perhaps

nothing more. By cutting the power off to all of the circuitry that is not currently in

use, designers have dramatically increased the standby lifetimes for these devices.

At a finer level of granularity, even being able to turn off circuitry for time periods

on the order of milliseconds can have a beneficial impact on the reduction of static

power. For reducing dynamic power, the quadratic impact of voltage is the key. The

ability to tune the supply voltage to match the necessary performance level enables

significant potential dynamic-power savings. Portions of the design that use

dynamic frequency scaling (DFS), i.e., are designed to run at different clock

frequencies, are also good potential candidates for dynamic voltage scaling

(DVS). By pairing up each of the operating frequencies with its own operating

voltage, each frequency mode runs at a more efficient power level. The combina-

tion of the two is often referred to as dynamic voltage and frequency scaling

(DVFS). Traditionally, power and ground had been assumed to be non-varying

constants for most CMOS logic designs. The use of these power-gating and

dynamic voltage-scaling schemes though makes those assumptions no longer

valid and add additional complexities to the design and verification process.

Another technique for reducing static power is to dynamically change the

threshold voltages of the transistors. Figure 9.5 includes a graph showing how the
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threshold voltage varies with changes in the substrate bias along with a simple

NMOS transistor diagram. This graph appears in Slide 2.13 on p.31 in [6]. MOS

transistors are often thought about as three-terminal devices: source, gate, and

drain, but the substrate is a fourth terminal that can also be controlled. Some

designers have made use of this fourth terminal to adjust threshold and therefore

correspondingly the leakage levels of transistors in their designs. It has the advan-

tage that the savings can be had without modifying the power-supply lines for Vdd

or ground lines in the design. Unfortunately, as the graph in Fig. 9.5 shows, this

technique becomes less sensitive to changes in the substrate bias as the transistor

sizes continue to shrink.

9.5 Multi-core Processors

Microprocessor clock frequencies have hit a wall but the performance capabilities

have not. Designers continue to invent new ways to improve performance even in

the face of hard limits on clock frequencies. The biggest factor in performance

improvements since the halt in clock frequencies has been the incorporation of

multiple cores onto the same piece of silicon. The thinking goes that if the

performance can’t be doubled by doubling the clock frequency then perhaps

doubling the number of processor cores can do the trick. Figure 9.6 shows a

progression in AMD Opteron designs since 2003, when the first single-core

Opteron was released. I find it striking that we see the first dual-core processor at

90 nm just as the 100 nm threshold was crossed. Each successive node has led to

more cores on a single piece of silicon, and it appears that this trend will continue

for the foreseeable future with major processor manufacturers having already

announced plans for designs with many more cores.

Fig. 9.5 Diminishing impact of body bias on the threshold voltage (With kind permission from

Springer Science+Business, # 2009 [6])
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Each core presents a unique opportunity from a power-savings standpoint. It is

its own unit that can be individually controlled depending upon the processing

needs at any given moment. From a logical viewpoint, each core can operate in a

separate domain with its own supply voltage and clock frequency, which actually

translates reasonably well into a physical implementation. In the server market,

where some of these processors compete, energy efficiency is an important aspect

of the design. Corporations with large server farms, such as Google or Amazon,

have to provision these facilities to handle peak-demand loads so that operations

always run smoothly. These facilities may only experience peak loads for a

relatively small portion of the time that they are in service and the power bills

from running these facilities are a significant expense. Companies do not want to

have to pay for peak-load power in off-peak hours. In order for server CPUs to be

competitive, these CPUs need to scale back on energy usage, especially in nonpeak

demand modes. Turning cores OFF as they are not needed is one way to accomplish

this, as well as using DVFS schemes to reduce the power of selected cores that do

not need to be running at top speed. It is interesting to note that both Intel and AMD

have introduced capabilities to “overclock” individual processor cores, called

Turbo Boost and Turbo Core respectively, when all of the cores on the chip are

not simultaneously running. Since the part is designed for a specific thermal

Fig. 9.6 Four generations of AMD Opteron processors (Photos courtesy of AMD)

9 Power-Efficient Design Challenges 201



capability, if all of the cores are not running then there is some extra headroom for

the cores that are. This extra margin can be utilized by bumping up the voltage and

frequency of the running cores to improve their performance. These types of

features can make benchmarking and comparisons of different parts quite challeng-

ing but definitely provide additional performance benefits for customers.

Multiple cores increase the level of design complexity. The number of different

operating states or modes increases exponentially with the number of cores, if the

cores are truly independent of each other in terms of power-up and -down

conditions and their voltage and frequency settings. Even within a single core, it

is possible to have sub-blocks that operate in different power and frequency

domains. From an implementation standpoint, the challenge now becomes meeting

all of the constraints across multiple modes simultaneously. Typically, each mode

of operation has to be designed to function correctly across a range of process,

voltage, and temperature “corners” to accommodate for variations in processing,

voltage drop, and temperatures. Figure 9.7 [8] shows an example of a cell phone

SoC that has more than 21 modes and corners that need to simultaneously meet

design constraints.

Figure 9.8 depicts a diagram of a simple design with a core-power domain along

with two other “island” domains that operate independently. The table in Fig. 9.8

illustrates how quickly the possible mode–corner combinations grow as more

islands are added to the design. This has created a need in the marketplace for

implementation tools that can efficiently design and evaluate across multiple modes

and corners in order to close timing and other constraints.

Cell Phone Chip Example

More than 21 mode/corner scenarios

–Operation Modes

• SLEEP (10Khz)

• STANDBY (10Mhz)

• ACTIVE  (100Mhz)

–Corner Specification
• PVT corners

–+100C, 1.2 V

– – 40C, 0.8V

• Interconnect corners
–MaxR, OCV 5%

–MaxC, OCV 12%

–MinR, OCV 3.3%

–MinC, OCV 3.3%

–MaxRC, OCV 5%

Fig. 9.7 Multi-corner and multi-mode design example
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9.6 Electronic Design Automation Waves

At any given point in time, leading-edge CMOS technologies hold the promise of

certain underlying capabilities that can only begin to be approached by the available

tools and methodologies. When changes from one technology node to the next are

relatively minor, the gap between available capability and serviceable capability

tends to shrink, and the opposite happens when the changes are larger. The gaps that

open when there are large changes, like those created for power management,

present opportunities in the marketplace for new tools and methodologies to appear

and once again close those gaps. For example, in the place-and route-market, gaps

opened and were filled around moves towards SoC and timing-driven design with

the latest now appearing around multi-corner, multi-mode (MCMM) designs.

Fig. 9.8 Example illustrating the growth in modes and corners with design complexity
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The next big wave appears to be shaping up around design implementation. For

many years, designers used schematic capture as a method for creating logic

designs. Starting around the early 1990s, design teams started to transition from

schematic capture to text-based design creation using hardware description

languages (HDLs) such as VHDL and Verilog. This need for a more efficient

design methodology to keep pace with the increasing capability of the underlying

CMOS technology, often referred to as “Moore’s law”, created an opportunity for

the successful entry of new products and methodologies into the marketplace. If, for

arguments sake, we say that this transition to HDL-based design happened at

0.5 mm, then at 32 nm there have been seven generations of process-technology

nodes as defined by the ITRS and a corresponding increase in capabilities of over

two orders of magnitude. Using another rule of thumb, that the industry increases

the level of integration roughly tenfold every 6–7 years, then you also reach the

same conclusion. Pundits have been claiming for a number of years that the industry

is on the verge of moving towards electronic system level (ESL) design and high-

level synthesis (HLS) tools, and it appears that the pressure for higher designer

efficiency to keep pace with the higher levels of available integration are making

that happen.

The move to higher-level design tools and methodologies is also very relevant

from a power-aware design and verification standpoint. As in typical design pro-

cesses, the earliest decisions have the greatest impact on the design. At each

successive stage of design refinement, options are eliminated as the design

crystallizes towards its final implementation. This is also true for power optimization.

The table in Fig. 9.9 shows multiple implementations for an example inverse

fast-Fourier-transform (IFFT) design and how the power, performance, and area

change with each variation of the implementation [9]. This work was performed by

a team at MIT using a high-level synthesis tool to quickly generate multiple designs

for evaluation. There are two important concepts to note here: (1) the range of

variation in power across the designs is almost an order of magnitude and (2) most

Transmitter Design
(IFFT Block)

Minimum Frequency to 
Achieve Required Rate 

Area
(mm2)

Comb    (48 bfly4s)

Piped    (48 bfly4s)

Folded  (16 bfly4s)

Folded  (8 bfly4s) 

Folded  (4 bfly4s)

Folded  (2 bfly4s )

Folded  (1  bfly4)

1.0 MHz

1.0 MHz

1.0 MHz

1.5 MHz

3.0 MHz

6.0 MHz

12.0 MHz 

4.91

5.25

3.97

3.69

2.45

1.84

1.52

3.99

4.92

7.27

10.90

14.40

21.10

34.60

3.99

~8.6x

34.6

Average Power
(mW)

Fig. 9.9 IFFT example design showing power and area trade-off for constant throughput
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design teams would not have the time and/or resources to evaluate this many

implementations, if they had to code them all into a RTL HDL description by

hand. The results back many industry expectations that high-level tradeoffs can lead

to an 80% reduction in power. Further downstream optimizations account for a

much smaller percentage.

The reproduction of a presentation slide shown in Fig. 9.10 [10] is from a

keynote talk that Bill Dally, Sr. VP of Research and Chief Scientist at nVidia,

gave at the 46th Design Automation Conference in July of 2009. During his talk,

Dr. Dally stressed the need for tools for exploring power and performance tradeoffs

at an architectural level. With the gap widening between the capabilities of the

underlying silicon and designers’ ability to fully make use of it, the need for better

tools becomes increasingly important. Figure 9.11 is a chart from the 2009 ITRS

Roadmap [2]. It predicts that in order for designers to deal with the graph shown

back in Fig. 9.2 tools that enable that early architectural 80% power savings are

going to be needed, and shows that by 2015 80% of the power optimization will

need to happen at the ESL and HLS portion of the design. Even at the foundry level,

the need for these high-level tools and flows is seen as critical. TSMC included

ESL/HLS tools for the first time in 2010 as part of their reference flow in Reference

Flow 11. Between the need for more productivity per designer to keep pace with the

Power

Power tools for architecture exploration
Rapid evaluation of the power and 
performance impact of architecture tradeoffs
End-of-flow tools are not sufficient

Low-power X
Storage arrays, interconnect, etc...
Custom design for power, not performance
Optimized Vdd, Vt

Fig. 9.10 Bill Dally’s slide

on the need for high-level

exploration tools [10]

Fig. 9.11 ITRS 2009: growing importance of optimizing for power earlier in the design process
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increased levels of integration and the need for better architectural analysis for

power optimization, a near perfect-storm-like scenario is created for high-level

tools to finally catch on in the marketplace.

9.7 Power-Aware Verification

Power-management schemes vary the Vdd supply-rail levels for portions of the chip,

and this introduces new complexities for verification. At the register transfer level

(RTL), many signals are represented by logical ‘1’ and ‘0’ values. The validity of

those values depends on the underlying physical voltage levels. For example, let us

assume that in order for the circuitry to recognize an input as a ‘1’ or ‘0’, the voltage

level must be greater than or equal to 75% of Vdd or less than or equal to 25% of Vdd

with the remaining 50% in the middle being an “unknown” area. So what happens if

the core logic of the chip is running at 1.25 V and an island is put into a lower power

mode and is running at 0.8 V? An output signal from the 0.8 V block at a logical ‘1’

level will be at best at 0.8 V and probably slightly lower. If that signal is then fed as

an input into the core running at 1.25 V there is a high probability of the signal not

being recognized as a logical ‘1’ value on the input. Even worse, if the signal is fed

into a large buffer or inverter, it may cause both the PMOS and NMOS transistors to

at least partially be “ON” simultaneously, creating a path for current to flow from

Vdd to GND. Remember, earlier we mentioned that, ideally in CMOS designs, only

the path from Vdd to the output or the output to GND is on at a given time. Because

of the physical nature of the transistors implementing the logic, there may be brief

periods of time where transistors on both sides are simultaneously conducting

current across the channel and creating a path from Vdd to GND. This current is

often called “short-circuit” or “crowbar” current and is typically lumped into the

dynamic power equation since it is a function of the logic changing value. It is

definitely not a desired condition. Back to our input signal, since it is at best at

0.8 V, it falls substantially below the threshold of 75% of 1.25 V or approximately

0.94 V, and won’t properly be recognized as a ‘1’.

High-level simulators use logical representations of signals and not the actual

physical voltage levels in order to increase their speed and design capacity. They

work extremely well as long as the underlying assumption that logical ‘1’ and ‘0’

values have the proper physical voltage values associated with them. When two

blocks communicating in a design run at different voltage levels, it is important that

the simulator understands how these differences affect the communication between

blocks. For example, suppose a hypothetical PC notebook designer puts together a

system such that when the notebook computer is closed, it goes into a low power

sleep mode in order to save energy and increase the run lifetime of the battery.

As people will often take closed notebook computers and stick them into backpacks

or briefcases with poor air circulation, the designer builds in a thermal detector to

indicate if the sleeping notebook is getting too hot and should power itself down to

avoid overheating. The thermal detection circuitry raises a ‘1’ signal if it determines
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that the notebook is too warm. This warning signal then travels across the chip until

it arrives at a part of the circuitry that is still awake to recognize it and power down

the machine. What happens if the signal happens to pass through a block that has

been placed into a lower-voltage mode to save power on the way to its final

destination? Well, if the simulator only recognizes ‘1’ and ‘0’ and makes no

distinction for signals crossing different voltage boundaries, everything in the

simulation looks fine. Each block receives a ‘1’ and passes it along to the next

block until the ‘1’ shows up at the final destination. What happens in the real

physical world? The voltage on the signal drops below a recognizable ‘1’ value and

is never detected by the final destination, and so the notebook keeps running,

possibly catastrophically.

Commercial simulators now incorporate power-aware capabilities to better

reflect the physical realities. Designers use a format such as the IEEE Std

1801–2009 (also known as the Unified Power Format UPF 2.0) [11] to describe

the power domains or voltage islands on the chip so that the simulator can

determine where the block boundaries are and when signals are crossing them.

The format has a wide range of capabilities and is architected to allow designers to

overlay their power-management scheme on top of their functional descriptions.

This allows the verification of the functionality of a block to occur independently of

the power management, as is traditionally done, and then verify the correctness

with the power management included. This enables better reuse of the design

components since the power management does not have to be hard coded into the

functional behavior of all of the components, and a block can then be reused in

another design with a different power scheme by altering the UPF description.

Figure 9.12 shows a simulation waveform diagram for an example design going

through a simulated power-down and then power-up sequence. It illustrates a

Fig. 9.12 Example waveform diagram for a simple power down/up sequence
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number of conditions that a simulator has to handle in order to properly represent

the design’s behavior. In a typical power-down sequence, a number of actions need

to occur before the power is shut off to the block. First, it is necessary to determine

whether the state of the block needs to be saved. If it does, one popular way to save

the state is to use so-called retention registers that have a separate low-leakage latch

that stays powered ON when the rest of the block is powered OFF. There are

numerous ways to implement retention registers. Some use separate “save” and

“restore” signals, others share one signal for this capability. Some use the clock to

save and restore values, others do not. For an RTL simulator to properly model this

behavior, a description of the intended retention register’s behavior must be sup-

plied. In the example shown in Fig. 9.12, the first step in the process is to quiet the

clocks by setting the clock enable signal low. The next step is to save the value of

the registers and then isolate the output signals. Once these steps are completed, the

voltage to the block can be turned off by setting the Vdd enable signal low. At this

point, the Vdd-on signal goes low to indicate that the block is powered OFF. The

block can now stay in this powered OFF state until it is ready to be powered ON

again. Some items to note here are: the proper sequencing of the signals, the

registered output values being saved and properly isolated (in this case to ‘0’),

and the internal nets of the powered-down block going to corrupted “unknown”

values. If any of the internal nets are somehow escaping and driving powered logic

gates, the “unknown” values should propagate through the simulation and raise a

red flag, indicating that something is wrong. Assertions could also be added to the

simulation to provide additional checks for these conditions. To bring the block

back ON, the process is reversed and Vdd-enable is set high to allow the voltage to

again be supplied to the block. Once the voltage level has reached its proper

operating point, Vdd-on can go high, indicating that the block is once again fully

powered ON. The saved register values can now be restored and the isolation

removed from the outputs of the block. The block is now back up, properly powered

and in a good state so the clock-enable signal can go high, and useful activity for the

block can begin again. The simulation output shows the restored values appearing

in the registers, the clock starting and the isolation being removed from the outputs.

9.8 Testing

There are two main issues to address with regards to power for test: (1) creating

proper test structures for the given power-management scheme (or test for low-

power design) and (2) controlling the power while the chip is under test (or reducing

power during test).

Automatic test-generation tools need to understand the power-architecture

implementation much in the same way as the verification tools do, i.e., detect

where the boundaries of different voltage regions are as well as how the voltages

may vary and even be turned off for each region. Again, a standardized format, such

as the IEEE Std 1801–2009, is useful for providing this kind of design information.
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Given this description of the power architecture, the tools can make intelligent

decisions about placing registers into scan chains used to shift in test vectors and

shift out test results. In general, it is beneficial to keep scan chains contained in one

domain. This eliminates concerns about level-shifter insertion on the chains or

chains possibly not functioning correctly because of one domain being powered

down during the test. In order for a scan chain to function correctly, it is necessary

for power to be supplied to the registers in the chain.

The additional cells that are inserted for power management, such as power

switches, retention registers, isolation cells, and level shifters require new tests in

order to demonstrate that the devices are working properly. Retention registers not

only need to function properly as a register when their power domain is powered

ON but also must be able to recover a retained value correctly after going through a

save, power OFF, power ON, and restore sequence. Isolation cells need to properly

transmit input values when not in isolation mode and then, when in isolation mode,

output the proper isolation value. Level shifters need to translate input signals to the

appropriate output-voltage level so that the correct logic value is transmitted across

the domain boundaries.

Managing power under test is another crucial step. For many designs, it is not

uncommon for the switching-activity factor of the register to fall within the range of

15–20% per clock cycle. Designers use these activity levels to estimate the current

necessary for the circuit to function properly and then size the power supply rails

accordingly. Testers are expensive pieces of equipment, and the longer a chip has to

sit on a tester for testing, the more expensive it is to test that chip. Tools that

generate test patterns therefore try to reduce the number of patterns or vectors

necessary to test the chip, and this implies increasing activity levels to try to test as

much of the chip with each vector as possible. Increased activity levels imply

higher current levels and higher power levels. The expectation for shifting in a

random string of ‘1’s and ‘0’s into a scan chain is that about 50% of the registers

will change value on each clock cycle. This is significantly higher than the typical

15–20% level the circuitry may see in normal operation. If the power supply rails

cannot handle the extra current, the voltage may fall due to what is known as

IR-drop. That is, the resistive nature of the supply lines along with the increased

current will cause the voltage to fall along the power rail. If the voltage falls too far,

then it is possible that the circuitry won’t pass on valid ‘1’ values. In situations like

this, it is possible to have a chip that would operate perfectly in its intended

environment but will fail on the tester. The end-effect is that “good” chips fail

test and are thrown away. This is definitely not a desired outcome.

One way to reduce power under test is to not just randomly assign bit values to

portions of the vector that do not impact the test. These bits are often referred to as

“don’t cares”. Instead, if the filler values used for the don’t care bits are set to

produce long chains of the same value then when these bits are shifted into the

registers the switching activity will be reduced. Registers will see long strings of the

same value cycle after cycle and not have to switch as frequently. The tests and

generated vectors can be optimized to reduce switching activity during load,

capture, and unload phases of the testing.
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Complex SoCs using power management operate in many different modes.

Chips intended for smart mobile phones have functionality that is mutually exclu-

sive, for instance playing an mp3 song and handling a phone call. The majority of

the time, most of the functionality is OFF or in a low-power standby state waiting

for an event to wake it up. When testing, it is important to test the chip in actual

modes intended for operation and not to put it into modes that the device should

never see in the final product, especially if those modes pull too much current.

When the current levels are too high, as previously mentioned, a good chip could

fail on the tester. That’s bad. It is even worse though, if the excess power draw is so

high that the elevated temperature actually causes the chip to fail in a destructive

manner. In extreme cases, chips have been known to actually catch fire while on the

tester. Power-management schemes have raised the bar for test-generation tools,

and proper forethought is necessary in terms of partitioning the design and the tests

to insure that all of the necessary functionality is fully covered in a manner that fits

within the design constraints.

9.9 Packaging

Advances in packaging are promising to further raise the level of integration for

electronic devices. Often thrown in the “more than Moore” category, the implica-

tion is that packaging allows additional levels of integration beyond the scaling that

is occurring in silicon. A popular concept for packaging is the stacking of die

commonly referred to as 3D packaging. It offers several potential benefits, amongst

them being a reduction in the size of the delivered functionality. Two or more chips

in one package uses less volume than two or more packages. Multi-chip solutions

also enable better control of yields. Functionality across multiple chips is paired

with known-good tested chips with less area than a corresponding one-chip solution

containing all of the functionality. Semiconductor processes can also be better

tailored for specific functionality, for example: logic, memory, and analog

capabilities. Placing all of the functionality into one package reduces interconnec-

tion parasitics compared to a multi-package solution. Bernard Meyerson, VP/

Fellow at IBM, has said that, “about half of the dissipation in microprocessors

comes from communication with external memory chips. If the chips are stacked

together in 3D, communication energy cost might drop to a tenth.” [12] That is a

significant saving in power. As an example, if a microprocessor is using 100 W and

half (or 50W) is dissipated in memory communication then a 3D packaging scheme

could potentially reduce the overall power to 55 W. That is an overall reduction of

45% and is huge in terms of the markets that these types of parts are targeted for.

Beyond the potential power savings are the thermal issues that now have to be

modeled in order to insure that hotspots on one chip do not interfere with the proper

operation of adjacent chips in the package. Designers are working with through-

silicon vias (TSVs), edge-connect, and wire-bonding technologies to implement

stacked package designs. Proper thermal modeling is important and parts that don’t
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need large heat-sinks or fans are often more desirable from an overall packaging

cost as well as consumer preference standpoint.

9.10 Boards

Power integrity for PCB designs, as well as thermal analysis, are increasingly more

important. The use of multiple supply voltages on the same chip for power

reduction also increases the complexity of the board design. Often the voltage

regulators for the supply voltages are “off-chip” and placed onto the circuit board.

The use of lower supply voltages also complicates matters. Back when 5 V for Vdd

was common, if a chip operated at 25 W, then that implied 5 A of current. With

chips now running at 1 V for Vdd or lower, the same 25 W power budget implies

25 A or more of current. Large processors can easily operate at over 100 W,

implying the need to supply over 100 A of current. As the voltages are lowered

so are the noise tolerances. More current means a larger impact due to IR-drop
effects. Communications processors that have a large portion of their power

budgets targeted for I/O, like the one diagrammed in Fig. 9.4 for example, are

sensitive to changes in the activity levels of the I/O pins. A sudden increase in

activity may require an additional 25 A of current in a matter of clock cycles. Large

changes in current are limited by inductance in the current-supply paths and voltage

levels drop based on L(di/dt) effects.
Figure 9.13 shows a map for an example PCB design. High-frequency serial-

communications links to reduce both power and pin counts on chips are more

commonly used now, and they are also sensitive to the board layout and routing.

Designers need tools to analyze signal integrity for the routes on the board and to

make sure that the power-distribution networks (PDNs) are robust to the effects of

changes in current demands and noise sources.

• Integrated Circuit Power
  Trends:
   –   Lower & multiple voltages/ IC

   –   Higher currents

   –   Lower voltage supply tolerances

• Printed Circuit Board (PCB)
  Power Distribution Networks
  (PDNs) are more complex
   –   Multiple PDNs on a single PCB

   –   Requires “ jigsaw” of split power /

        ground planes

   –   Over-conservative design increases

        cost

Fig. 9.13 Example PCB distribution-network analysis results
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Energy used in the circuitry is mostly dissipated as heat. Chips are designed to

operate within specified temperature ranges based on their target environment.

Requirements for consumer products are typically less stringent than for aircraft,

military, or space applications but often are still quite challenging. For example, on

the main PCB for a personal computer (often referred to as the mainboard or

motherboard), there is a priority ranking for the chips going onto the board.

Typically at the top of the list is the processor chip. This is in order to provide

enough cooling for a high-power-consumption part. Often, other chips on the board

then have to deal with the impact of the heat generated by the processor as well as

other components that go into the case for the machine. With leakage power

significantly increasing at 130 nm and below for current process technologies,

keeping chips cooler is even more important. Leakage power increases exponen-

tially with temperature, so as a chip uses more power and produces more heat, if

that heat isn’t carried away, it will cause the chip to use even more power and run

even hotter. Left to itself, this leads to an unsatisfactory outcome. An important part

of designing PCBs then is performing thermal analysis to determine the expected

temperature ranges across the board so that each chip is guaranteed to operate

within its specified thermal environment.

9.11 Summary

This chapter has presented an overview of power’s impact on the design process

starting from the initial system definition in terms of its architecture all the way

through the implementation process to produce a complete design.

At the system level, architectural analysis and transaction-level modeling were

discussed, and it was shown how architectural decisions can dramatically reduce

the design power and the importance of modeling hardware and software together.

At the chip level, creating on-chip power domains for selectively turning power

off and/or multi-voltage operation has an impact on the following areas: (1) chip

verification, (2) multi-corner multi-mode analysis during placement and routing of

logic cells, and (3) changes to design-for-test, all in order to accommodate power-

gating and multi-voltage control logic, retention registers, isolation cells, and level

shifters needed to implement these power-saving techniques.

At the process level: the disappearing impact of body-bias techniques on leakage

control and why new approaches such as HKMG technology help but do not

eliminate power issues that were covered in this chapter.

Power-efficient design is impacting the way chip designers work today, and this

chapter focused on where the most significant gains can be realized and why power-

efficiency requirements will continue to challenge designers into the future. Despite

new process technologies, the future will continue to rely on innovative design

approaches.

In the end, it will come down to economics more than technology. It won’t be the

technology that is the limiting factor but the cost of implementation.
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Chapter 10

Superprocessors and Supercomputers

Peter Hans Roth, Christian Jacobi, and Kai Weber

Abstract In this article, we describe current state-of-the art processor designs, the

design challenges faced by technology, and design scaling slow-down, problems

with the new design paradigms and potential solutions as well as longer-term trends

and requirements for future processors and systems.

With technology and design scaling slowing down, the processor industry rapidly

moved from high-frequency designs to multi-core chips in order to keep delivering

the traditionally expected performance improvements. However, this rapid paradigm

change created a whole new set of problems for the efficient usage of these multi-core

designs in large-scale systems. Systems need to satisfy an increasing demand in

throughput computing while at the same time still growing single-thread performance

significantly. The increase in processor cores poses severe challenges to operating

system and application development in order to exploit the available parallelism.

It also requires new programming models (e.g. OpenCL*). Furthermore, commercial

server systems are more and more enriched with special-purpose processors because

these specialty engines are able to deliver more performance within the same power

envelope than general-purpose microprocessors for certain applications.

We are convinced that future processors and systems need to be designed with

tight collaboration between the hardware and software community to ensure the

best possible exploitation of physical resources. In the post-exponential growth era,

hardware designs need to heavily invest in programmability features in addition to

the traditional performance improvements.
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10.1 Requirements in Computing, Business Intelligence,

and Rich Media

Over recent decades, the world has seen computers penetrate almost every aspect of

everyday life, and this trend is likely to continue. The rise of the internet, and more

recently smart phones, resulted in an exponential increase of data. At the same time,

companies and other organizations are striving to use the available data more

intelligently in order to reduce operational risk and increase revenue and profit.

The field of “business intelligence” or “business analytics” is becoming more and

more important and is driving a change in the requirements on computer systems.

Traditionally, data has been analyzed using database queries to generate reports.

Business intelligence is using complex mathematical models to transform these

descriptive reporting techniques into predictive and prescriptive models that allow

forecasting of customer behavior or show optimization potential for business

processes (Fig. 10.1).

In addition, the growth of bandwidth for internet connections has allowed users

to create and share content types such as music and videos more easily. However,

in order to help find interesting content, these music and video files need to be

analyzed and tagged for search ability and converted to various formats for acces-

sibility. This process is far more compute intensive than traditional text-based

analysis and drives additional compute and bandwidth requirements into computer

systems.

Fig. 10.1 Business analytics landscape [1]
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10.1.1 State-of-the-Art of Multi-core Processors

Microprocessor design has come a long way in the last 20 years. The first POWER*

processor POWER1*, for example, was released in 1990. It contained so much

logic that it didn’t fit onto a single chip, and had to be packaged as a multi-chip

module (MCM). There were separate chips for the Instruction Cache, the Fixed-

Point Unit, and the Floating-Point Unit, and the Data Cache was split across four

chips. With today’s technology, one could fit thousands of those processors on a

single die.

The first high-end CMOS-based mainframe processor was released in 1997 in

the IBM* S/390* G4 system. The entire processor fitted onto a single chip with

roughly two million transistors. The processor was a simple in-order scalar pipeline,

which was clocked at 300 MHz. 12 processors could be assembled on a MCM to

build the symmetric multi-processing (SMP) system.

Numerous major steps happened between the G4 system in 1997, and today’s

high-end IBM zEnterprise* 196 processor. In 1998, branch prediction and binary

floating point was added (traditionally, mainframes use hexadecimal floating

point). In 2000, the IBM eServer* zSeries* 900 system introduced the 64-bit z/

Architecture. The IBM eServer zSeries 990 system in 2003 was the first mainframe

to break through the 1 GHz barrier. The processor implemented a super-scalar

pipeline, with two Load/Store units, two Fixed-Point Units, and one Floating-Point

Unit; execution was in-order, but memory accesses could be done out-of-order. It

was also the first mainframe to have two full processors on a single chip (“dual

core”). The IBM eServer zSeries 990 also introduced the “book concept”, in which

MCMs, each containing multiple CPU-chips, are packaged on a circuit board which

can be plugged into a backplane. Up to four such “books” can plugged in like books

in a bookshelf. This created a SMP with up to 32 processors; the CMOS technology

advancements allowed this to grow to 54 processors in the IBM System z9* in

2005. Processor frequency grew continuously from 300 MHz in G4 to 1.7 G Hz in

the IBM System z9.

From the G4 system to the IBM System z9, the basic processor pipeline was

maintained, adding new features such as superscalar and limited out-of-order

generation by generation. The IBM System z10* processor released in 2007 was

a complete redesign. The old pipeline could no longer provide the required perfor-

mance improvements, so a decision for an ultra-high-frequency pipeline was made;

the system was released with the main pipeline running at 4.4 GHz, with four cores

per chip (“quad core”), and with four books up to 80 CPUs in the system (of which

64 can be purchased by the customer, the remaining cores handle I/O or are used as

spares). In order to achieve this high frequency, the pipeline was simplified to a

two-scalar in-order pipeline.

The IBM zEnterprise 196 is the out-of-order successor of the z10 processor

pipeline. The step to 32-nm CMOS technology allows this to run at 5.2 GHz, the

fastest clocked commercial microprocessor ever. Figures 10.3 and 10.4 show the

functional block diagram and the pipeline diagram, respectively. Figure 10.2 shows

10 Superprocessors and Supercomputers 217



G4 –1st full-custom CMOS S / 390

1997
0

1000

2000

3000

M
H

z

4000

5000

1998 1999 2000 2003 2005 2008 2010
z196z10 ECz9 ECZ990Z900G6G5G4

300
MHz

420
MHz

550
MHz

770
MHz

1.2
GHz

1.7
GHz

4.4
GHz

5.2
GHz

G5 – IEEE-standard BFP; branch target prediction

G6 – Cu BEOL

z900 – Full 64-bit z / Architecture z196 – high-frequency out-of-order pipeline

z10 EC – high-frequency in-order pipeline,

z9 EC – System level scaling

z990 – Superscalar CISC pipeline

Fig. 10.2 Frequency development for system z. BFP binary floating point, BEOL back-end of

line, CISC complex-instruction-set computer

Fig. 10.3 Block diagram for the z196 processor

218 P.H. Roth et al.



the frequency development for all System z generations starting with the first

CMOS machine G4. The Instruction-fetch/branch (IFB) unit contains an asynchro-

nously running branch predictor, which feeds instruction fetch requests into the

instruction cache (ICM). The instruction cache feeds through instruction buffers

into the synchronous part of the pipeline, starting with the Instruction Decode Unit

(IDU). Through three cycles, the instructions are decoded and grouped into three-

wide dispatch groups. This is also the place where cracking for complicated CISC

ops occurs; for example, a Load Multiple (LM) instruction is cracked into up to 16

micro-ops, each loading one register. A fourth IDU cycle is used to transfer the

decoded and cracked micro-ops into the Instruction Sequencing Unit (ISU). There,

the register renaming takes place before the micro-ops are written into the Depen-

dency and Issue Matrices. The issue bandwidth is five micro-ops per cycle; the five

RISC-like execution units are two Load/Store units (LSUs), two Fixed-Point units

(FXUs), and one floating-point unit, which consists of two sub-units for binary and

decimal floating point (BFU/DFU).

Instructions are completed in program order. At dispatch time, each micro-op is

written into the ISU, but it is also written into the Group Completion Table (GCT),

which keeps track of the execution status of all micro-ops. Once all micro-ops of an

instruction have finished, the completion logic reads out the completion-table entry

and completes the instruction. After completion, error correcting code (ECC)

hardening of the state happens (see Sect. 10.3).

Since the z/Architecture is a CISC architecture, many complex instructions

exist. There are various design features unique to the CISC processor to support

this architecture:
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– Many instructions use one operand from memory and a second operand from a

register, with the result being a register again (so-called RX-instruction), for

example R1 ( R1 + mem(B1 + X1 + D1). To prevent cracking of those

instructions into two micro-ops, the concept of dual-issue was invented. A single

micro-op in the ISU issues twice, first to the LSU to load the memory operand

into the target register of the instruction; then a second time to the FXU to read

that target register and the R1 register, perform the arithmetic operation, and

write the final result back into the target register. This saves issue queue

resources and thus allows for a bigger out-of-order window.

– Certain instructions operate directly on memory, for example Move Character

(MVC) or Compare Logical Character (CLC) compare 1–256 bytes of two

memory operands. These instructions are particularly common in commercial

workloads (e.g., databases) and thus critical for the system performance. In order

to provide best-possible performance, a sequencing engine is built into the LSU

to execute those instructions at maximum cache bandwidth, without needing to

crack them at dispatch time into many micro-ops.

– The concept to handle particularly complex instructions in a firmware layer called

“millicode” is also employed in the z196 processor; this concept exists since G4.

Instructions such as Compare String (CLST), which correspond to the cmpstr C-

library routine, execute in this firmware; the hardware implements special

“millicode assist instructions” to facilitate fast execution of the millicode.

– The z/Architecture provides special instructions for fixed-dictionary compres-

sion and for cryptography. These instructions are executed in millicode, but a

hardware co-processor is invoked by millicode to accelerate the computations.

This enables much faster compression and cryptography than would be possible

by discrete instructions.

The instruction cache is 64 kB, the data cache is 128 kB. Both share a 1.5 MB

second-level cache. Also, the translation lookaside buffers (TLBs) are large at 64 � 2

way and 256 � 2 way (I-TLB/D-TLB). The D-TLB also supports native 1MB-pages

in a separate 32 � 2 way 1 M TLB. The first-level TLBs are backed up by a shared

second-level TLB, which also includes a hardware translation engine (XU). These big

structures particularly help commercial workloads with their big instruction and data

footprint. But running out-of-order at very high frequency also provides very good

performance for compute-intensiveworkloads, as they becomemore andmore impor-

tant in today’s business intelligence/business analytics workloads.

10.2 Errors, Recovery, and Reliability

The continuous decrease in transistor size has an increasing influence on the amount

of transient errors that happen in a processor. The causes of these transient faults

include radiation, aging, and voltage spikes. Researchers have shown that the
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soft-error rate increases around 8% per technology generation [2]. Recent research

in the field of graphics processors used for the Folding@home* project showed

memory error rates of about four fails per week [3]. These numbers show that the

requirements for error-detection and correction are real today and will significantly

increase over the next technology generations. Mainframes have a long history of

built-in error-detection and recovery functionality, but in recent years even small

and mid-sized servers as well as graphics cards used in high-performance comput-

ing saw the addition of ECC logic to their processors. These traditional approaches

to error-detection and correction in hardware have been accompanied by some

interesting developments in software-based reliability.

The 1997 system G4 already contained special circuitry for reliability, for

example the Decode, Fixed- and Floating-Point Units were duplicated to detect

hardware faults. Every result is checkpointed with ECC-hardening in the so called

Recovery Unit. When an error is detected, checkpointing of incoming results is

blocked, and the processor goes through a recovery sequence. During the recovery

sequence, the R-Unit state is read, ECC-checked and corrected, and all architected

registers [e.g., the general-purpose registers (GRs) and floating-point registers

(FRs), the Program Status Word including the Instruction Address, . . .] in the

processor are refreshed from the R-Unit state. The caches, TLBs, etc. are purged

to remove any possible parity fail in them. After the recovery sequence completes,

the instruction processing resumes at the current instruction address that resulted

from the last checkpointed instruction. Thus the recovery sequence cleans up

hardware faults, completely transparent to software.

The concept of checkpointing and recovery still exists today in the z196 proces-

sor, and with shrinking technology it becomes more and more important. However,

due to power limitations, the units are no longer duplicated. Instead, special

checking circuitry is used to detect any hardware faults. Every databus is protected

with parity; computational units either use parity prediction or residue-checking to

detect errors in the computation. Control logic is checked by either local duplica-

tion, or by consistency-checking on the state machine and its transitions. For

example, certain state machines are coded as one-hot states, and an error is detected

should the state ever be not one-hot. (See also [4])

10.3 Scaling Trends

Figure 10.5 shows how each new technology generation is providing less relative

performance improvement and requires alternative solutions to increase perfor-

mance from one machine generation to the next. Some predictions actually show

that technology may even have a negative impact on performance due to power

density considerations.

Moore’s law is still valid today, and it will probably stay valid for the next

decade. However, Moore’s law only addresses the density of the technology, not
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other attributes such as frequency or power consumption. However, threshold

voltage is not shrinking at the historical rate, which overall leads to higher

power and power density at constant frequency. This puts a limit on the frequency

growth. The industry trend over the last 5 years clearly showed that the “frequency

race” is over, at least for mainstream processors. For mainframes and other

high-end servers, the situation is slightly different since more effort can be put

into current delivery and cooling; but even with enormous efforts in power and

cooling, the frequency growth will be limited by power consumption and power

density.

Modern microprocessors such as POWER7* or the z196 CPU are very complex

out-of-order processors that aim to extract as much instruction-level parallelism

from the program as possible. However, this approaches the point of diminishing

returns, since the inherent parallelism of single-threaded programs is limited. This

leads to only small improvements in Instructions-per-cycle (IPC) compared to the

past.

Given the limitations in frequency growth and IPC-growth, it seems obvious that

the future lies in thread-level parallelism. Recent years brought multi-cores and

symmetric multi-processing. The POWER7 processor chip for example contains

eight cores, each running four threads in parallel. We expect this trend to continue:

the number of cores will grow approximately with the CMOS shrinking factor, i.e.,

whereas in the past the CMOS density improvements went into more and more

complex processors supporting higher and higher IPC and levels of SMT, we will

now instead see an exponential growth in cores per chip.
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The provided thread-level parallelism comes at a high cost: single-threaded

programs cannot exploit the available compute power, and large investments into

multi-threaded programming have to be made.

10.4 Accelerators

Another trend in the industry is the use of accelerators or specialty engines in order

to address the performance needs of a subset of the workloads encountered on

general-purpose processors. This trend started out in the field of 3D computer

games, which require a large number of computations to correctly display a 3D

game scene on the 2D computer screen. The increasing complexity of these game

scenes drove the invention of additional processing capabilities in the Graphics Pro-

cessing Units (GPUs) of PCs. It was also adapted in the Cell Broadband Engine*

processor jointly developed by Sony*, Toshiba*, and IBM with its Synergistic

Processing Elements. Today, the field of accelerators is still dominated by the use

of graphics processor hardware to speed up computations on numerically intensive

and parallel problems. These accelerators usually consist of several hundred

or thousand rather simple processing elements and achieve the best performance

if the computation task consists of a large number of independent calculations

that can be done in parallel. Over the next couple of years, there will be an increase

in all kinds of special- or general-purpose accelerator hardware, examples available

today are IBM’s Smart Analytics Optimizer*, Fixstar’s GigaAccell 180* based on

IBM’s PowerXCell* 8i processor, IBM System z Crypto and Compression unit

available on each System z processor, nVidia* Tesla* compute clusters, or Intel’s

“Intel Many Integrated Core Architecture”* (formerly codenamed “Larrabee”*).

Furthermore, several companies and research projects are investigating the use of

field-programmable gate arrays (FPGAs) for acceleration.

Accelerators suffer from two big problems today, first they need to be connected

via a high-speed interconnect bus otherwise the potential performance improve-

ment may be offset by the latency or bandwidth limitations of the interconnect.

Secondly the integration of these accelerators requires special programming models

in order to use their special purpose hardware. This means that a significant

investment needs to be made in terms of software development in order to convert

an existing application to use accelerator hardware directly. In order to shield the

software developers from having to know the details of the accelerator hardware,

accelerator vendors could provide libraries that abstract the accelerator function for

ease-of-use in software. Especially with FPGAs, it becomes very hard to imagine

that they will ever provide enough ease-of-use for software developers to become

widely used.

For more generic accelerators such as GPUs but also general purpose processors,

the industry is converging on a common programming model as well as an

application programming interface (API) to use these devices and coordinate the

parallel computations. This programming model is called OpenCL*. OpenCL
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solves many of the tasks required for parallel programming and different accelera-

tor types. However, the big disadvantage OpenCL faces is that it is based on the

smallest common set of capabilities of the different accelerator types, i.e., it limits

the user to a programming model that works well on GPUs but leaves a lot of the

capabilities of general-purpose processors unused. Examples of features commonly

used in general purpose processors but not available in GPUs would be recursion,

function pointers, and callback functions. The OpenCL standard does not support

these constructs but vendors can define vendor-specific extensions to overcome

these limitations. However, in that case the generic programming model becomes

limited to using the hardware a vendor provides and therefore the application

cannot be run on different accelerators easily.

10.5 Hardware–Software Collaboration

With the trends described above, significant effort needs to be put into collaboration

between hardware and software groups to unlock the potential that modern micro-

architectures provide. This collaboration happens at various levels.

Today’s processor architects interlock regularly with the compiler groups.

Modern compilers (be it static compilers such as C/C++ or dynamic compilers

like a Java* just-in-time [JIT] compiler) internally model the processor pipeline, in

order to influence instruction scheduling. The goal is to create a compiled program

that fits almost perfectly to the internal CPU pipeline, to allow for best possible

instruction-level parallelism. On the z196 processor for example, branch instruc-

tions end the three-wide dispatch groups. The compiler models this and tries to

schedule branch instructions such that groups do not end prematurely.

New instructions are added to the architecture on almost every new generation of

a processor. Often the suggestions for new instruction come from compiler or

software groups. In order to exploit the new instructions, sometimes it is sufficient

to simply change the compiler; in particular with dynamic compilers like the Java

JIT this leads to rapid exploitation. Other enhancements to the architecture have

a longer lead-time. For example, the Power6 and z10 system added hardware for

Decimal Floating Point (DFP) arithmetic. It may take some years until software

explicitly uses this feature, since current software’s data types do not match the

format. Again, Java is an early adopter, exploiting the DFP hardware for the

BigDecimal class; this gives a vast variety of programs a performance boost,

without rewriting those programs [5].

Multi-core and symmetric multi-threaded processors also pose exploitation

challenges. If a computer runs enough independent programs to use the available

hardware threads, exploitation is immediate (at the cost of higher n-way overhead

in the operating system). Many important applications need to be rewritten to give

the operating system enough tasks to exploit the many hardware threads.

Maybe the biggest exploitation challenges exist for accelerators. For example,

it may be relatively easy for hardware to implement a Regular-Expression
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or XML (Extensible Markup Language)-parsing accelerator. However, there are

many different software libraries for those tasks, and many software products

even use ad hoc solutions instead of standard libraries. To exploit any specialized

hardware, a rewrite of those libraries or ad hoc functions would be required.

The example explains why on-chip accelerators are rare on today’s mainstream

processor chips. With slower improvements of single-thread performance, the

investment in such features on the hardware and software side may be more

viable to meet future performance targets. Middleware such as WebSphere

Application Server could play an important role in such a development, since

many applications call the Application Server for standard functions like parsing;

this might enable early exploitation, similar to how Java can exploit DFP faster

than other software.

Exploitation of GPUs for general-purpose computation as well as exploitation of

FPGA accelerators may be boosted by the new OpenCL standard. OpenCL defines

a language to describe algorithms device-independently, and an API for appli-

cations to communicate with the accelerator. The program is compiled to the

available accelerator, which could be a rack of blade servers in a hybrid IBM

zEnterprise 196 mainframe, or a rack of GPUs as in nVidia’s Tesla compute

clusters. One drawback of the OpenCL language is its restriction of commonly

used general-purpose programming techniques such as recursion, function pointers,

and callback functions. GPUs do not support those features; for general purpose

accelerator programming, the restriction of those features could negatively impact

OpenCL exploitation.

While there is no direct support for OpenCL from any of the major FPGA

vendors, it is also conceivable to use the OpenCL API and the operating system

services for managing OpenCL devices as an application access path to the FPGA

accelerator.

10.6 Supercomputers

The world of high-performance computing and supercomputers differs from

the general-purpose computing market in that applications on the supercomputer

systems are highly optimized for the specific target architecture. The high degree

of software optimization sometimes results in system architectures that would

rarely be useful in typical commercial applications. One recent example of such

a system-design point is the QPACE* project jointly developed by Deutsches

Elektronen-Synchrotron (DESY), Research Center Juelich, University of

Regensburg, and IBM Deutschland Research and Development GmbH [6]. This

system is highly optimized for research in the area of quantum chromodynamics

and uses a specialized high-throughput 3D torus interconnect for communication

between the compute nodes. Even though this system may not be of interest for

commercial applications, it is an excellent example of successful hardware/soft-

ware co-design.
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The majority of the systems listed in the TOP500 list for supercomputers [7]

are built from industry standard components that are extended with specialized

interconnects. In the 1990s, the majority of supercomputers were constructed based

on vector-processor architectures [8], but, over time, the specialized vector processors

almost completely vanished and were replaced by industry-standard processor

architectures like x86 and Power. This trend, among other reasons, is owed to the

fact that vector processors were not attractive for commercial applications, and the

development of specialized processors for the field of supercomputing became too

expensive. Another reason is that today’s x86 and Power processors all contain

Single-Instruction Multiple-Data Floating-Point Units (SIMD FPUs), which deliver

the unprecedented floating-point performance required for supercomputers.

There is a clear trend in the TOP500 list towards hybrid systems consisting of

standard processors coupled with specialized accelerators. The accelerators are

either tightly coupled with the processor, e.g., the Cell Broadband Engine, or

realized through PCI Express cards, e.g., nVidia Tesla. In comparison to commer-

cial computing, the exploitation of accelerators is quicker due to the high degree of

specialized and optimized software, and the inherent parallelism of many mathe-

matical algorithms.

Regarding performance growth over the next years, it is safe to assume that the

historic performance growth rates between 20% and 40% per 6 months will be

maintained [9]. Owing to government funding, a lot of information on the future

high-performance systems is publicly available, for instance the Lawrence

Livermore National Laboratory plans to install a 20 petaflop/s system named

“Sequoia” in 2012 [10,11]. The system will be based on the latest generation of

IBM’s System Blue Gene* called Blue Gene/Q*, and it will contain about 1.6

million processor cores.

10.7 Outlook

The field of processor development has evolved significantly over the last 40 years.

While in the early days technology advancement defined processor performance,

today power density is becoming the limiting factor and performance per watt the

guiding metric. These changes are driving the requirement for innovation into other

areas of processor and system design. Application performance can be influenced

on the following five levels:

– Technology

– Micro-architecture/system design

– Architecture

– Compilers/operating systems

– Applications

With diminishing technology gains, the other four levels are becoming increas-

ingly important and, in order to obtain optimal results, all of them need to be taken
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into account during the development cycle, e.g., it does not make sense to introduce

new instructions to the architecture if they cannot be exploited efficiently by

compilers and applications.

This new paradigm will also require hardware designers to get more and more

involved in the software exploitation of the processors they design. Future perfor-

mance gains can only be realized if a strong hardware–software collaboration is

employed during the system design.

We are certain that successfully optimizing the whole stack of system design

will result in another decade of exponential performance growth.
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Chapter 11

Towards Terabit Memories

Bernd Hoefflinger

Abstract Memories have been the major yardstick for the continuing validity of

Moore’s law.

In single-transistor-per-Bit dynamic random-access memories (DRAM), the num-

ber of bits per chip pretty much gives us the number of transistors. For decades,

DRAM’s have offered the largest storage capacity per chip. However, DRAM does

not scale any longer, both in density and voltage, severely limiting its power efficiency

to 10 fJ/b. A differential DRAM would gain four-times in density and eight-times in

energy. Static CMOS RAM (SRAM) with its six transistors/cell is gaining in reputa-

tion because it scales well in cell size and operating voltage so that its fundamental

advantage of speed, non-destructive read-out and low-power standby could lead to

just 2.5 electrons/bit in standby and to a dynamic power efficiency of 2aJ/b. With a

projected 2020 density of 16Gb/cm2, the SRAMwould be as dense as normal DRAM

and vastly better in power efficiency, which would mean a major change in the

architecture and market scenario for DRAM versus SRAM.

Non-volatile Flash memory have seen two quantum jumps in density well

beyond the roadmap: Multi-Bit storage per transistor and high-density TSV

(through-silicon via) technology. The number of electrons required per Bit on the

storage gate has been reduced since their first realization in 1996 by more than an

order of magnitude to 400 electrons/Bit in 2010 for a complexity of 32Gbit per chip

at the 32 nm node. Chip stacking of eight chips with TSV has produced a 32GByte

solid-state drive (SSD). A stack of 32 chips with 2 b/cell at the 16 nm node will

reach a density of 2.5 Terabit/cm2.

Non-volatile memory with a density of 10 � 10 nm2/Bit is the target for wide-

spread development. Phase-change memory (PCM) and resistive memory (RRAM)

lead in cell density, and they will reach 20 Gb/cm2 in 2D and higher with 3D chip

stacking. This is still almost an order-of-magnitude less than Flash. However, their
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read-out speed is ~10-times faster, with as yet little data on their energy/b. As a read-

out memory with unparalleled retention and lifetime, the ROM with electron-beam

direct-write-lithography (Chap. 8) should be considered for its projected 2D density

of 250 Gb/cm2, a very small read energy of 0.1 mW/Gb/s. The lithography write-

speed 10 ms/Terabit makes this ROM a serious contentender for the optimum in non-

volatile, tamper-proof storage.

11.1 High-Speed CMOS SRAM (Static Random-Access

Memory)

The invention of CMOS technology in 1963 (Figs. 2.7 and 2.8) produced the first

CMOS SRAMs by 1969. The classical 6 T memory cell (Fig. 3.18) is displayed here

as Fig. 11.2, in order to compare it with the most recent 8 T cell, 40 years later [1],

shown in Fig. 11.3.

The dominant issues for static RAM are

– Cell size

– Access time

– Standby power

– Power efficiency or energy/bit.

A representative recent layout is shown in Fig. 11.4 for a 90-nm design.

While the cell size in [2] is about 180 F2 in a standard logic process, where F is

the first-metal half pitch in the sense of a node in the ITRS roadmap, the cell size in

[1] is 121 F2 at the 45-nm node for this 8 T design in a more memory-specific

process. In a 2D planar design, the area for a 6 T SRAM cell is >110 F2. Any

significant improvement of the cell size, i.e., the SRAM density, beyond the scaling

to ~16 nm, will require the 3D integration of the transistors in the cell, as we will see

shortly.

We consider next the speed of the SRAM, the primary reason for operating with

this complex cell. We see in Fig. 11.2 that the current necessary for inverting the

central nodes, carrying the cell information, into the opposite state in the write

mode, is supplied through the VDD and GND nodes per cell, providing a fast write.

In the read mode, again, the current to charge or discharge the bit lines and the

inputs of the sense amplifier at the end of a column is provided by these per-cell

sources, allowing a fast read access time. Obviously, these times depend on the ON

currents of the four transistors in the quad. In these operations, we face a difficult

trade-off between the charging currents, which mean speed of access, rising

with VDD, and the switching energy CVDD
2, which decreases with a lower VDD

(see. Sects. 3.2 and 3.3):

1=taccess � IDmax=VDD � exp VDD�VTð Þ=VDD
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in low-voltage barrier-control mode or

� VDD � VTð Þ1=2:

in higher-voltage drift mode.

We have analyzed these relationships in Sect. 3.2, and in Sect. 3.3 on CMOS,

we found the additional complication that, while we pursue an energy priority in

lowering the supply voltage, the inherent DC standby current

Istdby ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ImaxImin

p
;

where Imax is the maximum transistor on-current and Imin the minimum off-current,

and DC standby power

2000 2010 2020
Year

100 Mb/ cm2

SRAM

1 Gb/ cm2

8 Gb/ cm2

13 Gb/ cm2

80 Gb/ cm2

640 Gb / cm2

10 Tb/ cm2

2.5 Tb/ cm2

1 Tb/ cm2

50 Gb/ cm2

16 Gb/ cm2

DRAM

MLC Flash

3D CMOS

DiffD
RAM3b/ cell

8-chip stack

16-chip stack

32-chip stack

250 Gb/ cm2

x

x

PCM/

RRAM

ROM

Fig. 11.1 Evolution of CMOS memory density for SRAM, DRAM and Flash memory. MLC
multi-level per cell, PCM phase-change memory, RRAM resistive RAM
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PDC ¼ VDD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ImaxImin

p

means a constant loss, eventually becoming larger than the dynamic switching

power

Pdyn ¼ VDDfImax;

where f is a duty factor <1/4. Within the total power

Ptot ¼ PDC þ Pdyn ¼ VDDImaxðf þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Imin=Imax

p
Þ;

the on/off current ratio has to be >16 to keep the dynamic power the dominant

component. We have seen in Sect. 3.2 that the low-voltage barrier-control mode

offers larger on/off ratios than the higher-voltage drift mode and the lowest energies

CV2/bit anyway.

The price, however, is access time, and we take a closer look at the access time,

selecting two publications cited before [1, 2]. We have plotted the log of the

measured read access times against the supply voltage in Fig. 11.5.

In the semilog plot we see distinct slopes for the dependence of access time

on supply voltage. At higher voltages, the memory cells work mostly in strong

inversion, where current and access time have a power dependence on voltage,

approximately V1/2. At voltages <0.9 V, we see an exponential dependence
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Fig. 11.4 Layout of a 6 T cell in 90-nm CMOS [2]. Memory cell sizes are usually given in

multiples of half-pitch units F. The size of the cell shown here is about 12 � 15 ¼ 180 F2. PD

halo imp. ¼ PMOS transistor halo implant. (# 2010 IEEE)
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characteristic of the sub-threshold or barrier-controlled current in the cell with

slopes of 350 mV/decade and 500 mV/decade, respectively.

The energy/bit, also called the power efficiency/bit, has been reduced to

<100 nW Gb–1 s�1, or <0.1 fJ/b, for sub-1-ns access times, as shown in

Fig. 11.6, and, by lowering the operating voltage to 0.57 V for the same 45-nm

chip, can be as low as 0.03 fJ/b, while the access time increases to 3.4 ns.

The process design and the operating point of these SRAMs are the result of

a sensitive balance including dynamic and static DC power as well as speed. The

45-nm design quoted here has a DC power of 0.6 mW/b compared with a dynamic

power of 0.3 mW/b, indicating these compromises.

The robustness of state-of-the art SRAMs can be learned from [3], where data

such as the static noise margin (NM) and the 10–90% corridor of minimum supply

voltages were reported. We covered the fundamentals in Sect. 3.3, when we studied

CMOS inverter transfer characteristics and the cross-coupled inverter pair

(Fig. 3.17), the quad, and its noise margin (3.25). Figure 11.7 shows measured

transfer characteristics on CMOS SRAM cells in a 32-nm technology [3].

It is impressive how these characteristics of 2009 still resemble the ideal model-

curve of the 1960s (Fig. 3.15). The extracted noise margins correspond to average

voltage gains of 1.5 at 1.1 V and 2.5 at 07 V, remarkable results for a 32-nm design

and for the sub-threshold regime involved at 0.7 V. The paper also reports that the
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Fig. 11.5 Measured read access times versus supply voltage VDD. [1] ¼ 45 nm, [2] ¼ 90 nm
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90% range of minimum supply voltages for dies on a single wafer reached from

0.79 V to 0.92 V or 130 mV, indicating the variance present at 32 nm and a sign

that this spread will widen quickly for smaller features in the future.

How much room is there for scaling SRAMs? We base our assessment on the

characteristics of the 10-nm nanotransistor treated in Sect. 3.2 and the CMOS

inverter and quad described in Sect. 3.3. Here is a listing of the characteristics of

the 6 T 10-nm cell:

10-nm CMOS 6 T SRAM 2020

W ¼ L ¼ 10 nm

VDD ¼ 0.3 V

1 ns

access time

10-18

en
er

g
y

/b
 (

J)
2010

2020

0.1 ns 10 ns
6 eV

60 eV

600 eV

10-17

10-16

en
er

g
y

/b

Fig. 11.6 Dynamic energy/bit of SRAMs versus the access time

Fig. 11.7 Transfer

characteristics of 32-nm

SRAM cells for three supply

voltages [3]. The static noise

margins NM are indicated as

the largest inscribed (dotted)
squares inside a characteristic

and its mirror image (# 2009

IEEE)
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VT ¼ 0.3 V

ION ¼ 25 nA; IOFF ¼ 0.25 nA

IDC ¼ 2.5 nA

PDC ¼ 0.75 nW/b ¼ 750 mW/Gb

Duty factor f ¼ 1/4

Pdyn ¼ 1.8 nW/b ¼ 1.8 W/Gb

Access time ¼ 0.6 ns

Energy/bit ¼ 1.1 � 10�18 J/b ¼ 7 eV/b

Power efficiency ¼ 1.1 nW Gb�1 s�1

Cell size: 120 F2 ¼ 0.12 � 10�9 cm2/b ¼ 12 mm2/Gb

Ptotal ¼ 2.55 W/Gb

Power density ¼ 21 W/cm2

VDDstdby ¼ 0.15 V

Pstdby ¼ 120 mW/Gb

The characteristics listed here mark the 2020 performance level expected for a

memory built with the average 10-nm transistors. The treatment of the fundamental

variance of the CMOS nano-quads in Sect. 3.2.1 told us that VDDmin ¼ 0.37 V and

VDDstdby ¼ 0.21 V would be the limits, and manufacturing tolerances would impose

further allowances on this performance data.

We also recognize that these nano-SRAMs will operate at very high power

densities (21 W/cm2) and therefore in the very-low-voltage, deep-sub-threshold

barrier-control mode. Nevertheless, ON/OFF current ratios are limited, and the

power reduction in standby will be just a factor of 20. We have entered these 2020

data in Fig. 11.6. A sub-1-ns access time will be possible, and the energy/bit will be

100-fold smaller than in 2010, at just 7 eV/b. The active memory cell based on the

CMOS quad maximizes speed and minimizes energy at the price of a larger cell

size. Even so, a density of 8 Gb/cm2 can be predicted for a 2020 2D SRAM.

We have seen in Sect. 3.4 that the SRAM cell is the top candidate for stacking

complementary MOS transistors with a common gate and common drains on top of

each other and that this can more than double the density with the samemask count and

fewer metal contacts so that a CMOS SRAM density of 16 Gb/cm2 is possible in 2020.
A bit more speculative is a future 6 T SRAM cell consisting of the comple-

mentary, vertical bipolar quad and NMOS select transistors proposed in Sect. 3.8.

This quad would have the ideal transconductance of 65 mV/decade of collector

current, offering the highest speed and the best ratios of dynamic power versus DC

power and the relatively lowest standby power together with a very high density of

47 F2, corresponding to 21 Gb/cm2 at the 10-nm node.

The vertical-interconnect topography of the cells in Figs. 3.43 will also be

ideal for:

– The flipped stacking of these SRAMs as local memories on top of arrays of

processor elements (PEs).

– The 3D integration of these PEs with performance levels of 1 fJ per 16 � 16

multiply (Sect. 3.6), together with 3D SRAMs at 1 fJ/kb will advance informa-

tion processing to truly disruptive innovations (Chaps. 13,16,18).
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11.2 DRAMs (Dynamic Random-Access Memories)

DRAMs are the famous MOS memories with just one transistor per bit, invented in
1968 and in production since 1971. The basic elements of this memory are

illustrated in Fig. 11.8.

In this electronic-charge-based memory cell, the key elements and the only

elements in the cell are the storage capacitor CS and the select transistor. A high

number of electrons on the storage capacitor means a logical ONE, a small number

a logical ZERO. If the Word signal on the transistor gate is low, the transistor,

ideally, would be OFF, and the charge on the storage capacitor, i.e., the information,

would stay in the cell indefinitely. In reality, it will leak through the transistor into

the substrate and into the circuitry so that it has to be refreshed by re-writing it into
the cell periodically by selecting the cell (raise the word-line voltage to High),

reading the marginal cell content with the bit-line sense amplifier, and re-writing

a perfect content into the cell. In the same way, with each reading of the cell, its

content is destroyed and has to be re-written immediately. These requirements are

a fundamental overhead on the operation of a DRAM so that write, read, and the

full-cycle time of the DRAMmake it slower than an SRAM of the same generation.

What does destructive reading in a DRAMmean? The DRAM cell is a passive cell,
in contrast to the SRAM, an active cell. Active means amplification and instant

regeneration: The (differential) amplifier, the quad, inside the SRAM cell not only

restores the charges in the cell immediately as a read access might destroy the

touchy balance in the cell, it also provides charges to charge and discharge the bit

lines as needed and provide healthy signal levels to the bit-line sense amplifier. By

contrast, charges in the passive DRAM cell are lost by leakage or shared with other

capacitors such as the bit-line capacitor CBL once the select transistor is opened.

In fact, if the bit-line sits at 0 V, the cell capacitor at a ONE ¼ VDD, and the cell is

selected, charges would be shared, resulting in a ONE ¼ 0.5 VDD at the input of

the sense amplifier, if CS ¼ CBL. This voltage-divider effect on signal levels is

the reason for making the storage capacitor large enough that leakage and the

capacitance of long bit-lines cannot spoil signal levels too much.

In the early days, the area of the drain diffusion of the NMOS select-transistor

was enlarged to produce a storage capacitance of ~30 fF. The rapid scaling-down of

cell sizes has turned the realization of miniature capacitors of 30 fF and recently

20 fF into a formidable challenge. Because the footprint of this capacitor more-

or-less determines the cell size, folded and deep-trench capacitors with small

footprints have been developed, and the select-transistor has been manufactured

GND

BL

WL

CS CBL

Bit-Line
Sense AmplifierFig. 11.8 Memory cell, bit-

line, and bit-line sense

amplifier of a MOS DRAM.

WL word line, BL bit line
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on top of the capacitor to save area, an example of 3D-integration at the device

level. The making of dielectrics with a large relative permittivity (high-k dielectric)
has become the show stopper for DRAMs, and they are trailing other chips on the

roadmap by one generation for this reason and also because of

– Sub-threshold leakage of scaled-down select-transistors and

– Higher supply voltages to assure higher immunity against voltage-noise on

bit-lines.

We now take a look at the 2010 state-of-the-art, analyzing two designs from

opposite sides of DRAM applications. One is aimed at large capacity, by 3D-stacking

of 4 2 Gb chips to produce an 8 Gb product [4]. The other is aimed at a high-speed

embeddedmemory on a processor chip. Table 11.1 lists the technology, the density, the

organization, the access-time, and the dynamic energy per bit in electron volts per bit,

which illustrates how many electrons are moved from 0 V to 1 V to store 1 bit of
information. We recall that 1 eV ¼ 1.6 � 10�19 V A s (J) or 1 mW Gb�1 s�1 ¼ 1
fJ ¼ 6.25 � 103 eV.

The 2-Gb chip from [4] with its cell size of 20 F2 has a density of 2 Gb/cm2, and

it requires a sizable dynamic energy of 120,000 eV/b. Its access time of 12 ns

indicates that a larger string of cells, >512, are connected via one bit-line to

a repeater/sense-amplifier.

The embedded DRAM [5] by contrast has a very short string of only 33 cells

connected to a repeater-amplifier, thereby achieving a short access time of 1.35 ns,

competitive with SRAM, while its density is a factor of eight higher at the same

technology node. This advantage shrinks to 4 times compared with an SRAM

built one technology node further. The energy/bit scales only mildly with voltage

and is >10� that of an SRAM in the same technology.

The scaling-down of DRAMs is a problem not only of producing a high-density

capacitor but also of making a very-low-leakage select-transistor. That is why

a future DRAM, projected in [6], is based on the 22-nm node (Table 11.1), and

the 20 fF capacitor would need an equivalent oxide-thickness (EOT) of 0.1 nm,

which means a relative permittivity k ¼ 30 and a physical thickness tI ¼ 3 nm.

SBT (strontium bismuth tantalite) would be a candidate. Even with the aggressive

Table 11.1 Performance of recent and future DRAMs

Chip F[nm] Area[F2] Bit/repeat taccess[ns] VDD[V] Energy/b [eV/b] Density

[Gb/cm2]

Ref.

4 � 2 Gb 50 20 512? 12 1.5 1.2 � 105 2 [4]

20 fF (20 mW Gb�1 s�1)

4 � 292 kb 45 16 33 1.35 1.0 5.6 � 104 2.8 [5]

18 fF (9 mW Gb�1 s�1)

64 Gb proj. 22 4 512 1.0 6.2 � 104 13 [6]

20 fF (10 mW Gb�1 s�1)

256 Gb

DiffDRAM

proj.

16 8 128 <1 0.5 8 � 103 50 This book

2 � 5 fF (1.3 mW Gb�1 s�1)
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cell size of 4 F2, a target memory with 64 Gb would have a size of 5 cm2 at an

energy of 62,000 eV/b, 500 times higher than an SRAM at the same node.

The storage capacitor plus the bit-line capacitance, the associated voltage

division, the bit-line noise, the transistor leakage and the required supply voltage

seriously limit the advancement of DRAMs. While “a single transistor per bit”

sounds attractive, in particular against the 6 T SRAM, it is timely to re-visit the

architecture of these RAMs. The design of [5] points in a possible direction: It has

one single-ended regenerator/33 bit and single bit-lines, while, at the other extreme,

the SRAM has one differential regenerator/bit and two complementary bit-lines.

Regarding the tremendous benefits of low-voltage differential signaling (LVDS),

consider the differential DRAM in Fig. 11.9.

This differential DRAM stores each bit and its complement on two storage

capacitors, it has two select-transistors and two complementary bit-lines per cell,

and it has fully differential signaling and sense-amplifiers/repeaters. Because the

information content is available as TRUE and COMPLEMENT, and because of the

suppression of common-mode noise, and of differential amplification, the storage

capacitors can be reduced to 5 fF and the voltage swing to 0.5 V, also considering a
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short string of just 128 cells per repeater, which amounts to a bit-line capacitance of

0.5 fF each at the 16-nm node, for which we find a line capacitance of 0.18 fF/mm in

Table 5.2. Owing to the lower voltage and the differential-signal nature, we move one

technology node further than the projected single-ended design [6]. The differential

sense amplifier could look somewhat like the accelerator in Fig. 3.29, and it would

provide a fast settling (high slew-rate) to full-swing signal levels. With the quad

inside, it would also meet the transistor-variance concerns at 16 nm (see the preceding

section on SRAM and Sect. 3.3, Fig. 3.17). The projected performance of this design

with a cell size of 8 F2 appears in the last line of Table 11.1: A 16-nm fully differential
DRAM (DiffDRAM) chip is projected to have a density of 50 Gb/cm2, an access time
of 1 ns, and a power efficiency of 1.3 mW Gb�1 s–1 ¼ 8,000 eV/b.

In a comparison with a normal single-ended DRAM design, the capacitor density

(fF/mm2) is reduced by 50% (EOT ¼ 0.2 nm), the energy/bit eightfold, and the

density/cm2 is increased fivefold. Memory figures-of-merit are shown in Fig. 11.10.

The energy-efficiency of the future SRAMwith just 7 eV/b shows the impressive

benefit of the quad, differential amplification in each cell, at the price of cell sizes of

50 F2 (3D) to 110 F2 (2D), but with the potential of aggressive sizing-down to

10 nm and 3D-CMOS (Sect. 3.5). The DRAM is worst in energy per bit, presently

optimal in the speed � density (16 F2) product, but its down-sizing will stop soon

at ~22 nm. Advancements such as DiffDRAM may offer a future optimum for

speed � density. The ultimate in bit density is just a single transistor per bit and all

transistors connected in series, that is, each transistor sharing its drain with the

source of its neighbor. We treat this configuration in Sects. 11.3 and 11.4.

11.3 NAND Flash Memories

We can store information on an NMOS transistor in a string of NMOS transistors

by setting its threshold voltage VT to a high or low value. In Fig. 11.11, we show

four such strings with vertical bit-lines per string and horizontal word-lines.

The memory transistors each show a floating gate, on which we assume that we

have placed no charge or a negative charge, individually. If we want to analyze

(read) the transistor (cell) under word-line WL1 in the left string, we bias all

non-selected word-lines to a high voltage, VGH ¼ 5 V, to make sure that all those

transistors are turned on, and we set the gate voltage on WL1 to the read voltage

VGR ¼ 2 V. If the selected transistor had a negative charge on its floating gate,

establishing a threshold voltage VT ¼ 2 V, the transistor would not conduct and

there would be no current flow through the string. If the floating gate had no charge

on it, VT ¼ 0 and the transistor would conduct, and current would flow through the

string, because all the others have been turned on anyway. The topography of this

type of memory is attractive, because each cell has just one minimum-size transistor

and shares source and drain electrodes with its neighbors. No storage capacitor

is needed, because we do not evaluate charge but rather measure a current. The

minimum area would be 1 F2 for the transistor gate, 2 � F2/2 for source and drain,
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resulting in 2 F2, and with the inclusion of the space F to the next string, the

minimum total area would be 4 F2.

The key is how to place the proper charge on the floating gate, and for

re-programming, how to remove it. The dominant mechanism today for energizing

channel electrons to jump over the potential barrier between Si and SiO2 or SiON,

to reach the floating gate, is the extremely high electric field of several 100,000 V/cm

near the drain, producing hot-electron injection to the floating gate if a sufficiently

high programming voltage is applied to the control gate of the selected transistor.

For ON/OFF programming of the transistor, a difference VT,OFF – VT,ON ¼ 2 V is

produced by injecting ~30,000 electrons into the floating gate. In order to erase the

negative charge on the floating gate, all NMOS memory transistors sit in p-type

wells, typically 4 k cells in each well, and the well is biased positive (~+20 V) while

the gates receive a negative bias. This causes a (non-destructive) breakdown of the

oxide so that all electrons are driven into the well and into the n-type substrate in a

Flash, giving the name to this type of non-volatile memory. A superb and detailed

treatment of non-volatile memory technologies with emphasis on Flash has been

given by Brewer and Gill [7].

string
select

WL0

WL1

WLm–1

WLm

ground
select

source

BL0 BL1 BLn–1 BLn

Fig. 11.11 NAND array architecture of a Flash memory after [7]
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We turn our attention to 1995 and paper [8], cited in Chap. 2 as a quantum jump

for non-volatile MOSmemories, those which do not lose their information when the

power is turned off. Experiments had been made before to interpret different

amounts of charge on a floating gate as 2 bits or more, but the Intel researchers in

Folsom, CA, impressed the community in 1995 with a sophisticated, mature 32 Mb

prototype, which could be programmed to four threshold voltages, representing

2 b/cell. Figure 2.19 shows the distribution of threshold voltages with their centers

about 2 V apart. Gaining a factor of two or more in NV (non-volatile) memory

density with multi-level-cell (MLC) Flash at the same technology node triggered an

unparalleled worldwide development effort with a 2,000-fold increase in 2D NV
memory capacity within 14 years. A 64 Gb 4 b/cell NAND Flash memory in 43-nm

CMOS was reported in 2009 [9], and we show the distribution of threshold voltages

in Fig. 11.12.

The spacing of threshold voltages has shrunk to just 250 mV, equivalent to about

1,000 electrons. Only 2 years before, the multi-step programming algorithms,

driving and sensing, had reached a resolution of 3,000 e–/step [7], and in the

meantime, the minimum programming steps must have come down to <300e�at
speeds well below 1 ms. The state-of-the-art in 2010 is summarized in Table 11.2.

The table also contains estimates of the electrons/bit and of the intrinsic

energy/bit, showing a spread of 64/1 between the lowest level (111) and the highest

(000). It is worth noting that the intrinsic average energy/bit of 8000e�is still

a factor of seven better than that for DRAM and that the bits are non-volatile.

However, the read-out time is 1,000-fold longer at several microseconds, which,

for typical read-out currents of 1 mA, means a poor power efficiency of 10 mW

Gb�1 s�1.

The remarkable density gains of MLC NAND Flash memories are shown in

Fig. 11.13 with a peak density of almost 30 Gb/cm2 achieved in 2010.

We have added explicitly the prefix 2D to our discussion of NAND Flash so far,

and we stay on the 2D scaling path a bit longer, before we address the 3D quantum

jump. The end of the NAND Flash roadmap such as that for DRAM has been

Fig. 11.12 The distribution of threshold voltages in the 4 b/cell 64 Gb Flash memory[9] (# 2009

IEEE)
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predicted at 22 nm. The scaling of Flash is severely limited by the fact that the

insulator thickness cannot be scaled because of charge losses from the floating gate

due to tunneling. An insulator thickness of 6 nm continues to be demanded for

long retention times, and the effective thickness to the control gate is even larger.

Shortening the gate length massively enhances the influence of the drain on the

transistor channel against the control intended to be dominated by the (control)

gate. We treated this drain-induced barrier lowering in Sect. 3.2 and found that

the threshold voltage becomes severely dependent on the drain voltage (3.18, 19).

To show the effect, we simplify a bit by writing

Table 11.2 2010 MLC

NAND Flash RAMs
Bit/chip 32–64 Gb

Technology 35–32 nm

Bit/cell 2–4

Cell area 0.005 mm2 ¼ 5 F2

Bit/cm2 26 Gb/cm2

String 66 b

VDD 1.8 V

VSupply 2.7–3.6 V

Programming time 1.3–11.7 ms

Read time 10–100 ms
Electrons/b (3b/cell) 1000e�–8000e�

DVT 250 mV

Intrinsic energy/bit 250–16,000 eV

Int. power efficiency 2.5 mW Gb�1 s�1

Fig. 11.13 The evolution of 2D MLC NAND flash density [Mb/mm2] versus the process node

[10] (#EE Times 2010)
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VT ¼ VT0 � 1

AV

VDS (11.1)

AV ¼ eIL
eSitI

ffiffiffiffiffiffi
N2

N1

r
� 2 (11.2)

AV is the intrinsic voltage gain, obviously a strong function of the L/tI ratio and

the ratio of the permittivities, which is 1/3 for the Si/SiO2 system. The doping

concentration N2 deeper in the channel should be higher than N1 near the surface to

suppress the drain effect. In any case, we see that 1/AV becomes large quickly as L is

reduced while tI is not, giving the drain – source voltage a large influence on the

threshold voltage. Depending on the position of a cell within a string, this can make

thresholds overlap, causing an erroneous read. In addition, the variance of the

charges on the gates will force a reduction of the number of distinguishable levels.

The gate will lose control totally, as soon as field lines in the channel reach through

directly from drain to source, causing a punch-through current to flow irrespective

of the programming of the floating gate and the operation of the control gate.

An optimistic projection towards 2020 is given in Table 11.3.

The concerns about scaling made NAND Flash a prime candidate for 3D

integration by stacking chips with

– Through-silicon vias (TSVs) or

– Inductive coupling.

These technologies are very much in a state of flux. Remarkable results in 2010

were

– A 32 GB test chip with a stack of 8 chips, TSVs and 2 b/cell in 60-nm CMOS

[11], which also indicates various architectural choices.

– A 2 Gb/s inductive-coupling through-chip bus for 128-die NAND Flash memory

stacking [12].

Both publications are representative for the almost boundless advancements in

the realization of ever larger memory densities and capacities on the chip scale.

These interconnect schemes with power efficiencies of ~1 pJ/b ¼ 1 mW Gb�1 s�1

(see Chap. 5) are basically compatible with the on-chip efficiencies of DRAMs and

Flash. Beyond this prerequisite, the other issues for this progression strategy are

– Testing and known-good die

– Power density

– Reliability

Table 11.3 2020 projection for 2D MLC NAND Flash memory

Technology node Bit/cell Electrons/level Density [Gb/cm2]

22 nm 3 500 60

16 nm 2 250 80
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– The manufacturing chain and product liability

– Cost

However, the basic notion is that 3D integration of memory by chip-stacking is

a strategy with identifiable milestones and, therefore, that it is the most important

path to reach the 2020 target of DRAM and NAND-Flash capacity of several terabit
on a footprint of a few square centimeters (see Fig. 11.1).

11.4 Electron-Beam Permanent ROM (Read-Only Memory)

Silicon read-only memories with infinite retention times are of interest whenever

the endurance of NV Flash memories is not sufficient or if the manipulation of the

Flash data, modification or destruction, are an issue. So-called mask-programmable

ROMs have filled this niche. On this type of memory chip, the memory transistors

are set to a high or low threshold voltage by masking or not masking transistor gate

areas. In the old days of metal gates, the thin-gate-oxide area of a transistor was

either present in the gate mask or not. If not, the thick field-oxide would remain,

the word-line gate metal would run across it as across all the others, but the field

threshold voltage, being higher than the read voltage, would keep this transistor

OFF forever. With the return of metal gates in nano-CMOS processes, this type

of cross-bar memory with word-line gates orthogonal to source-drain bit-lines,

becomes attractive again because of its ultimate cell area of 4 F2 and its ultimate
scalability to <10 nm, offering a density of 250 Gb/cm2 (Fig. 11.1).

The read-out of the transistor-string would have to detect a current ratio Hi/Lo,

which can be optimized, contrary to the floating-gate transistor, even for 10 nm

transistors by careful transistor and circuit engineering down to voltage levels

of 0.3 V, where [13] is an exemplary paper. As a consequence, energy/bit can be
a factor of 20 smaller and read-out 100-fold faster than 16 nm Flash. The penalty is
read-only, but that would be acceptable or even desirable for important documents

such as digital libraries or 3D high-quality movies as well as permanent embedded

ROM.

Of course, mask-and manufacturing cost have been and could be prohibitive.

However, with the general progress in technology, it pays to re-visit scenarios, and

here it is maskless, direct electron-beam writing of the gate layer of the ROM. With

a single beam, this has been a limited specialty in low-volume ASICs. But due to

the emergence of massively parallel maskless e-beam MEB lithography (Chap. 8),

this process for manufacturing giga-scale MOS nano-ROMs is feasible. We learn

from Chap. 8 that e-beam systems with >100,000 microbeams at <10 nm resolu-

tion will be introduced by 2012. Such a system will be fed by data rates >100 Tbit/

s. For the regular ROM pattern, the transistor grid is stored on the system, and only

1 bit will have to be transmitted per memory cell, namely an elementary shot or not.

Therefore, the e-beam direct-write programming speed can be 10 ms for 1 Tbit,
with no cost for masks and expenses just for machine time.
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The capacity of the permanent ROM can be increased by 3D stacking of chips.

The lifetime of this digital document can be enhanced by complete sealing,

eliminating bond-related aging. Power could be supplied, and data could be read

by inductive coupling, making this device a digital Rosetta stone [14].

11.5 Alternative Non-volatile MOS-Compatible RAMs

So far, we have dealt with electronic charge as the token for memory content and

with MOS-memory types, which have been responsible for the relentless advance-

ment of electronics. The non-volatile RAM with possibly unlimited retention time

has continued to challenge researchers. Many solutions have appeared and will

appear. We address those that have potential to make it onto the market by 2020.

Ferroelectric RAMs (FeRAMs): The dielectric in these 1 T per cell memories is

lead zirconate titanate (PZT) or strontium bismuth tantalite (SBT), which change

their electrical polarization as a function of temperature with a large hysteresis.

Once they have been flipped into a state, they keep it over useful temperature ranges

with long retention times.

Magnetic RAMs (MRAMs): Currents are the tokens in programming and reading

the state of the cells in these memories via the electron-spin in a magnetic-tunneling

junction (MTJ). The spin-torque-transfer (STT) variety is the most advanced.

Resistive RAM (RRAM): With the promise of the ultimate density 4 F2 and

possibly multiple-levels per cell (MLC), this crossbar-type memory continuously

attracts inventors. The general direction is to place a material between orthogonal

word- and bit-lines, whose resistance can be changed by programming-current

pulses. In the simplest form, so-called half-voltage select is used for programming

(writing) and reading. An alternative is to insert a select-diode or select-transistor

together with a variable resistor. An example is the insertion of HfO2 between TiN

electrodes.

Phase-Change Memory (PCM): The material between the word-and bit-bars in

this memory is chalcogenide glass, which changes reversibly from low-resistance

crystalline to high-resistance amorphous when heated. An example is Ge2Sb2Te5.

The actual cell has a heater underneath and also a PNP bipolar transistor on top for

cell-select.

A 2010 overview of the status of these RAMs is given in Table 11.4.

Table 11.4 2010 status of non-volatile RAMs

Type Bit/chip Technology node Cell area Density Ref. (paper no.

at ISSCC 2010 [15])

FeRAM 576 kb 130 nm 41 F2 150 Mb/cm2 14.4

STT MRAM 64 Mb 130 nm 41 F2 150 Mb/cm2 14.2

RRAM 64 Mb 130 nm 10 F2 0.6 Gb/cm2 14.3

PCM 1 Gb 45 nm 19 F2 2.7 Gb/cm2 14.8
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The 2010 status of the PCM is write speeds comparable to NAND-Flash,

however, with no data on write-energy, and random-access read times of 85 ns/b,

again without data on energy/bit or the equivalent, power efficiency. We have

entered the bit density in Fig. 11.10 and projected that with the indication that

these crossbar-type resistive structures should be scalable to 10 nm, with some

caution regarding the word-select devices.

Phase-change (PCM) and resistive (RRAM) memories are manufactured as

back-end-of-line (BEOL) additions to CMOS so that they are envisioned as possi-

ble multi-layered additions generating a 3D-extension potential of their own,

certainly with extreme challenges regarding power densities.

A chain of SETs (single-electron transistors), see Fig. 2.18, could form a serial

memory. This chain with each transistor holding in its Coulomb box 0, 1, 2,. . .
electrons under the condition of Coulomb blockade, would be a non-volatile

memory. A serial read-out as in a multi-phase charge-coupled device (CCD),

would yield its content but be destructive. Rewrite techniques as in the CCD days

40 years ago would have to be considered. At the 10 � 10 nm2 node, the Coulomb

energy would be about 20 meV, comparable with the electron thermal energy of

25 meV at room temperature. Therefore, cooling would still be required, but it

shows the potential for this memory concept. Including the tunneling junctions,

multi-phase clocking, and the re-write circuitry, this would offer a density of

10 � 20 nm2 for a potentially multi-bit per cell, non-volatile serial memory at a

hypothetical 5 nm node. However, contrary to the optimism until early in the first

decade of the new century, no practical circuits have been realized by 2010 so that

these innovations will become critical only after 2025.

Another revolutionary device is the memristor, which, as its name says, should

make an impact on the realization of memories. The memristor M

M ¼ dF
dq

;

L ¼ dF
dI

;

is a passive two-terminal device, and it can be considered as the dual of the

capacitor C:

1=C ¼ dU

dq
;

R ¼ dU

dI
:

While a capacitor stores charge as a function of voltage, the memristor stores

charge as a function of magnetic flux, and this flux results as the time-integral of

voltage:
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FðtÞ ¼
ð
UðtÞ � dt

This is a monitor of voltage over a certain time, reflecting its history as a time-

continuous analog value, which can mean multiple levels, i.e., multiple bits

per stored value. It is early in the exploitation of this device, and an obvious

interest arises in its application as a synapse in electronic neural networks

(Chaps. 16 and 18).
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Chapter 12

3D Integration for Wireless Multimedia

Georg Kimmich

Abstract The convergence of mobile phone, internet, mapping, gaming and office

automation tools with high quality video and still imaging capture capability is

becoming a strong market trend for portable devices. High-density video encode

and decode, 3D graphics for gaming, increased application-software complexity and

ultra-high-bandwidth 4G modem technologies are driving the CPU performance and

memory bandwidth requirements close to the PC segment. These portable multi-

media devices are battery operated, which requires the deployment of new low-

power-optimized silicon process technologies and ultra-low-power design techniques

at system, architecture and device level. Mobile devices also need to comply with

stringent silicon-area and package-volume constraints. As for all consumer devices,

low production cost and fast time-to-volume production is key for success.

This chapter shows how 3D architectures can bring a possible breakthrough

to meet the conflicting power, performance and area constraints. Multiple 3D die-

stacking partitioning strategies are described and analyzed on their potential to

improve the overall system power, performance and cost for specific application

scenarios. Requirements and maturity of the basic process-technology bricks includ-

ing through-silicon via (TSV) and die-to-die attachment techniques are reviewed.

Finally, we highlight new challenges which will arise with 3D stacking and an

outlook on how they may be addressed: Higher power density will require thermal

design considerations, new EDA tools will need to be developed to cope with the

integration of heterogeneous technologies and to guarantee signal and power

integrity across the die stack. The silicon/wafer test strategies have to be adapted

to handle high-density IO arrays, ultra-thin wafers and provide built-in self-test of

attached memories. New standards and business models have to be developed to

allow cost-efficient assembly and testing of devices from different silicon and

technology providers.
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12.1 Toward Convergence of Multimedia Devices

The advancements in silicon process technology over the last few decades enabled a

significant increase of integration of about 2� transistors every 2 years as stated in

[1]. This increased density was enabled by smaller process geometries, which also

resulted in smaller transistor gate lengths and gate oxide thickness, which increased

the transistor and hence CPU (central processing unit) performances at similar rates

as the density.

Higher performance levels combined with integration of multiple functions such

as phone modem, CPU, video codecs (coder–decoders), graphic processors, image

and audio processing hardware along with multiple interfaces for audio, display and

connectivity into one piece of silicon are the basis for the convergence of multime-

dia devices.

The second important contribution for this convergence is the development of

the software from the low level software drivers through the operating system used

on the phone, up to the application software, which enables the user to run endless

applications on the devices, including office automation, e-mail, web browsing,

gaming, and mapping.

The sophisticated application software running on a fast processor and the

hardware implementation for multimedia co-processing together with ultra-fast

modem technology enable very rich combinations that are creating new forms of

communication through social networking, online gaming, and information sharing

on a local and global scale (Fig. 12.1).

Laptop

ANY DEVICE

ANY TIME

Phone

Camera

PDA
Gaming

DSC

Display

MP3

Mapping

ANY WHERE

Web
browsing

Fig. 12.1 Multimedia convergence
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12.1.1 Multimedia Performance Parameters

Similar to the personal computer evolution, the multimedia processor application

software complexity leads to ever increasing requirements in CPU frequency,

memory access bandwidth, and memory density. On top of the application soft-

ware, the CPU can also be used to run some of the multimedia use cases such as

mp3 decode or video encode/decode.

The CPU performance is commonly benchmarked in D-MIPS (million

Dhrystone instructions per second). The base performance will be defined by the

processor architecture such as instruction and data bus width as well as the CPU

clock frequency. Clock frequencies passed the 1 GHz mark in 2010 and the

D-MIPS performance only a couple of years behind the laptop CPU performances,

a remarkable performance taking into account the stringent power and area

constraints for handheld devices.

To increase the CPU performance, there are multiple solutions, which are

optimized for the best trade-off between performance, software (SW) flexibility,

power dissipation, and silicon area. A good trade-off was achieved with the

introduction of the SMP (symmetric multi-processing) architecture which allows

multi-tasking application software to be run and dynamic power reductions for

lower MIPS use cases on a network of multiple CPUs.

To obtain the best multimedia performance, specific hardware, acceleration

circuitry or co-processors have to be implemented on chip. Audio decode and

encode is not very demanding in terms of MIPS and memory access bandwidth

but needs to be optimized for power to enable long mp3 or similar digital format

audio file playback times. Digital still camera functions require significant amounts

of post-processing for image quality improvements. The image sensor resolution

has quickly increased from 1 Mpixel for the first available camera phones to more

than 10 Mpixels for the smartphones released in 2010.

New HD (high density) display standards for increased video quality increase the

processing and memory bandwidth requirements. 1080p encode/decode with

30 frames per second are standard today on high-end smartphones, which require

a total of about 3.2GB/s bandwidth to the external LPDDR (low-power dual data rate

RAM) memory. This evolution is not over yet; the frame rate will be doubled for

the next-generation devices to allow slow-motion replay, the display sizes and hence

resolutions will increase beyond the 1080p standard and, last but not least, new

graphic applications require graphic processors that will require more than 10 GB/s

of memory bandwidth alone to reach their full performance (Fig. 12.2).

12.1.2 Mobile Device Constraints

Portable devices need to meet, in addition to the performance standards, also

constraints for volume and power. Small device package footprints enable smaller
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form factor printed circuit boards (PCBs) to reduce the total size of the final

smartphone case. The same applies to the device thickness, which will need to be

kept to the very minimum to allow overall thickness reduction of the phone

application.

Mobile devices also need to have a very high mechanical reliability, which

requires the packaged devices to pass numerous tests, including “drop tests” to

ensure that they do not break or get disconnected from the PCB in case of shocks to

the phone case.

Battery life is a major competitive feature for a smartphone. The capacity of the

battery is very limited due to the small case volume and weight that can be allocated

to it. Complementary to a traditional low power design chip implementation, power

management techniques at system and device level need to be implemented to meet

the talk time, audio, and video playback targets. Microprocessor-controlled use

case management is used to switch entire functions, also called power islands, on

the chip on or off depending on their usage for a specific application or to limit the

frequency of the CPU or other critical circuitry when the full performance is not

required, a technique called DVFS (dynamic voltage and frequency scaling). The

silicon process needs to be optimized for device leakage to reduce the standby

current if the multimedia chip is idle and for low voltage operation to reduce

dynamic power. AVS (adaptive voltage scaling) methods are used to compensate

for silicon wafer process variations, by slowing down fast and leaky parts and

speeding up slow parts by applying transistor body biasing techniques. Chip I/O

(input/output) switching power, specifically on high-speed DRAM interfaces, still

account for a large amount of the overall power dissipation and can be significantly

reduced with the Wide-IO 3D memory attachment technology described in this

chapter. The material physics research promises the arrival of new battery
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technologies with higher power densities and shorter battery charging times than

the currently established lithium ion technology, but none of these new

technologies is yet ready for mass production.

Another strong constraint for mobile devices is thermal integrity. The ultrahigh

performance of the application processor is pushing up the maximum power

dissipation of the chip to a level of largely above 2 W, which cannot be managed

without additional precautions at system, package, and PCB integration level. The

total thermal budget of the application is defined by the thermal conduction path

from the silicon to the application case. Constraints on the maximum silicon

temperature (Tj) are given by the silicon process reliability and the standby leakage
current, which increases exponentially at high temperatures. Common Tj maximum

values are in the range of 105–125�C. The application case maximum temperature

is around 40�C; above that temperature the device will be too hot for comfortable

handheld use. What is done in a PC or laptop by a chip- or case-mounted fan has to

be achieved in the mobile device by natural convection and thermal interface

materials to spread the heat from the SOC (system on chip) to the handheld case

surface.

Thermal system management needs to be implemented to ensure that the Tj and
Tcase temperatures will not exceed their specified limits. Software control can be

used to avoid launching several power-hungry applications in parallel. Thermal

sensors embedded close to the CPU or other high performance circuits are used to

monitor the temperature and to throttle the CPU frequency down in case of

imminent overheating.

12.1.3 Consumer Market Environment

The smartphone is situated at the high end of the mobile phone market and is

gaining strong momentum worldwide, quickly entering the mid range with a total

available market (TAM) of several hundreds of million phones per year in the next

few years. This leads to a very competitive environment in terms of product cost as

well as in terms of time-to-market pressure. To provide multimedia platform

solutions in this competitive environment it is inevitable to follow a very robust

and the same time flexible design process enabling the quick implementation and

verification of performance, power, and thermal requirements optimized for cost,

which are mainly driven by silicon area and package cost. Increasing software

complexity puts the software development on the critical path for the market

introduction of a new smartphone.

A high volume multimedia chipset platform production requires, owing to its

complexity, a very mature and efficient supply chain with robust operations and

testing to avoid quality and yield issues during production and to guarantee a high

level of reliability of the final shipped good.
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12.2 3D Strategies

In the following section, we will explain the basic 3D-partitioning strategies that

can be considered for multimedia processors and their rationale.

12.2.1 Conventional 3D Packaging Techniques

3D device stacking has been common in the semiconductor industry for years.

Examples are shown in Fig. 12.3. The first applications using this technology were

DRAM and flash memory stacks, which have been in volume production for

numerous years using conventional wire bonding processes. Conventional die

stacking does not allow direct chip-to-chip connectivity and in the industry is

very often referred to as 2.5D packaging technology.

A similar process was used in some earlier application processor packages. This

die stacking technique helps to reduce the resistivity and capacitive load, which is

typical for the long trace line between the SOC and an external DRAM. It also helps

to reduce the overall PCB footprint area significantly. It was enabled by improved

assembly methods and the KGD (known-good die) memory test strategy and

business model. This packaging method presents some challenges to the supply

chain and because the chipset manufacturer takes the responsibility for the memory

test after assembly with the SOC.
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The package-on-package (POP) stacking method combines the advantages of

the previously described stacked die in package technology with the traditional

supply chain and business model where the handset manufacturer undertakes the

final assembly of the product by stacking the standardized memory package, which

was previously tested, on top of the SOC package. POP stacking will remain

mainstream for the mid-range and high-end smartphone applications as long as

the memory bandwidth requirements can be satisfied with LPDDR DRAM

technology.

The fan-out wafer-level package (FO-WLP) technology, initially developed for

smaller die and package areas, provides a potentially competitive solution in the

near future. In the FO-WLP technology the Si die is placed into a reconstituted

plastic wafer. The die bump to package ball routing is performed with a back-end

metallization process, similar to that used on the silicon die. This process results in

improved routing density, reduced package height, and improved thermal

characteristics and provides a solution for memory stacking on the SOC die once

the dual side option becomes available at a competitive cost.

12.2.2 Wide-IO DRAM Interface

In most of the current smartphone designs the memory is stacked on top of the SOC

device via the POP technology described in the previous section. There are multiple

limitations inherent to the POP technology that will need to be overcome for the

next-generation smartphone and tablet applications. The main issue is that POP

limits the access bandwidth to the DRAM. The maximum bandwidth available with

LPDDR3 is limited by the interface frequency of 800 MHz, which cannot be

increased further without silicon process technology changes on the memory,

which would increase leakage and dynamic power. This frequency is also limited

by the interface signal integrity due to the parasitic external resistance and capaci-

tive load (RC) mainly induced by the package traces between the DRAM and SOC

device and their I/O buffers. The maximum data bus width that can reasonably be

implemented on a small mobile-compliant POP package with the typical size

of 12 � 12 and 14 � 14 mm2 are two 32-bit DRAM channels. This results in

a maximum memory bandwidth of maximum 12.8 GBps. Previous LPDDR2

configurations without POP limit the maximum bandwidth even further to about

3.2 GBps owing to the slower maximum interface frequency dictated by the

increased parasitic RC for external board traces between the memory and processor

chip. Another limitation for which the LPDDR concept cannot be further scaled up

is the power dissipation due to the switching of the I/O with relatively high

capacitive load in the range of 5 pF at the high frequency of up to 800 MHz.

Wide-IO 3D technology is based on the concept of massively enlarged (Wide)

data buses between the DRAM and the SOC. Since the total I/O count of the SOC is

already the determining factor for the package size and PCB footprint, a new

concept has been developed in which the memory die is directly stacked on top

12 3D Integration for Wireless Multimedia 257



of the digital baseband (DBB) SOC using face-to-face or face-to-back die attach-

ment techniques, allowing thousands of interconnects between these chips as shown

in Fig. 12.4.

The Wide-IO memory interface is in the process of being standardized through

the JEDEC (Joint Electron Device Engineering Council) standardization body,

which was also the driver for the previously adopted memory interface standards

in the PC and mobile application world. This standardization will simplify the

cooperation between the chipset makers and DRAM memory suppliers because

they allow common electrical, timing, and physical specifications to be

incorporated in designs. This facilitates the compatibility between these devices

and allows second sourcing options between multiple memory vendors and

provides a healthy level of competition of memory suppliers on the same market

segment, which is required for high volume products. The physical locations of the

Wide-IO bumps are shown in Fig. 12.5.

The initial target of theWide-IO standard memory bandwidth will be 12.8 GBps,

which will be reached with four memory channels running at 200 MHz each over a

128 bit wide data bus at single data rate (SDR). The hardware implementation of a

SDR interface is simpler, which means it will use less silicon area than the currently

used dual data rate (DDR) interface in which the data toggles at the rising and

falling edge of the clock signal.

In 2010, the single-die DRAMmemory density available on the market is 1 Gbit.

Similar to logic chips, memory chips are following Moore’s law as set in [1] and

will continue to grow in density, which means the next-generation 4-Gbit devices

will become available in early 2012. The next-generation high-end smartphone

memory requirements for multimedia and application processing are in the range of

1–8 GB. To reach this high level of memory density – which is in the same range as

the PC market memory requirements today – engineers have come up with a new

idea, the stacking of multiple (2–4) memories via through-silicon via (TSV) and

Cu-pillar connections, as developed for the memory-to-SOC attachment. In the

memory industry this concept is also called “cubing”, as shown in Fig. 12.6. Data

on the maturity status, i.e., the ability to manufacture these cubes in high volumes

and at reasonable cost, are not yet publicly available. For that reason, system

architects are exploring alternative solutions to enable higher memory densities

for the next product generation. One identified solution to that problem is the

combined use of Wide-IO and the traditional LPDDR technique; The Wide-IO

will be used for the short latency, high bandwidth multimedia use cases, whereas

Fig. 12.4 Wide-IO chip

stack
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the slower and higher latency external LPDDR will be used for applications that do

not require high bandwidth. The drawback of this solution is the more complex

implementation of the application software, which needs to arbitrate the best use of

the memory resources.

Next-generation smartphones and tablet computers have memory access band-

width requirements that can no longer be satisfied with the LPDDR-standard. Ever

more sophisticated video gaming applications are pushing the graphics perfor-

mance to levels that require more than 15 GBps of memory bandwidth. These

graphic processors became available in 2010 but their full performance will only be

enabled if the memory interface can provide the necessary throughput. The rapid

Fig. 12.6 Wide-IO cube

stack

Fig. 12.5 Floorplan of wide-IO bottom die
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market adoption of new tablet devices as well as the increased quality of TV home

displays is asking for very high video display resolutions on mobile chip sets either

integrated in or connected to these devices. The QXGA (Quad eXtended Graphics

Array) display standard defines a 3.1 Mpixel display, which together with the

requirement of an increased video frame rate of 60fps will almost saturate the

current LPDDR bandwidth, which has to be shared with other parallel-running

tasks on the application processor.

The Wide-IO technology is much more power-efficient than LPDDR, especially

at high bandwidth-use cases, as shown in [2]. A power dissipation comparison for

an external 16-bit DRAM interface with numerous Wide-IO data bus widths for a

video encode use case as shown in [3] is presented in Fig. 12.7. These simulations

show that even an eightfold increase in data bus width still results in lower total

power dissipation of the memory, due to the dramatically reduced RC of the bus

interface. The individual power management of the memory channels and banks

will further increase the advantage of the Wide-IO technology in an application

space where battery and thermal management is essential.

There are no immediately available alternatives on the market that can provide

the required DRAM bandwidth to the next-generation products. Scaling up the

LPDDR technology with POP is not an option due to pin count and power

considerations as shown previously. Nevertheless there are options to enhance the

standards by moving to low swing, single-ended, and terminated data on the DRAM

interface. Even if improvements can be made, there will still be a remaining gap to

reach the Wide-IO bandwidth at a reasonable power level. Other options on the

horizon are the use of serial interfaces between SOC and external memory. These

options are promising in terms of bandwidth potential, which can reach similar

levels as the Wide-IO concept. The drawback of the serial interface techniques are

on one hand the relatively higher switching power on the interface and on the other

hand the lack of standardization. Available serial proprietary technologies are not

taking off because of the business model, which creates too heavy dependencies on

the intellectual property (IP) and memory provider.

Fig. 12.7 Wide-IO power comparison
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12.2.3 Technology Partitioning

Similar to the Wide-IO scenario, the idea of technology partitioning is to use the

best suited silicon technology per implemented function and then stack these silicon

dies together into one system. Instead of applying this concept only to the memory,

it can also be applied to the functions of power management and radio-frequency

(RF) transceiver technologies and others. The very expensive advanced CMOS Si

process technologies are often not very well suited for analog and high voltage

functions, which can be implemented at similar density in legacy CMOS process

nodes, which are much cheaper. Analog IPs hardly shrink beyond 40-nm process

nodes since they are very much dependent on the R, L, and C parameters, which do

not change significantly over high density CMOS silicon process node generations.

I/O area and electrostatic discharge (ESD) protection diode surfaces do not shrink

linearly with process technology advancements. The high voltage requirements for

the power management circuits and the legacy interfaces require thicker gate

oxides, which come for free with legacy process nodes and which need to be paid

for extra as additional gate oxide process steps in state-of-the-art CMOS processes.

Other than the potential cost optimization, there can be also some technological

advantages of such a 3D partitioning concept, in which, for example, the power

management unit (PMU) is closely connected via 3D to the circuitry that needs to be

supplied. Figure 12.8 shows the critical RLC path from the power management chip

to the processor. Shorter supply loops improve the power integrity and hence the
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performance of these circuits. The implementation of decoupling capacitors to the

supply nets on the analog process node will help to improve the power integrity of

fast switching circuitry on the digital die. This split also allows better control of the

digital voltages, which can be lowered further to gain on dynamic and leakage power.

12.2.4 Other 3D Concepts

The 3D logic circuitry split is a concept that has been discussed for some time. The

underlying idea is the search for a breakthrough in further integration once Moore’s

law, described in [1], comes to its end at the boundary of the atomic limit, or before

that time to accelerate the integration by overlaying the 2D integration with another

dimension. There is currently no strong motivation to push for a logic 3D split for

the multimedia application processor space since the 3D split is more expensive

than the move to the next more advanced process node. Logic split could become

interesting for ultra high performance CPUs. One should not forget that this will

strongly increase the power density of these stacks, which will most likely require

new cooling techniques.

The silicon interposer or the silicon package, another, more conventional appli-

cation of 3D integration, is more likely to become interesting for the multimedia

application space. Silicon interposer designs are already available as prototypes.

Usually they consist of a relatively low cost substrate, which has a few levels of

metallization and integrated TSV connections, and multiple silicon components

placed side-by-side on top of and connected via the interposer. This concept allows

the same architectures as described in the Wide-IO or technology split but has the

advantage of better thermal performance with the drawback of increased package

size and cost. The silicon package concept shown in Fig. 12.9 takes it one step

further and replaces the organic package substrate altogether as shown. The cost of

silicon compared to the available organic substrates as well as the mechanical

properties of the silicon package are not yet competitive with the conventional

packages for the multimedia application processor space.

12.3 3D IC Technology

3D silicon stacking requires two fundamental key technology building bricks:

One for die-to-die attachment, which allows one chip to be connected vertically

to a second chip, and another one that is required to connect vertically through

Fig. 12.9 Silicon interposer
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a chip. New techniques are required to assemble the vertical chip stack

(Fig. 12.10).

12.3.1 Die-to-Die Attachment

We differentiate between two approaches: Face-to-face and face-to-back. In the

face-to-face approach the active sides of the two silicon dies to be attached are

facing each other. This approach has the advantage of a very low resistance and

capacitive load between the two silicon dies owing to very short connections. The

bottom die of the face-to-face stack can be connected to the package either via

traditional wire bonding techniques or as flip chip by adding vertical connectors

called through silicon vias (TSVs) through the silicon. The latter approach has the

advantage of being die size independent and it works also if the bottom die is

smaller than the top die. The flip chip approach also has major advantages for the

power distribution network implementation of the bottom die because the supply

pins of the PCB can be directly fed to the most power hungry circuitry on the

bottom die (Fig. 12.11).

The face-to-back approach consists in stacking the back side of the top die on the

active side of the bottom die. This is a more universal approach because it allows

more than two dies to be stacked on top of each other. The Wide-IO “cube”

technology uses the face-to-back approach.

Regardless of the die orientation approach, there is a need for an attachment

technology between the dies. The technology most commonly used in current

designs is called micro-bumping and uses copper pillars. Cu pillars are fine pitch

capable down to below 40 mm, which enables a very high interconnect density and

qualifies them as technology for the Wide-IO standard. Cu pillars have a high

Fig. 12.10 3D stack
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current capacity and they allow various assembly strategies that guarantee a high

standoff height and thus simplify the underfill process required for the physical

attachment of the two dies. The Cu pillar technology is derived from the already

available die-to-package attachment methods, which are already in volume produc-

tion and can be considered as a mature technology.

Solder bumping, which is still very much in use for flip chip packaging, does not

allow a bump pitch below ~130 mm and as such does not qualify as high density 3D

interconnect technology.

The industry is looking into new technologies that are not yet ready for volume

production. Contact-less technologies, which are based either on capacitive or on

inductive coupling of the signals between the dies, should be mentioned. These

contact-less interconnect methods could provide an answer if high levels of vertical

stacking are required, but their maturity levels are still far from potential market

introduction with smartphones.

12.3.2 Through-Silicon Vias

3D silicon stacking requires a method to interconnect the dies vertically. This is

performed with TSVs. One can picture a TSV as a hole through the silicon die,

which is filled with metal and connected to the top and bottom metal routing layers

of the silicon. There are three established approaches to implement the TSVs in

silicon wafers. In the via-first process the etching is done before the FEOL (front

end of line), which signifies the transistor implementation. The via-middle process

implements the TSV after FEOL but before the metallization process (back end of

line, BEOL). In the via-last process the TSVs are etched as the final step of the

wafer process. The basic process steps for these methods are explained in

Fig. 12.12.

The via-first and via-middle process options are best suited for the high-density

interconnect requirements for the Wide-IO technology because they allow very

high via aspect ratios, which means the best trade-off between the via diameter,

which should be as small as possible, and the wafer thickness, which should be as

thick as possible for better manufacturability. Typical values for via-first and via-

Fig. 12.11 Cu pillar bump

cross section
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middle are 10 mm diameter and 100 mm die thickness. The diameters will be further

reduced with increasing technology maturity. A very important parameter to moni-

tor is the parasitic resistance and capacitance value of the TSV, which is not only

linked to the aspect ratio, but also to the materials and the process used for the

implementation.

The via-last process variant remains advantageous for applications where the

diameter does not need to be below about 40 mm, because the process is robust and

cheaper to implement. Typical implementations of the via-last process are the

image sensors for camera modules shown in Fig. 12.14 used for small-form-factor

digital video and still camera sensor products, which have been in mass production

for several years.

12.3.3 Assembly

Depending on the application and multi-die-stacking requirements, the dies can be

assembled face-to-face or face-to-back as mentioned previously. For the 3D stack

assembly we also differentiate between the die-to-wafer and die-to-die attachment

techniques. Die-to-wafer attachment brings the advantage of more parallel

processing and the option of wafer testing of the stacked devices. The condition

to allow die-to-wafer stacking is to have a significantly smaller top die than the

bottom die. A more universal approach that is die size independent is the die-to-die

assembly process.

Multiple assembly methods for the Cu pillars, from solder to thermocompression

to ultrasonic bonding techniques, are available or under development. Most

common are conventional reflow techniques, which are being replaced by
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Fig. 12.13 Die-to-die assembly flow
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thermocompression and thermosonic methods, which allow finer pitches.

Figure 12.13 shows the assembly flow for a face-to-back, die-to-die scenario.

12.4 Design Automation

3D integration requires the development and use of new electronic design automa-

tion (EDA) tools. These tools need to be able to handle heterogeneous silicon

technologies and include models for the interconnect micro-bumps and the TSVs.

Exploration and planning tools are required to help to partition the top and

bottom die to optimize cost and performance and need to be capable of taking the

different performance, power, area, and cost properties of the involved silicon

process technologies into account. Electrical analysis tools are becoming more

important with increased integration, higher performance, and lower silicon process

voltages. Signal integrity simulation of multi-die systems for high speed interfaces

and power integrity analysis taking into account the complete RLC chain from PCB

to transistor, including the TSV and micro-bumps, are essential to guarantee the

required device performances. Improved thermal analysis tools and models are

necessary to ensure device reliability. A comprehensive thermal simulation for high

performance use cases will need to be performed at system level. This simulation

needs to include the thermal characteristics of the 3D multi-die interconnect and

the environment, specifically the package, PCB, and the case of the smartphone

application.

The 3D EDA tool chain is not in a very mature state yet since the R&D

investments of the EDA companies have been hesitant, based on the lack of 3D

industry adoption and hence the low return of investment on this type of tools. This

implies that for the first generations of 3D products there will still be some lack of

automation.

Fig. 12.14 Camera module
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Figure 12.15 shows the required elements and links for an integrated 3D design

framework and user interface.

12.5 Supply Chain Considerations

3D stacking is adding more integration process steps to the already complex process

of chip fabrication. This brings new challenges to meet the cost and time-to-market

requirements for these devices. During the manufacturing process the package

components will be processed by multiple companies in multiple locations. Before

the smartphone chipset manufacturer can delivery a final packed good to the phone

handset manufacturer, there will be process and test steps involving memory

suppliers for the stacked memory for Wide-IO products, the silicon foundry for

the SOC, the test site for the electrical wafer sort (EWS) process and outsourced

assembly and test (OSAT) companies for the wafer processing, assembly, and final

testing of the die stack involved. Figure 12.16 provides an overview of the process

steps and possible owners. New test, supply chain, and business models will need to

be worked out to cope with these new conditions.

12.5.1 Test and Failure Analysis

On top of the usual wafer test and final test steps of a system on chip, additional

steps are required for a 3D stack. First, each die will need to be tested separately

with a very high level of fault coverage to ensure a high yield of the separate
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devices and to avoid the very costly aggregated yield loss after die assembly. The

combined value of multiple dies in one package can become significant; a failure of

one single element will cause failure of the complete system and overall impact the

business if the individual yield targets are not reached.

There are also new technical challenges that arise for testing of 3D circuits.

Ultra-thin-wafer handling is required since the TSV process requires wafer thin-

ning, which is also called back grinding, of the wafer into the range of 50–100 mm.

Wafers in this thickness range become very unstable and the equipment needs to be

adapted to be capable of achieving still fast testing without damaging the wafers.

Wafer thinning can also impact electrical parameters of the silicon and thus also the

performance.

Silicon-wafer probing is done with test needles that are placed on probe pads

which are on conventional silicon dies usually shared with the bumping locations

for flip-chip designs or wire-bond pads for package attachment designs. These

probe pads are placed in a pitch of typically 80 mm, arranged in only a few rows.

High-density 3D designs will connect through more than 1,000 pads in very dense

arrays of less then 50 mm. This will require the development of new more advanced

test equipment to enable fine-pitch probing. An intermediate solution to that issue is

the placement of probe pads with increased pitch in separate locations, which has

the drawback that the bump connectivity will not be tested before assembly.

For failure analysis of customer-returned failed parts, it is important to trace

back to the wafer lot, wafer number, and die location on the wafer of the failing die

Fig. 12.16 Supply chain for Wide-IO stack
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in the 3D stack. For conventional designs this is done by writing the main properties

of a die into a one time programmable memory (OTP), which can be read out after

assembly in the case of issues. In the 3D stacked configuration, there needs to be

also a way to identify the properties of the stacked devices; additional trace and

debug methods need to be implemented (Fig. 12.17).

Another challenge is the integration of heterogeneous technologies into one

package. Traditionally multimedia and application processing, power management,

RF transceivers, and DRAM functions are placed on separate chips, which are

tested separately. With the 3D technology some of these functions will be stacked

into one package and need to be tested together to ensure proper functioning of the

assembled system. The test equipment and test approach requirements for these

different technologies are not the same, which causes additional test steps and thus

costs. Improved, more versatile test equipment that is capable of running analog,

digital, and memory test sequences will need to be used. Other improvement steps

are to embed additional built-in-self-test circuitry (BIST) into the sSOC, which

enables complex memory tests run from the CPU of the application processor

through its memory interface. To enable specific direct access tests for the memory

onWide-IO devices there are a number of reserved package pins, which are directly

connected to the memory through the TSV of the bottom SOC die, which can be

used by the memory supplier to perform some specific test sequences for production

testing as well as for failure analysis purposes.

Die-to-wafer assembly will bring an additional challenge to the wafer test since

the equipment will need to be capable of handling stacked wafers in case the chipset

maker would like to benefit from the possibility of an assembled wafer test prior to

the die singulation and packaging.

Fig. 12.17 3D test flow
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12.5.2 Business Model

In the case of mixed suppliers for the 3D stack, which is typical for the Wide-IO

systems, there is interest in new business models involving the memory suppliers,

chipset makers, and smartphone handset manufacturers involved in the design,

manufacturing, and testing of the chipset. Each company involved is interested in

optimizing its return on investment and in increasing the profit in its core business;

A memory supplier wants to sell memory; the chipset maker wants to sell the

system but does not want to buy and re-sell the memory because this represents a

big value that is not created inside its core business. Each process and assembly step

adds cost and value to the final good and each step includes risk of yield loss due to

lack of mature manufacturing processes or simply due to the complexity of the

processes. The preferred model of the memory suppliers and chipset manufacturers

requires the smartphone handset manufacturer to source all major components

similar to the conventional discrete chipsets as shown in Fig. 12.18.

In this model the handset maker accepts responsibility for the inventory man-

agement of all components. The chipset manufacturer, who is responsible for the

3D assembly, will draft the KGD DRAM memory wafers out of a consignment

cage, which can be managed either by the handset manufacturer or the memory

supplier, and assembles the final goods. The value chain has to be analyzed

carefully; the potential yield and resulting cost impact has to be quantified and

integrated into the KGD delivery contracts. The failure-analysis flow and liability

scenario in the case of customer returns of the finished goods has to be agreed by the

involved suppliers.

The KGD model was established for conventional 2.5D chip stacks. Known

good die means that each die on the wafer has been fully tested and failing devices

have been marked on the wafer.

The manufacturing, test, and assembly process steps are likely to take place in

several companies located in different continents and countries. For that reason, the

legal and tax framework has to be carefully studied to avoid issues with local tax

and custom regulations that could delay the assembly process significantly.

Fig. 12.18 Wide IO business

model
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12.6 Outlook

Smartphones and tablet computers are still new on the consumer market, and many

generations of multimedia handheld devices are to come with the integration of

ever more features and the development countless software applications. New 4 G

modem technologies will provide download speeds of 100 Mbit/s or higher and

enable streaming of high quality video. Social networking software will become

more and more sophisticated and location-based services will be made possible by

the GPS and gyroscope circuitry integrated in smartphones. Augmented reality is

one of the upcoming applications in which graphics are overlaid on live video.

Head-mounted displays and virtual retinal displays (VRDs), in which the display is

projected onto the retina, will enable a whole new application space as well as new

advertisement techniques. Sensor and MEMS (micro-electro-mechanical systems)

integration will open entirely new doors to mobile medical applications and inter-

facing of wireless applications with the human body. Nobody can predict where this

development will end.

Very likely, the heterogeneous technology, memory, and logic stacking

techniques described in this chapter will be combined with the integration of

MEMS on one single silicon interposer to achieve the maximum performances

of all integrated functions.

All these applications will require more CPU processing power on a very small

area, which increases the power density further. The performance budget of

these future devices will be defined by the ability to keep the junction and case

temperatures of these devices down to guarantee lifetime reliability and user

comfort. New cooling techniques will need to be developed, based on new packag-

ing and thermal interface materials such as PCMs (phase-change materials) and

new packaging and product case design concepts.

Functional, electrical, and physical interface standardization and sound business

models are the key prerequisites for the high level of R&D efficiency required to

enable the take-off and evolution of the 3D silicon technology. Countless software

applications with as yet unimaginable functions will be available as soon as the

technologymaturity allows these complex hardware designs to be built in high volumes.
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Chapter 13

Technology for the Next-Generation-Mobile

User Experience

Greg Delagi

Abstract The current mobile-handset market is a vital and growing one, being

driven by technology advances, including increased bandwidth and processing

performance, as well as reduced power consumption and improved screen

technologies. The 3G/4G handsets of today are multimedia internet devices with

increased screen size, HD video and gaming, interactive touch screens, HD camera

and camcorders, as well as incredible social, entertainment, and productivity

applications.

While mobile-technology advancements to date have made us more social in

many ways, new advancements over the next decade will bring us to the next level,

allowing mobile users to experience new types of “virtual” social interactions with

all the senses. The mobile handsets of the future will be smart autonomous-lifestyle

devices with a multitude of incorporated sensors, applications and display options,

all designed to make your life easier and more productive!

With future display media, including 3D imaging, virtual interaction and con-

ferencing will be possible, making every call feel like you are in the same room,

providing an experience far beyond today’s video conferencing technology. 3D

touch-screen with integrated image-projection technologies will work in conjunc-

tion with gesturing to bring a new era of intuitive mobile device applications,

interaction, and information sharing.

Looking to the future, there are many challenges to be faced in delivering a smart

mobile companion device that will meet the user demands. One demand will be for

the availability of new and compelling services, and features on the “mobile

companion”. These mobile companions will be more than just Internet devices,
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and will function as on-the-go workstations, allowing users to function as if they

were sitting in front of their computer in the office or at home.

The massive amounts of data that will be transmitted through, to and from these

mobile companions will require immense improvements in system performance,

including specialized circuits, highly parallel architectures, and new packaging

design. Another concern of the smart-mobile-companion user will be that their

device is able to deliver an always-on, always-aware environment in a way that is

completely seamless and transparent. These handsets will automatically determine

the best and most appropriate modem link from the multiple choices on the device,

including WiFi, LTE, 5G, and mmWave, based on which link will optimize

performance, battery life, and network charges to deliver the best possible user

experience. In the future, adaptive connectivity will require many different

solutions, including the standard modem technologies of today, as well as new

machine-machine interfaces and body-area-networks.

All of the new and exciting applications and features of these mobile-companion

devices are going to require additional energy due to added computational

requirements. However, a gap in energy efficiency is quickly developing between

the energy that can be delivered by today’s battery technologies, and the energy

needed to deliver all-day operation or 2-day always-on standby without a recharge.

New innovations ranging from low-voltage digital and analog circuits, non-volatile

memory, and adaptive power management, to energy harvesting, will be needed to

further improve the battery life of these mobile companion devices.

Increased bandwidth combined with decreased latency, higher power efficiency,

energy harvesting, massive multimedia processing, and new interconnect

technologies will all work together to revolutionize how we interact with our

smart-companion devices.

The implementation challenges in bringing these technologies to market may

seem daunting and numerous at first, but with the strong collaboration in research

and development from universities, government agencies, and corporations, the

smart-mobile-companion devices of the future will likely become reality within 5

years!

13.1 Introduction

The mobile-handset market continues to be a dynamic and growing one, enabled by

technology advances that include increased bandwidth, greater processing perfor-

mance, increased power efficiency, and improved display technologies to deliver

compelling user experiences. We envision a world in 5 years where mobile devices

will offer new high-performance services and features, support always-on/always-

aware connectivity, and deliver battery life that will provide days of active-use

experience. These “smart-mobile-companion” devices of the future will be intelli-

gent autonomous systems with a multitude of incorporated sensors and display

options, all designed to make our lives easier and more productive (Table 13.1).
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Ten years ago, when mobile communication was voice-centric, who could have

imagined we could squeeze text and multi-media-centric mini-computers into a

mobile handset of 100 cm3?

Innovation drives new technologies in mobile handsets and is necessary to meet

the challenges of bringing the smart-mobile-companion device of the future to

reality. These numerous challenges include high performance, adaptive connectiv-

ity, and power efficiency.

The next generation of multimedia features, augmented with vision analytics and

3D displays, will enable users to control and interact with their mobile devices in a

more natural way. Mobile companions will be more than cell phones with internet

and multimedia capabilities. They will function as “work-anywhere” mobile

platforms integrated with all of the needed desktop applications. The massive

amounts of data processed by these mobile companions will require a 1,000�
improvement in processing performance (power efficiency) from technology

advancements in device density, specialised circuits, highly parallel architectures,

and 3D integration.

The smart-mobile-companion device will deliver an always-on, always-

aware experience in a way that is completely seamless and transparent to the

user. These mobile companions will employ many different radio technologies on

the same device, includingWiFi, GPS, BT, 3G, 4G, and mmWave. The handset will

automatically determine the best and most appropriate modem link to meet the

bandwidth requirements, adapt to the current environment, and provide context-

sensitive information.

Adaptive connectivity provides not only information links worldwide through

standardised wireless links, but also information connectivity to the mobile

companion’s immediate environment (Fig. 13.1).

This may include information about the user’s own body through a body-area

network, or data about the surrounding establishments on the street, in the building

or within the room, including other equipment and sensors. In a sense, we will be

connected to a few 1000 objects surrounding each of us in our daily lives, in a world

Table 13.1 Features of the always-on, always-connected, always-aware mobile companion

• 3D display

• 3D imaging and gesture interface

• Integrated projection technology

• Object and face recognition

• Context awareness

• Noise cancellation

• Bio-sensing applications

• Adv. GPS location awareness

• “I see what you see” HD video-conferencing

• Adaptive connectivity

• Internet of Things

• The sixth Sense

• Brain–Machine Interface
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connected through an “Internet of Things” [1, 2]. To meet the challenge of

delivering adaptive connectivity, technology advancements such as delivering

seamless connectivity, providing new machine–machine interfaces, and collecting

data from body-area networks will be required.

The demand of new and exciting applications and features of these smart-

mobile-companion devices will quickly drain the power available with today’s battery

technology [3]. In order to deliver days of operation and standby [4] without recharge,

technology advancements must meet the challenge of providing more energy-

efficient circuits and systems. New innovations, ranging from low-voltage digital

and analog circuits, zero-leakage standby, to energy harvesting, will be needed to

further improve the battery life of these smart-mobile-companion devices.

Research and innovation will be needed to meet these three main challenges:

– High-performance processing,

– Adaptive connectivity,

– Power efficiency.

Fig. 13.1 Evolving features of mobile handsets
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This chapter examines the status of each challenge, and ascertains where we

need to be in the future, in order to deliver a compelling user experience within the

constraints of a smart-mobile-companion device.

13.2 The High-Performance Challenge

The smart-mobile-companion device of the future is not going to be the voice- and

text-centric device of the past, nor will it just be a multimedia and content-delivery

device of today. Instead, it will support exponentially-increasing computational

requirements for video, imaging, graphics, display controllers, and other media-

processing cores. Performance requirements for these functions will go beyond one

trillion (1012) floating-point operations per second (TeraFLOPS) or one trillion

operations per second (TeraOPS) in the next decade, as shown in Figs. 13.2 and

13.3, while power consumption for these functions must decrease.

As technology advances, a keyboard or even a touch-screen will no longer be

needed; you will use gesturing in the air to interface with your device. In the film

“Race to Witch Mountain” [5], 3D holographic user interfaces were shown as

control devices for a space-ship, allowing the children in the movie to fly the ship

without actually touching any part of it. In the future, we can look for mobile

devices to have similar 3D holographic controls, allowing the user to interact in 3D

space to manipulate data, play games, and communicate with others.

Yet another futuristic man–machine interface technology on the horizon is Honda’s

brain–machine interface (BMI) [6]. Using this technology, a computer is able to sense

what a person is thinking and translate that into action. In the future, userswill be able to

Fig. 13.2 Performance trends in GOPS or GFLOPS over time
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interact with their mobile companion without touch or even gesturing. Combined with

3D-holographic displays, your smart-mobile-companion device will be able to sit on a

table, and you will be able to control everything about it using your brain alone.

Today, theseman–machine interface concepts are moving from the silver screen to

the test labs. The future of the man–machine interface is rapidly evolving to the next

level with the help of technology advancements, and we expect that this interface will

become a standard means of communication between a user and the various

technologies, with which they interact. In particular, the BMIs discussed above

allow completely motion-free control of devices with direct brain-wave detection.

Voiceless communication is possiblewhen sensors convert neuro-patterns into speech

[7]. But, there are other aspects of the man–machine interface as well:

The combination of free-space human interface using gesturing and projection

output onto a surface will enable the “view-and-interact” aspect of the future smart-

mobile companion to become much larger than the physical dimensions of the

device, allowing the always-aware mobile device in new ways. Together, these

technologies better enable users to get data into and out of the smart-mobile-

companion device, making it the center of their communications.

The future system-on-a-chip (SoC) must perform a wide range of computing and

multimedia-processing tasks and provide a true multi-tasking environment,

leveraging the concurrent operation of all the tasks associated with simultaneous

applications. The best approach for tackling these diverse, concurrent tasks is to

provide a range of general-purpose processors as well as multiple specialized compu-

tational elements for those tasks, where general-purpose processors cannot achieve

sufficient performance. The multimedia and computation functions must be mapped

onto the most appropriate processor to achieve the best performance/power ratios.

Complex-use cases will use many of these processors in parallel with data

flowing appropriately between the cores. Inter-processor communications and

Fig. 13.3 Relative complexity of a video system (MPEG4 coder/decoder, 30 frames/s), QCIF

(320 � 240 pixels) ¼ 1
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protocols for efficiently distributing the processing among the available cores will

be needed. In some cases, dedicated hardware, to enable this computation “side-

loading”, will be beneficial for managing the real-time nature of the concurrent-use

cases, and for effectively abstracting the functions from the software operating

system running on the main processors. This functionality will be provided without

excessive frequency or excessive power being dissipated in any particular processor

or core. In addition, the future device must provide new features, capabilities and

services requiring significantly increased general-purpose computing power and

support for new peripherals, memory systems and data flow through the system.

With multiple input and output devices and 3D-holographic displays combined

with communication-intensive 3D graphics and imaging, as well as other

applications, the performance levels will continue to increase with future mobile-

device services and features.

The critical architectural choices and technology enablers will be

– Multi-core application processors,

– Specialised circuits providing parallel computations,

– 3D interconnects,

– Man–machine interfaces, and

– Managing energy and thermal limits.

13.2.1 Multi-core Application Processors

Increased general-purpose computing power will enable handsets to function

as our main computer at home or the office or as our main computer when we

are in a mobile scenario, achieving the “workstation-on-the-go” goal. Multi-

CPU processors will be required to provide the increased performance while simul-

taneously keeping the frequency at acceptable limits (Fig. 13.4). Today, mostmobile

handsets are based on two processors operating in parallel at 4 DMIPS/MHz.

Fig. 13.4 Performance in MHz and MIPS
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13.2.2 Specialized Circuits Providing Parallel Computations

For demanding multimedia and other dedicated functions, specialized circuit

architectures and algorithms must be developed to perform computation in parallel

so that the exponentially increasing computational demand can be met within

achievable frequencies and acceptable power limits (Fig. 13.2). Figure 13.3

illustrates the relative complexity of a video core as it adapted to meet increasing

demands [18]. In this particular case, the core solution evolved over multiple

generations of mobile processors from a software-programmable DSP-only solu-

tion to a DSP-plus-hardware-acceleration solution and from there to a dedicated

video core with many computations performed in parallel.

Recently, extreme parallelism and specialisation have been applied in a video test

chip to demonstrate a video codec decoding a 720p/30fps video stream while

consuming only 2 mW of power [8]. Video is used here as an example, but new

services and features will require specialized circuits for other functions beyond

video. These will challenge designers and researchers to create specialized circuits

optimized to deliver the highest performance at the lowest possible power consump-

tion, meeting the consumer’s demand for high-performance services and features.

13.2.3 Thermal Limits

The hub of all this information exchange, compression and de-compression of

information, and information intelligence on the smart mobile companion is the

application processor. This device will continue to evolve to a solution that will

have multiple domains for specific functions. This type of partitioning will support

high-data-rate processing demands.

Within this design, the heterogeneous processors and cores will need to work

concurrently while having their own memory bandwidth, creating a need for

massive, low-latency, high-data-rate RAM for intermediate data and runtime stor-

age. Today, data rates between the application processors and external SRAM and

Flash are in the tens of Gb/s range. With increased demands for higher data rates,

we will see a more than 10� increase in 5 years to hundreds of Gb/s (Fig. 13.5).

It is also clear that, in addition to the external memory interface, on-chip data

communication among the multiple processors will require one or more intercon-

nection fabrics that can handle Terabits/s. Specialized low-latency, asynchronous

buses and low-power interconnection fabrics will be needed to achieve this 10�
increase in data flow among the elements of heterogeneous systems.

A single-data-bit communication link between a processor and an external on-

boardmemory device at 1.5 V switches about 10 pF, resulting in 10mW/Gb/s for such

a link. Similarly, using a serializer/deserializer (Ser/Des) driving a differential signal

over a 90 Ohm differential wire, also consumes about 10 mW/Gb/s including all

transmit (Tx) and receive (Rx) overheads in today’s systems. State-of-the-art
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published research shows that 2–3 mW/Gb/s is achievable when a number of parallel

links are designed together to share PLLs and other efficient supplies [9]. Yet, the goal

is to have another 10� reduction beyond today’s state-of-art technology (Fig. 13.6).

Aswe look into the future, we can expect that data will move at speeds of a Terabit/

s. Thus, the power spent per bit transmitted becomes a major challenge. Today, in a

typical smartphone with a volume of 100 cm3, the maximum power consumption,

using no mechanical air flow, is limited to about 3–5 W. Beyond that, the surface

temperature becomes uncomfortable for the device to be held in a hand or carried in a

pocket. With this power limit, the three key power-consumption areas are split

between the processor, the display, and full-power cellular and other wireless trans-

mission circuits. So each of these areas consumes anywhere from a fraction of 1W to a

maximum of 2 W, depending on the use case. Specifically, for the processor, the data

transmission between different SoCs, memory, transceiver chips, and off-phone data

communications, consume 10–20% of the processor power budget. The above

calculations focus on peak-power budget, which is mainly due to temperature

limitations inside the smart-mobile-companion device. Reduction in power can be

achieved using circuit techniques, low-overhead efficient PLLs, and tuned processes.

Associated with the data communication on a mobile device is the complexity of

EMI (electromagnetic interference) radiation in the RF bands being used for

multiple wireless links. Use of optical connections for on-mobile communications

is another axis, where optics versus Cu can be used to reduce EMI side effects.

Supporting optical interfaces is another challenge to be met in delivering lower

power well below 1 mW/Gb/s.

Fig. 13.5 Multiple connections to the application processor and associated data rates
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13.2.4 3D Interconnect

Achieving the right level of performance is not just a circuit challenge, but also a

process and package challenge, amounting to a link-impedance increase and/or

voltage-swing reduction by 10� or more. Bringing external memories closer to the

processor will reduce the capacitance that needs to be driven, reduce noise levels, and

enable lower voltage swings. One way to achieve this is by using through-Si-vias

(TSVs) and die stacking for very wide data transmission between dies. Figure 13.7

illustrates the evolution of memory connectivity from wire-bonded stacked dies to

POP (package-on-package), to TSV stacking. The challenge will be to move 3D

interconnect from research into high-volume production. Chapter 12 provides further

guidance on 3D integration.

13.3 The Adaptive-Connectivity Challenge

Besides the high-performance communication needs, the smart mobile companion

of the future will be always-on and always-connected (Fig. 13.1). And, most

importantly, it will not only understand the user and the environment, but it will

also provide context intelligence, giving the right access to the right database at the

Fig. 13.6 Evolution of the communication power efficiency in mW/Gb/s. References [7] and [8]

in the figure refer to [9] and [19] in the text, respectively
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right time. To achieve this adaptive connectivity goal, there will be at least a 10�
increase in the next decade in the number of bits crossing various boundaries. Such

an increase in data flow poses a great challenge in terms of technologies used for

such data transmission, be it wireless, wired or optical.

Figure 13.5 shows the multiple data links that can be connected to the core

applications processor of the mobile companion. These links include cellular

wireless, home/office LAN wireless, point-point wireless, and Bluetooth, among

others. From the mobile companion to the cellular network, data rates will be

increasing from today’s few Mb/s to hundreds of Mb/s using LTE and other future

cellular-modem technologies. For comparison, within the confines of the office or

house, data rates using wireless local-area networks will increase from the tens of

Mb/s to Gb/s using mm-wave links.

13.3.1 Seamless Connectivity

As technology enables mobile devices to provide increased computational capa-

bility and connectivity to the Internet, advanced-application developers will have

Fig. 13.7 Evolution of memory connectivity. Future 3D ICs will be a mix between different

memory processes, high-performance processors, low-leakage processors, and specialty interface

ICs (maybe optical) for a most optimal stack
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substantial MIPS and bandwidth at their disposal. However, for advanced func-

tionality, more than just increased performance is needed. Internet connections

will be enabled by a multitude of possible modem technologies on the mobile

device. The device will determine the most appropriate modem link to optimize

performance, battery life, network charges, and so on. This could switch between

3G, 4G, WiFi, mm-wave, and so on, at any time without the knowledge of the

handset user, making it completely seamless and autonomous. The mobile com-

panion will make connection decisions on its own based on the user’s preferences

and the mobile’s awareness of the context and the environment.

To enable seamless connectivity, where the mobile companion has context

awareness of the user’s behavior as well as environment awareness of where the

mobile is physically, will require multi-processing as well as low-power technology

to enable constant monitoring without draining the battery.

13.3.2 Machine–Machine Interface

For the smart-mobile-companion device to better serve its owner, it should know its

location, in what situation the owner is, and which services and features should be

provided automatically. Advances in the machine–machine interface, such as

vision analytics, can be a solution in the future. Using the phone’s cameras and

sensors, the mobile companion would automatically recognize where the user is.

The always-aware environment has already begun to be shown in film and in

research. For example, the sixth sense [10] was demonstrated in the film “The

Minority Report” [11] when Tom Cruise’s character was walking through a mall

and billboards, placed on the wall, recognized who he was and tailored each

advertisement specifically for him. In the future, this sixth-sense-like technology

will be used to make your mobile companion always aware of where you are, what

you are doing, and with whom you are interacting.

This sixth-sense system was demonstrated with real technology in March 2009

[10] with a wearable version. The demonstration showed how your handset will be

able to recognize people and give you information about them, as well as providing

you with a constant stream of data about things around you. While it may seem like

we will be in information overload, these mobile companions will be “smart”

devices that will learn about you, your likes and dislikes, so that all information

that comes to your attention will be relevant and needed.

To achieve these advanced machine-machine interfaces, research is needed on

different low-power sensors to measure and to communicate various body

measurements, such as the brain electrical activity using electroencephalography

(EEG) or a person’s head or eye direction. All of these sensor/camera/3D-imaging

devices can produce multiple data streams that can be interpreted into control

information.
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13.3.3 Body-Area Networks (BAN)

The future smart-mobile-companion device could be used with body-area networks

(BAN) to interact with multiple biological sensors scattered over or within the

body. Depending on the device’s application, this biometric data may be used to

make appropriate and necessary suggestions to improve quality of life. The smart-

mobile-companion device can serve as the link between the biological sensors and

a wide-area network to automatically transmit health data to doctors or emergency

services. The enabling technology needed to deliver BAN will be ultra-low-power

sensors, ultra-low-power, low-bandwidth communication protocols and circuits,

and extreme system-security protocols.

13.4 The Power-Efficiency Challenge

As the amount and complexity of applications and features on the mobile compan-

ion increase in the future, the drain on the battery will be immense without the

“right” technology advances.

Over the past 35 years, technology scaling has halved the transistor area per

semiconductor-lithography node allowing the SoC designer to integrate more

features without increasing chip costs. With technology scaling, SoC designers

have also enjoyed the benefits of reducing the supply voltages and increasing drive

currents leading to reduced power and higher performance, respectively. In turn,

this has enhanced the user experience over time, with longer talk and standby times.

However, technology scaling comes with increasing process variations and

leakage currents. With smaller transistors, random doping fluctuations within the

channel affect transistor performance more and result in larger variations of tran-

sistor threshold voltage (Sect. 3.2) within the die as well as from die to die.

Traditionally, in older process nodes, the on-chip variation is accounted for with

either voltage or frequency margins, but in deep-submicron, the margins required

are becoming so large that they impact the ability to advance performance or lower

power. Additionally, with each process node comes an alarming relative increase in

leakage (¼ sub-threshold ¼ barrier-control) currents (Sect. 3.2, Fig. 3.14).

Technology-scaling benefits, coupled with architectural innovations in processor

design, result in the active-power dissipation per Mio. Instructions/s (MIPS)

continuing to decrease from mW/MIPS to mW/MIPS, that means by three orders

of magnitude, in 20 years, as shown in Fig. 13.8 for programmable digital signal

processors (DSPs).

During the period from 2000 to 2016, while the Li-battery technology is

increasing its energy density (Wh/cm3) by more than 40%, driven by package

and process optimisation, the conventional Li-ion technology will likely saturate

its energy density [4]. To reach the next level of energy-density gain will require

a shift to new chemistries, either with new materials or new technologies or both.
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Even then, the net effect is a major energy gap (Fig. 13.9) for portable equipment.

This gap is the result of the linear improvement of the Li-battery technology and the

exponential growth of energy consumed in new consumer-use cases.

Formobile devices in the next 5–10 years, the goalwill be to deliver at least aweek of

operation from a single charge with battery efficiency increasing to deliver a capacity of

about 1–1.5 Wh. This will also require a more than 10� reduction in display power,

allowing the viewing of an HD movie. The new always-on, always-connected use

model will pose new challenges for standby operation. The energy consumed in

a conventional, voice-centric mobile phone is <0.75 Wh over 2 days. But for

a multimedia-centric device, it can consume 3.75Wh of energy in the same duration

for just standby operation, an increase of 5� [3]. This is primarily due to the

exponentially increased leakage current as well as the complexity in logic gates

Fig. 13.8 Power efficiency in mW/MIPS (nJ/instruction) for different processor architectures

Fig. 13.9 The energy gap between a 10 cm3 Li battery and the new mobile-companion energy
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and on-chip memory for all the processing engines mentioned earlier. The smart-

mobile-companion device must also maintain the benchmark battery life in a

conventional, voice-centric talk-time and voice standby time (Fig. 13.10). With

the continued improvement in the quality of video and audio technologies, playback

time continues to increase, setting a new battery-life benchmark.

13.4.1 Adaptive Power Management

Among many innovations in the industry, SmartReflexTM power-and performance-

management technologies have been developed and have been in high-volume

production since the introduction of the 90nm OMAP2420 processor [12].

SmartReflex technologies include a broad range of intelligent and effective hard-

ware and software techniques that dynamically control voltage, frequency and

power, based on device activity, modes of operation, and temperature. SmartReflex

starts with co-optimisation between process and circuit technologies to reduce

memory-bit leakage by at least one order of magnitude. In the 65nm OMAP3430

multimedia-application processor [13], three major voltage domains are used, each

with associated 16 power domains. Together, these enable a critical trade-off of

frequency scaling as applications demand and power optimisation with fine-grain

voltage- and power-domain management. The net power reduction achieved at the

SoC level with autonomous software control is 1,200�. With power management

turned to the SoC OFF mode, the SoC consumes only a few mA. Of the 1,200�
power reduction,

– 4� comes from transistor-leakage optimisation,

– 300� comes from optimisation of circuits, SoC, and software.

Fig. 13.10 Evolution of mobile-device capacity in minutes or hours, respectively
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Details of the second generation of SmartReflex technology have been published

in [14] and [15], which focus on the active-mode power reduction. The RTA

memory achieves 4� active leakage reduction. When compared to the high-activity

work load with power management turned off, the sleep mode dissipates <0.1% of

the energy, achieving three orders-of-magnitude of energy reduction. Both

generations of the SmartReflex technologies increase the energy efficiency by

three orders of magnitude in both standby and active operations. Moving forward,

in order to close the energy gap (Fig. 13.9), another three orders of energy
efficiency boost will be required within the next decade.

A power reduction of 10� can be achieved through transitions to new process

technology including Hi-k metal gate. Another 100� will have to come from

additional research and innovations, including

– Ultra-low-voltage and -power circuits, logic, SRAM

– Non-volatile memory,

– High-efficiency DC–DC and A/D converters, and

– Parallel architectures.

13.4.2 Ultra-Low-Voltage Circuits

For the user-centric mobile companion of the future, we need to develop ultra-low-

voltage circuits in order to achieve orders-of-magnitude reduction in the power of

the key components. Operating at low voltage (VDD < 0.5 V) impacts both the

dynamic power and the leakage (DC) power. A hypothetical chip might include

low-voltage SRAM, NV(non-volatile)RAM (Chap. 11), ultra-low-voltage, ultra-

low power ADCs (analog–digital converters, Chap. 4), and distributed high-

efficiency DC–DC converters for each voltage domain on the chip. Properly

designed CMOS logic continues to operate, even when VDD is below threshold

(Sect. 3.3). However, the logic speed is very slow. VDD ¼ 0.5 V is a good compro-

mise between speed and ultra-low power. For 6T SRAM, operation at 0.5 V is also

possible (Sect. 11.1). For lower-voltage operation, 8T is an option.

On every interface to the world, there is a sensor or an antenna followed by

a signal path ending with either an ADC or a DAC (digital–analog converter).

Converters are fundamental blocks. Their resolution and power efficiency

determines the power and cost efficiency of that new sensor or wireless solution.

Fortunately, research is showing that, with the “right” converter architecture and

process advancements, ADCs are on a path for energy efficiency. As wireless

bandwidths extend to support increasing bit rates and more complex modulation

schemes, the power per conversion-step, an ADC figure-of-merit (FOM), must

continue on the reduction path to maintain a constant power per signal path, even

though the bandwidths and rates are increasing. The path shown in Fig. 13.11

indicates that, with the “right” choice of architecture, the FOM improves with

the process node, where today ADCs are well below 100 fJ per conversion step

(Chap. 4), while a 110db audio-quality DAC consumes <0.5 mW [16].
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In order to realise the savings in power that is enabled by 0.5 V operation,

a DC–DC converter is required to deliver ~10 mW of power with high efficiency.

LDOs, which are typically used for voltage conversion today, have poor efficiency

at low-output voltage. Switching regulators require an external inductor and can

have poor efficiency at low output power as well. Micropower management tech-

nology needs to be developed to deliver ~10 mA at an output voltage of ~0.5 V from

an input voltage of ~1.8 V with ~80% efficiency [17].

But low-voltage circuits by themselves are not enough to achieve the 100�
power reduction that is needed for mobile devices of the future. Hardware

accelerators can also be used to perform high-throughput computation at low

voltage (Sect. 3.6). For mobile monitoring of medical diagnostics such as ECG

(electro-cardiogram), we need hardware accelerators for FT (Fourier transforma-

tion), FIR filtering, and CORDIC functions. Together, these have the potential to

reduce power by 100�.

13.4.3 Zero-Leakage Standby

In many systems, SRAM-leakage power is a large fraction of the total power. For

many years, researchers have been searching for a practical non-volatile RAM

Fig. 13.11 Energy figure-of-merit (FOM) for analog–digital converters (ADCs) in pJ per conver-
sion step
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(NVRAM) that dissipates zero-standby power because it retains its state when the

power is turned off. Magnetic RAM, Ovonic or phase-change RAM, or ferroelec-

tric RAM (FeRAM) are all candidates for NVRAM. As of today, none of these

technologies has proven to be scalable to very high densities. However, for

many ultra-low-power applications, ultra-high density is not required. For ultra-

low-power RAM in the range of 1–100 Mb, FeRAM has great potential.

Today’s newest technology is wireless power or inductive charging, which

allows mobile devices to be charged without plugging them into a wall. New

technologies in the future will allow true wireless power under certain conditions.

When the phone is in standby or monitoring mode, the power demands will

decrease significantly, and future devices will not depend on the battery, but will

use energy harvesting techniques (Chap. 19) to power the device. At these very low

power levels, it is possible to “harvest” energy from the environment to provide

power to ULP (ultra-low-power) circuits. For example, with energy harvesting, no

battery is required to make life-critical medical monitoring possible. There are

several sources, from which useful electrical power can be extracted, including

mechanical vibration, heat-flow from a temperature differential, RF energy in the

environment, and light energy. Figure 13.12 shows the practical power levels

that are achievable from these sources.

Energy levels can be realised from the mW range using thermal or piezoelectric

sources to the centiwatt cW level with electromagnetic sources (Chap. 19). With

the combination of energy harvesting and ULP ICs, future mobile devices could

have a near-limitless standby mode.

Fig. 13.12 Energy-harvesting power levels achieved by 2010
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13.5 Conclusion

Users of future mobile-companion devices expect their devices to be always-on,

always-aware, to have extended battery-life, and to provide a highly adaptive

experience at very high performance levels of communication. This requires

broad innovation in technology. By using heterogeneous multi-processing, multi-

core processors, specialised circuits and parallel architectures along with 3D

interconnect and multi-chip partitioning, the high performance of these smart-

mobile-companion devices will be achievable while maintaining acceptable ther-

mal limits. An always-on, always-aware use case will require adaptive connectivity

that will be solved with machine-machine interfaces, seamless connectivity, and

body-area networks. While a 10� improvement in energy efficiency can be

provided by technology, another 100� improvement will have to come from

research and innovations in areas such as

– Ultra-low-voltage and –power circuits, logic, and SRAM (Chaps. 3 and 11),

– Non-volatile memory (Chap. 11),

– High-efficiency DC–DC and analog-digital converters (Chap. 4), and

– Parallel architectures.

New technologies, like TSV, optical interfaces, and efficient PLLs, will have to

be investigated to reduce the power level to well below 1 mW/Gb/s (Fig. 13.6), in

order to move around the massive amounts of data these new mobile companions

will require. The implementation challenges to bringing ultra-low-power and high-

throughput technologies to market may seem daunting and numerous at first,

but with the strong collaboration in research and development from universities,

government agencies, and corporations (Chap. 22), these smart-mobile-companion

devices will become reality within the next decade.
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Chapter 14

MEMS (Micro-Electro-Mechanical Systems)

for Automotive and Consumer Electronics

Jiri Marek and Udo-Martin Gómez

Abstract MEMS sensors gained over the last two decades an impressive width of

applications:

(a) ESP: A car is skidding and stabilizes itself without driver intervention

(b) Free-fall detection: A laptop falls to the floor and protects the hard drive by

parking the read/write drive head automatically before impact.

(c) Airbag: An airbag fires before the driver/occupant involved in an impending

automotive crash impacts the steering wheel, thereby significantly reducing

physical injury risk.

MEMS sensors are sensing the environmental conditions and are giving input to

electronic control systems. These crucial MEMS sensors are making system

reactions to human needs more intelligent, precise, and at much faster reaction

rates than humanly possible.

Important prerequisites for the success of sensors are their size, functionality,

power consumption, and costs. This technical progress in sensor development is

realized by micro-machining. The development of these processes was the break-

through to industrial mass-production for micro-electro-mechanical systems

(MEMS). Besides leading-edge micromechanical processes, innovative and robust

ASIC designs, thorough simulations of the electrical and mechanical behaviour, a

deep understanding of the interactions (mainly over temperature and lifetime) of the

package and the mechanical structures are needed. This was achieved over the last

20 years by intense and successful development activities combined with the

experience of volume production of billions of sensors.

This chapter gives an overview of current MEMS technology, its applications

and the market share. The MEMS processes are described, and the challenges of

MEMS, compared to standard IC fabrication, are discussed. The evolution of
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MEMS requirements is presented, and a short survey of MEMS applications is

shown. Concepts of newest inertial sensors for ESP-systems are given with an

emphasis on the design concepts of the sensing element and the evaluation circuit

for achieving excellent noise performance. The chapter concludes with an outlook

on arising new MEMS applications such as energy harvester and micro fuel cells.

14.1 Introduction

Silicon is arguably the best-studied material in the history of the world to date.

Millions of man years of research have created a material with superior quality and

excellent control of electronic properties – this know-how is the basis of the

electronics industry, which drives the innovation of today’s world.

Besides the excellent electronic properties, silicon provides us with mechanical

properties barely found elsewhere:

– Three times the density of steel

– Four times higher yield strength

– Three times lower thermal expansion

Silicon is brittle; plastic deformation does not occur in monocrystalline silicon.

As a result, high-magnitude physical shocks less than the yield strength can be

applied to mechanical structures fabricated in silicon with no observable changes in

material properties. Overstress will destroy micro-electro-mechanical (MEMS)

structures; the destruction can be detected by a self-test.

As a result, silicon is the material of choice for critical safety applications prone

to high physical shock magnitudes, such as MEMS accelerometers used for crash

detection and subsequent automotive airbag deployment.

The combination of silicon’s superior electronic and mechanical properties

enabled the creation of completely new devices: micro-electro-mechanical systems,

or MEMS for short. Examples of MEMS devices (Fig. 14.1) include inkjet nozzles,

arrays of millions of gimballed micro-mirrors used for “digital light processing”

(DLP) projection systems, and the suspended spring-mass with comb-like capaci-

tive finger structures used to create an accelerometer. These seismic mass structures

are capable of measuring the rapid acceleration change experienced during an

automotive crash or by a laptop computer during a 1 g free-fall event.

Fig. 14.1 Acceleration sensor for airbag systems
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Initial MEMS micro-machining work was demonstrated in 1967 with singly

clamped metal cantilever beams serving as both an electrostatically excited beam

resonator and the gate electrode of an underlying silicon field-effect transistor [1].

Subsequently, the mechanical properties of silicon were intensely studied during

the 1970s, and researchers started to realize mechanical devices directly in silicon

[2, 3]. Figure 14.2 shows a short overview of MEMS history.

14.2 Today’s MEMS Market and Applications

The growth of the MEMS market and the market segmentation is shown in

Fig. 14.3. Today’s market size is around $6 billion with three main segments:
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Fig. 14.2 History of MEMS
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– Displays; dominated by TI’s DLP chip (Fig. 14.4)

– Ink jet nozzles

– Sensors (Fig. 14.1)

After the crisis in 2008/2009, the MEMS market is recovering very rapidly.

The driving force for sensors is the measurement of mechanical quantities for

(a) acceleration, (b) yaw rate/angular rate, (c) pressure, and (d) air flow.

The first wave of MEMS commercialization came in the 1980s and 1990s with

sensor applications in automotive electronic systems and with inkjet printers.

Around 2000, DLP chips joined in. Starting in 2005, the next wave arose with

new volume applications in the consumer-electronics market such as acceleration

sensors or microphones in mobile phones, laptops and game controllers.

According to iSuppli, the market segment of mobile and consumer electronics is

growing with a CAGR (compound annual growth rate) of 16.5% and will be the

largest one by 2013, accounting for 30% of the total MEMS market [4]. Main

applications are orientation/motion-sensitive user interfaces in mobile phones (e.g.
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Fig. 14.4 Detail of a digital light processing (DLP) chip (#Texas Instruments)
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in Apple’s iPhone or Samsung’s Omnia) or in gaming stations (e.g. in Nintendo’s

Wii), vibration compensation in digital still-cameras and MEMS microphones.

14.3 The Challenges of MEMS Devices

14.3.1 Bulk Micromachining

MEMS technology is based on processes of the semiconductor industry. However,

new processes have to be added to produce mechanical structures in silicon. At the

same time, mechanical properties of silicon and the whole system have to be taken

into account, which are normally neglected by the semiconductor industry.

The first MEMS devices used bulk micromachining. Using anisotropic wet-

etching cavities, membranes and bridges can be etched into silicon (Fig. 14.5).

There are many different etchants with different etch rates along the various crystal-

lographic orientations of silicon. KOH is most widely used in the industry due to the

high etch rate as well as high anisotropy between the (100) and (111) directions.

Owing to the wafer thickness the device miniaturization is limited in bulk

micromachining since the complete thickness of the wafer has to be etched through.

14.3.2 Surface Micromachining

In order to shrink the MEMS devices even further, surface micromachining was

developed in the 1990s. The mechanically active layer is deposited onto the silicon

wafer covered with a sacrificial layer. The material is structured with high mecha-

nical precision; the deep reactive-ion etching (DRIE) process developed by Bosch

(also called the “Bosch process”) is capable of etching trenches with highly perpen-

dicular walls at a high etch rate. The sacrificial layer is removed, and the mecha-

nical structure is released (Figs. 14.6 and 14.7). For high reliability, these structures

are protected from particles using a second silicon wafer bonded as a cap-wafer

or by depositing a thin-film encapsulation.

Recently, we have invented the APSM (advanced porous silicon membrane)

process to create monocrystalline membranes for pressure sensors in a fully CMOS-

Fig. 14.5 Cross section of pressure sensor with KOH etched membrane
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compatible process [5]. Monocrystalline silicon pressure sensor membranes have

been previously formed in most cases by anisotropic etching with an electrochemi-

cal etch-stop [6]. High-quality monocrystalline silicon membranes are produced

using the APSM process using the following process sequence: (a) anodic etching

of porous silicon in concentrated hydrofluoric (HF) acid, (b) sintering of porous

silicon at temperatures in excess of 400�C in a non-oxidizing environment [7],

and (c) subsequent epitaxial growth using the underlying rearranged porous silicon

as a single-crystal seed-layer.

14.3.3 Challenges of MEMS Production

MEMS requires the extension of the semiconductor technology into the world of

mechanical devices. Therefore several challenges arise:

Fig. 14.6 Gyroscope fabricated with surface micromachining

Fig. 14.7 Details of the gyroscope structure
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(a) Special MEMS-processes: For the fabrication of MEMS additional dedicated

equipment is needed. Examples are tools for vapor etching with HF or ClF3 or

for DRIE.

(b) Contamination: Some MEMS processes constitute contamination risks to stan-

dard ICs, e.g. potassium originating from KOH can lead to severe drifts in

analog circuits. A stringent separation of standard CMOS production and

MEMS-specific production is therefore inevitable.

(c) Electromechanical system simulation: The MEMS devices need a completely

new design environment in order to simulate the mechanical structures in

silicon. Silicon has a low thermal expansion coefficient compared to the

materials used for assembly such as die-attach glue, mold plastics and die

pads. The simulation has to identify the influence of mechanical strain of

the package onto the MEMS device and optimize the device performance.

(d) Testing for mechanical parameters: A MEMS device has to be tested for its

mechanical performance: New test methods for pressure, acceleration or yaw

rate have to be developed for high volume manufacturing.

(e) Media protection: The devices must get in contact with various, partly aggres-

sive media in order to measure properties like pressure or mass flow. Despite

this exposure they have to work properly for years at high accuracy with failure

rates below the ppm range.

14.4 The Development of MEMS

Similar to the semiconductor industry, MEMS technology makes possible a

continuous shrinking of the devices. This development is demonstrated using

accelerometers for airbag application: Acceleration sensors decreased in size dur-

ing the last two decades by a factor of 5, enabling us to produce devices of smaller

and smaller package size; see Fig. 14.8.

Fig. 14.8 Evolution of accelerometer package size over time
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The evaluation circuitry evolved from bipolar to CMOS; nowadays more and

more digital signal processing is applied. The typical sensor ASIC contains only an

analog front end; the remaining signal evaluation is performed on digital level.

Figure 14.9 shows the evolution of the evaluation ASICs for an ESP inertial sensor

(yaw rate plus acceleration): the number of transistors in the analog part stayed

nearly constant at 10,000–15,000 but the number of transistors in the digital part

increased from 0 to ~1 million over a period of 10 years.

In the next two sections, we will describe two typical MEMS devices used

currently in automobiles at high equipment rates: yaw rate and pressure sensors.

14.5 Sensor Cluster (Yaw Rate and Acceleration)

for Electronic Stability Program

The vehicle dynamics control (VDC) system or Electronic Stability Program (ESP)

is one of the most effective active safety systems in the automotive domain,

assisting the driver to keep the vehicle on the intended path, thereby helping to

prevent accidents. A current description can be found in [8]. Since its introduction

in 1995, it has displayed a steadily growing installation rate in new vehicle

platforms, especially in Europe. Numerous studies show that this technology

drastically reduces the number of fatalities. In the USA, for example, a comprehen-

sive installation rate of ESP systems – as has been made mandatory by NHTSA

(National Highway Traffic Safety Administration) from 2012 on – could save up to

10,000 human lives and avoid up to 250,000 injuries every single year [9].

The first ESP systems used a macro-mechanical yaw rate sensor, which was

based on a piezoelectrically actuated, vibrating brass cylinder with piezoelectric
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material as a sensing element of the Coriolis force [10], for detection of the car’s

rotation along its vertical axis (Fig. 14.10). In addition, a mechanical single-axis

low-g accelerometer was applied to detect the vehicle’s dynamic state and for

plausibilisation of the yaw rate signal.

In 1998, as ESP systems were starting to gain a broader market share, Bosch

introduced its first silicon micromachined yaw rate sensor [11]. The sensing

elements were manufactured using a mixed bulk and surface micromachining

technology and were packaged in a metal can housing (Fig. 14.11).

Growing demand for new additional functions of ESP and of future vehicle

dynamics systems – such as Hill Hold Control (HHC), Roll Over Mitigation

(ROM), Electronic Active Steering and others – required the development of

improved inertial sensors with higher precision at lower manufacturing costs.

These goals have been achieved by the third-generation ESP sensors [12], a digital

inertial sensor platform based on cost-effective surface micromachining technology

(Fig. 14.12). Electromagnetic drive of the first generation has been replaced by

a simplified electrostatic actuation and sensing elements have been packaged in

Fig. 14.10 First mechanical ESP yaw rate sensor

acceleration sensor

yaw rate sensor

Fig. 14.11 First micromechanical ESP yaw and acceleration sensor
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a premolded, plastic package (Fig. 14.13). However, at that time the size of the

readout circuit prevented the combination of angular rate and acceleration sensors

in a small-size package.

Recent development at Bosch resulted in the first integrated inertial sensor

modules, combining different sensors (angular rate and low-g acceleration sensors)
and various sensing axes (x, y, and z) into one single standard mould package at

small size and footprint. In detail, the sensor consists of a combination of two

surface micromachined MEMS sensing chips – one for angular rate, one for two-

axis acceleration – stacked onto an application-specific readout circuit (ASIC) in

a SOIC16w package (Fig. 14.14).

14.5.1 Angular Rate Sensing Element

The angular rate sensing element is an electrostatically driven and sensed vibratory

gyroscope, which is manufactured in pure silicon surface micromachining, using

a slightly modified Bosch foundry process [13], with an 11-mm thick polysilicon

functional layer to form the movable parts of the micromachined structure

(Fig. 14.6).

μ-Controller

Angular rate sensor
Accelerometer

Fig. 14.12 The ESP sensor cluster MM3

ASIC

sensing element

Fig. 14.13 Yaw-rate sensor for sensor cluster MM3
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The operating principle of the sensing element is depicted in Fig. 14.15. It

consists of two almost identical masses, connected by a coupling spring to ensure

common mode vibration shapes of the whole structure. Each part has a “drive”

frame on the outer circumference, followed by a “Coriolis” frame und ending at

a “detection” frame on the innermost position. All frames of each part are con-

nected via U-shaped springs, and the outer and innermost frames are also anchored

via U-shaped springs onto the substrate.

The drive frames are excited to a resonant vibration at approximately 15 kHz

by electrostatic comb drives anti-parallel along the x-axis. This drive motion is

Fig. 14.15 Operating principle of a yaw rate sensing element

Fig. 14.14 SMI540: The world’s first combined ESP inertial sensor (yaw rate and acceleration

sensor) in a mold package
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translated to the Coriolis frames by appropriately attached U-shaped springs,

whereas the detection frames are hardly affected by the drive motion, leading to

a decoupling of drive and detection motion at the detection frames. When an

external angular rate is applied around the z-axis, the Coriolis frames are driven

into a vibrating motion by the occurring Coriolis forces. This motion is translated to

the detection frames via U-shaped springs and picked up using parallel-plate

capacitor structures by their change in capacitance.

A scanning electron microscopy (SEM) image of the sensing element is shown

in Fig. 14.6. The application of U-shaped springs results in low mechanical

nonlinearities. The particular design with the feature of decoupled detection struc-

tures reduces mechanical and electrical crosstalk emerging from drive motion.

Mechanical crosstalk is additionally reduced by tightly controlled lithography and

trench etching, which are the critical MEMS manufacturing processes. Differential

signal evaluation and the high operating frequency of approximately 15 kHz lead

to sufficient insensitivity to external mechanical perturbation (vibration, shock)

usually present in automotive environments. High Q-factors of drive and detection

modes, due to the enclosed vacuum, lead to high bias stability.

14.5.2 Signal Evaluation Circuit

A block diagram of the signal evaluation circuit is shown in Fig. 14.16. It

consists of drive-control loop, detection loop, synchronous demodulator, signal

conditioning and self-test circuits. Except for the front ends, all of the signal

processing is performed digitally. The drive-control loop maintains a stable oscil-

lation of the sensing element by means of a phase-locked loop (PLL) to establish

Fig. 14.16 Block diagram of evaluation circuit of yaw-rate sensor
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the phase condition and an automatic gain control (AGC) to achieve constant

magnitude.

Measurement of the Coriolis acceleration is carried out by electromechanical

DS-modulators including force-balanced feedback loops. The analog front ends are

differential capacitance-to-voltage and flash A/D-converters. Early transition to the

digital domain provides for excellent offset stability. The micromachined sensing

element itself is part of the DS-modulators, giving a huge improvement to signal-

to-noise ratio (SNR) by applying noise-shaping techniques. Post-packaging

trimming of the angular-rate sensors is enabled by on-chip PROM and temperature

measurement. Angular-rate output is provided by a digital serial peripheral inter-

face (SPI).

Due to the demand of advanced vehicle-control-system safety and availability of

sensor signals, extensive internal safety and monitoring techniques have been

implemented in the sensor-system design. They consist of self-test and monitoring

internal features during start-up as well as operation; their status is presented at

the SPI interface. In addition, several internal parameters, such as temperature,

quadrature and current-control-loop quantities, are also output at the interface, thus

enabling the integration of safety and monitoring concepts into higher-level safety

and monitoring systems. In addition, the availability of the sensor’s internal signals

enables additional high-precision trimming.

14.5.3 Experimental Results: Sensor Performance

The sensor modules are designed to operate under usual automotive conditions.

This involves a temperature range from�40�C toþ120�C and external mechanical

and electrical perturbations (vibration and EMI).

The most important properties of inertial sensors and in particular of angular-rate

sensors are

– Noise-power spectral density, determining SNR and the limits of resolution,

– Offset drift of the sensor over operating temperature range and lifetime,

– Sensitivity of the sensor system to external mechanical perturbations (e.g.

vibrations).

Some typical measurements concerning these properties are discussed in the

following.

14.5.3.1 Noise Performance

The output-noise characteristic is shown in Fig. 14.17, measured on a typical

production sample. The inset displays the original time-domain data during

a measurement interval of 10 s at a sample rate of 1 kHz. Note that the noise

peaks are within approximately �0.1�/s. The main plot depicts the corresponding
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noise-power spectral density. The characteristics of the sensor’s output low-pass filter

can easily be identified. The angular-rate signal bandwidth is from DC to approxi-

mately 60 Hz. Within this bandwidth, the output-noise density is typically about

0.004 (�/s)/√(Hz). At higher frequencies, the noise is attenuated by the output filter.
In order to determine the contribution of the particular noise sources, the design

of the ASIC and the sensing element, including parasitic effects and different noise

sources, is implemented in a simulation model according to Fig. 14.18. Using this

model, good agreement between experimental and simulated output noise could be

obtained, and the contributions of the different noise sources to the output noise

were evaluated as shown in Fig. 14.19.

acor
Rate

HBS
C/V-

Converter
Digital
Filter

DAC

SOP , SkTC , SADC SQADSm , SDAC Φn,PLL

Coriolis
Sensing
Element

Evaluation Circuit
Coriolis Detection Loop

Output
Filter

AdjustmentADC

Fig. 14.18 Noise simulation model

Fig. 14.17 Output-noise characteristic of yaw-rate sensor
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The simulation reveals three main noise sources:

SOP voltage noise of the C/V converter,

Sm thermal noise of the measuring element,

SADC quantization noise of the AD converter.

14.5.3.2 Offset Drift

Beside low noise and large signal bandwidth, high offset stability (over temperature

and time) is a prerequisite for the application of angular-rate sensors in advanced

vehicle-stabilization systems. Therefore, excellent offset stability is another key

feature of the sensor. A usual measure for the offset (in)stability over time is the root

Allan variance [14], which has been calculated from the measured rate-offset data

(Fig. 14.20, sample time 10 ms, measurement time 6 � 104 s, room temperature).

The slope at short cluster times corresponds to angle random walk (white noise).

The resolution noise floor is reached after ~600 s integration time with bias

instability of ~1.35�/h. Typical values are outstanding: <3�/h @ ~200–600 s. The

increase at larger cluster times (>1,000 s) indicates rate random walk (1/f noise
contribution) or an exponentially correlated process with a time-constant much

larger than 1,000 s. Furthermore, the rate-offset deviation over the whole tempera-

ture range is typically �0.4�/s.
The resolution limit <3�/h corresponds to amplitude changes in the micro-

mechanical structure as small as ~4 fm (10–15 m, about the size of the atomic

nucleus) or <2 zF (10–21 F). These outstanding numbers can only be achieved

by carefully controlling tolerances during the fabrication processes of the

Symbol Quantity
Calculated relative contribution 

to the output noise

SOP Voltage noise of the C/V 
converter 

~35%

Sm Thermal noise of the 
measuring element

~20%

SADC Quantisation noise of the 
AD converter

~20%

SKTC KT/C noise of the C/V 
converter

~10%

SQAD Quantisation noise of the 
DAC converter

~10%

SDAC Noise of feedback force 
due to time-jitter and 
amplitude variations 

<1%

Φn, PLL Phase noise of the PLL < 1%

Fig. 14.19 Contribution of different noise sources
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micromechanical sensing element and by validating the capability and maturity of

the applied design concept.

The excellent noise and offset performance of these angular-rate sensors makes

them ideal choices, even for the highest demands of current and future VDC

systems.

14.6 Pressure Sensors Based on APSM Technology

New pressure sensor generations are based on a novel surface-micromachining

technology. Using porous silicon, the membrane fabrication can be monolithically

integrated with high synergy in an analog/digital semiconductor process suited

for high-volume production in an IC fab. Only two mask layers and one electro-

chemical etching step are added at the beginning of a standard IC process to

transform the epitaxial silicon layer used for IC circuits into a monocrystalline

membrane with a vacuum cavity underneath (Fig. 14.21).

14.6.1 Fabrication

The epitaxial layer is deposited on a porous silicon layer (Fig. 14.22). The cavity is

formed by subsequent thermal rearrangement of this porous silicon during the

epitaxial growth process and the following high-temperature-diffusion processes

[5]. The hydrogen enclosed inside the cavity during the epitaxial deposition diffuses

Fig. 14.20 Root Allan variance of yaw rate sensor
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out, but no other gases can diffuse in. This leads to a good reference vacuum inside

the cavity (Fig. 14.23). The square membrane is deflected by 0.7 mm/bar. It is

mechanically robust against overload because of the “floor stopper” when it touches

the bottom of the cavity (Fig. 14.24).

A 1 bar sensor is overload-proof to more than 60 bar. The signal is sensed by a

piezoresistive Wheatstone bridge, which is a measurement principle with better

linearity than capacitive sensors. The piezoresistors are fabricated using the same

diffusion layers as the electronic circuit to achieve good matching properties. The

bridge signal of 55 mV/bar is amplified by the surrounding electronics. The mixed-

signal semiconductor process is suited for the automotive temperature range of

�40�C to +140�C. The circuit is designed to be electrostatic discharge (ESD)-proof
and for electromagnetic compatibility (EMC).

Fig. 14.21 Membrane fabrication technology: Top: Conventional bulk micromachining with

KOH etching and glass bonding to fabricate a membrane over a reference vacuum. Bottom: Porous
silicon technology: a monocrystalline membrane is formed by epitaxial-layer growth. The porous

silicon is converted into a vacuum cavity by sintering in H2 atmosphere

Fig. 14.22 Schematic fabrication steps: (a) substrate after anodic etching, (b) during sintering in

hydrogen atmosphere, and (c) after epitaxial growth
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14.7 Results

The sensor is digitally calibrated in four parameters: offset, sensitivity, temperature

coefficient of offset, and temperature coefficient of sensitivity. The calibration is

done in the packaged state to compensate for packaging stress (Fig. 14.25). The

digital calibration does not need openings in the chip-passivation layer (in contrast

to laser trimming), which makes it compatible with operation in a harsh environ-

ment. Results based on first engineering samples show that the sensor meets a total

accuracy of �1.0% over the pressure range of 200–1,200 hPa and from 0�C to

membrane

vacuum cavity

substrate

Fig. 14.23 Pressure-sensor membrane with vacuum cavity under it and implanted piezoresistors

on top

Fig. 14.24 Sensor membrane with piezo resistors. The differential interference contrast of the

optical microscope makes the bending visible
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Fig. 14.25 Sensor chip wire-bonded in a premold package
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Fig. 14.26 Measured output voltage versus pressure (top) and absolute error from �40�C to

140�C (bottom). The dashed line shows the 1.0% error band from 10�C to 90�C
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110�C (Fig. 14.26). In the selected window for altimeter applications, the linearity

is significantly better.

14.8 Conclusion

The sensor chip is thin compared to KOH-etched pressure sensors because no

anodic bonding on the glass substrate is required. The piezoresistive pressure sensor

reported here looks like a standard IC chip. The easy packaging makes it suitable

for new consumer applications and tire pressure measurement systems, besides

the known automotive applications manifold-air-pressure and barometric-pressure

sensors.

14.9 The Future: MEMS Everywhere!

After automotive applications, MEMS is conquering currently the area of consumer

electronics. Acceleration sensors and MEMS microphones are contained in many

laptops, mobile phones and game controllers; gyros are following soon. In the near

future, we will see magnetic sensors for navigation, small projectors with MEMS

mirrors embedded in mobile phones or cameras (Fig. 14.27), or inertial units

containing acceleration sensors and gyros, including the associated algorithms.

Further on, MEMS energy harvesters, (Fig. 14.28) and micro-fuel cells for energy

storage, to provide wireless autonomous sensor nodes, will be launched. MEMS

sensors will enable applications never imagined before.

Fig. 14.27 Microprojector (#Microvision)
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Chapter 15

Vision Sensors and Cameras

Bernd Hoefflinger

Abstract Silicon charge-coupled-device (CCD) imagers have been and are a

specialty market ruled by a few companies for decades. Based on CMOS techno-

logies, active-pixel sensors (APS) began to appear in 1990 at the 1 mm technology

node. These pixels allow random access, global shutters, and they are compatible

with focal-plane imaging systems combining sensing and first-level image

processing. The progress towards smaller features and towards ultra-low leakage

currents has provided reduced dark currents and mm-size pixels. All chips offer

Mega-pixel resolution, and many have very high sensitivities equivalent to ASA

12.800. As a result, HDTV video cameras will become a commodity. Because

charge-integration sensors suffer from a limited dynamic range, significant

processing effort is spent on multiple exposure and piece-wise analog-digital con-

version to reach ranges >10,000:1. The fundamental alternative is log-converting

pixels with an eye-like response. This offers a range of almost a million to 1,

constant contrast sensitivity and constant colors, important features in professional,

technical and medical applications.

3D retino-morphic stacking of sensing and processing on top of each other is

being revisited with sub-100 nm CMOS circuits and with TSV technology. With

sensor outputs directly on top of neurons, neural focal-plane processing will regain
momentum, and new levels of intelligent vision will be achieved. The industry push

towards thinned wafers and TSV enables backside-illuminated and other pixels

with a 100% fill-factor. 3D vision, which relies on stereo or on time-of-flight, high-

speed circuitry, will also benefit from scaled-down CMOS technologies both

because of their size as well as their higher speed.
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15.1 Vision and Imaging Fundamentals

Visual information provided by images and video has advanced the most due to the

ever increasing performance of nanoelectronics. The first decade of the new century

offered a jump by three orders of magnitude in the product of pixels� frame-rate to

the mobile user of camera-phones or digital cameras: Resolution went from 100 k

pixels to 10 M pixels and the frame rate from 3 fps (frames/s) to 30 fps.

It is interesting to note that the pixel size on camera chips followed a roadmap

with the same slope as that of its associated technology node with a magnifier of

about 20� (Fig. 15.1). We will see what enabled this progress, which subtle trade-

offs in expected pixel performance have been accepted to realize this scaling

strategy, and what the future challenges and opportunities will be.

As Dr. Theuwissen states convincingly in [1], there are attractive scaling rules

associated with the pixel size (pixel edge) p:

1. Pixel area. ~ p2

2. Chip area ~ p2

3. Chip cost ~ p2

4. Read-out energy/pixel ~ p2

5. Lens volume ~ p3

6. Camera volume ~ p3

7. Camera weight ~ p3

8. Sensitivity ~p�2

9. Dynamic range (bright–dark) ~p�2

As is typical for a chip-dominated electronic product, these economic factors

have led to more pixels/camera, increasing market opportunities to the incredible

volume of almost one billion camera-phones sold in 2010. However, there have

been subtle physical penalties regarding sensitivity and dynamic range.

The weaker performance of recent phone-cameras and compact cameras in

darker scenes can be noticed by more frequent activation of flash and/or double

exposure to compensate motion blur. Is this indicative of an inflection point in the

Fig. 15.1 The pixel size of

CMOS image-sensor chips,

their associated technology

node, and the minimum half-

pitch according to the ITRS

[1] (# 2010 IEEE)
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scaling of digital imagers? We study some basics to find out where an inflection

point for simple scaling may occur, and we discuss the key future opportunities for

advanced imaging and vision systems for everyone.

The basis for the success story of solid-state image sensors, replacing earlier

vacuum-tube diodes, is the Si p-n junction diode and its near-perfect photosen-

sitivity (Fig. 15.2). We see that in this photodiode, in spite of the heavy processing

overhead for an advanced CMOS process, every second impinging photon

generates an electron – hole pair, which can be recorded as an electronic charge

or current (50% quantum efficiency) over most of the visible spectrum as well as

into the near infrared (NIR) and into the ultraviolet (UV). How many electrons does

the photometric flux density, the illuminance, generate? To be quantitative:

1 green 555 nmð Þ1x ¼ 4� 1011photons cm�2s�1

¼ 2� 103e mm�2s�1 quantum efficiency 50%ð Þ:

Fig. 15.2 Quantum efficiency and spectral sensitivity of a 40-mm2 photodiode in a CMOS chip

versus photon wavelength [2] (#Springer)

15 Vision Sensors and Cameras 317



This sensitivity of Si basically can result in a minimum detectable illuminance

better than that of the human eye and considerably better than film. We can

calibrate a photodiode against the well-known sensitivity standards ASA and DIN

(Table 15.1). To gauge ourselves: Standard film is 100ASA with high-sensitivity

film reaching 800ASA.

Table 15.1 tells us what the minimum detectable signal Smin would be for a given

sensitivity. This signal has to be as large as the noise level, so that any extra electron

would make a just noticeable difference (JND). The dark limit is the leakage current

of the p-n junction, which has a dominant peripheral component around the edges

of the metallurgical junction against the environment and an area component,

which only shows up at large reverse bias voltages close to the breakdown of the

diode. In the context of photodiodes, this diode reverse current is called the dark
current. It is obviously the most critical parasitic component of a photodiode and

the real treasure in the proprietary know-how of a manufacturer.

The fundamental noise component in the photodiode is that of the variance of the

dark-current electrons ND [e mm�1]. As in any observation of small numbers, the

standard deviation of ND is (ND)
1/2, also called the dark-current shot noise. We can

determine the size L � L of a photodiode to reach a certain sensitivity as follows:

SminL
2 ¼ ðND � 4LÞ1=2;

L ¼ 2

Smin

� �2=3

N
1=3
D :

This is the photodiode size L required for a given sensitivity Smin in a technology

with dark charge ND. The inverse is the sensitivity achievable with a given diode

size:

1=Smin ¼ 2 NDð Þ1=2L3=2:

We show this relationship in Fig. 15.3 for three levels of dark electrons: 50, 5,

and 0.5 e/mm2.

Several lessons can be learned from Fig. 15.3:

– Minimize the dark current.

– Since dark current depends on perimeter, the penalty for scaling down the diode

size L is severe.

Table 15.1 Sensitivity standards and photoelectrons in a Si photodiode (quantum efficiency 50%,

exposure time 25 ms)

ASA 100 200 400 800 1,600 3,200 6,400 12,800

DIN 21 24 27 30 33 36 39 42

mlx s 8 4 2 1 0.5 0.25 0.12 0.06

Signal Smin [e mm
�2] 16 8 4 2 1 0.5 0.25 0.12

Signal [e mm�2 s�1) 640 320 160 80 40 20 10 5
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– Sensitivity can be increased with larger diode sizes, because the signal increases

with the diode area ~ L2, while the dark noise increases as only L1/2.
– The binning of n pixels, i.e., combining their signals into one, improves the

sensitivity only by n1/2.
– The binning of 4 pixels improves the sensitivity only by 2� (1 f-stop or

f-number), while a photodiode 4� larger improves the sensitivity 8� (3 f-stops).

The sheer drive for more megapixels in the product sheet by scaling down pixel

size severely reduces the pixel sensitivity. The customer should be told: Ask for
sensitivity first, then for the number of pixels! Furthermore, the resolution of lenses

poses a lower limit on useful pixel sizes. This resolution can be identified either by

the diameter of the image dot resulting from an original spot, the so-called Airy

disk, or the minimum resolvable pitch of line-pairs [3]. These characteristics are

listed in Table 15.2 for the f-stops of lenses.

How do we sense the electrons generated in the photodiode? In most sensors, we

integrate the charges for a certain integration time onto a capacitor, and we measure

the resulting voltage change on this capacitor. This is accomplished basically with a

source-follower transistor, serving as a voltage-to-current (or impedance) con-

verter, as shown in Fig. 15.4.
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Fig. 15.3 Sensitivity levels in ASA and minimum signal charge [e mm–2] versus photodiode sizes

L and three levels of dark electrons
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This active pixel basically consists of the photodiode, three transistors, and a

capacitor. The so-called linear charge-integration mode (Fig. 15.4 center) has two

phases: In phase 1, the reset, the first transistor is turned on, and the capacitor is

charged to VDD, irrespective of the photocurrent. In phase 2, the first transistor is

turned off, the capacitor is discharged for a certain time by the (photo-plus dark-)

current of the diode, and the resulting voltage is detected as the source voltage on

the source-follower through the third transistor, the select transistor. The dynamic

range of signals, which can be detected in this mode, is given by

(a) The dark-charge voltage loss in the absence of photo charge and

(b) The maximum charge, CVDD, on the capacitor.

It is on the order of 800:1.

In CMOS area-array sensors with rolling shutters, all pixels in a selected row are

reset simultaneously, integrated for the same (exposure) time, and, with all row-

select transistors turned on, the column-sense lines are charged by the source-

followers to their individual signal levels. All recent sensors have per-column

analog/digital (A/D) converters so that digital outputs are available for the whole

row at the same time. We illustrate the characteristics of this linear-type CMOS

sensor with an advanced 2010 state-of-the-art sensor [4] in Table 15.3.

If a 100% fill-factor is assumed, the photodiode area of this sensor is 2.7 mm2.

The sensitivity reported by Wakabayashi et al.then means that 1 photoelectron/mm2

is generated by 0.27 mlx s, a signal just exceeding the random noise of 0.6 e/mm2 so

that we would rate this sensor close to ASA3200. A SEM cross-section of this

sensor is shown in Fig. 15.5.

Table 15.2 Image resolution of lenses (line resolution for 9% contrast)

Lens Airy disk diam. [mm] Line pairs per mm Line-pair pitch [mm]

f/1.0 1.3 1,490 0.65

f/1.4 1.9 1,065 0.95

f/2.0 2.7 745 1.35

f/2.8 3.8 532 1.88

f/4.0 5.4 373 2.68

Fig. 15.4 The fundamental CMOS active pixel [2] (#Springer)

320 B. Hoefflinger



Pinpointing an important future direction is the formation of the photodiode deep

inside the Si active layer and removing the backside of the wafer after completion

of the full CMOS process. This way, the photodiode can fill the whole pixel area

(~100% fill-factor), and the optical components such as color filters (CFs) and

microlenses (MLs) become most effective. The viewing angle of the photodiode

also is much larger than that for diodes inside the deep canyons of a multi-level

interconnect topography (Fig. 15.6). The other advantage of this structure is that the

back-end metal structures (at the bottom of Fig. 15.5) are ideal for the 3D intercon-

nect to chip stacks with further processing and memory capacity.

Table 15.3 2010 advanced CMOS sensor for imaging and video [4]

Pixel-array size 3,720 (H) � 2,780 (V)

Technology 140 nm

Pixel size 1.65 mm � 1.65 mm
4-pixel clusters, 1.5Tr./pixel, back-illuminated

Supply voltage 2.7 V/1.8 V

Saturation signal 9130e

Dark current 3e/s 60 �C
RMS random noise 1.7e

Sensitivity 9.9e/(mlx s)

Dynamic range 71 dB

Output: 10b serial LVDS

Clock: 72 MHz

Pixel rates 10.3 Mpix at 22–50 fps

6.3 Mpix at 60 fps

3.2 Mpix at 120 fps

Power consumption 375 mW HD video

Fig. 15.5 Cross-section of an

advanced CMOS video sensor

with backside-illuminated

(BI) photodiode (PD) and
microlenses (MLs) [4]
(# 2010 IEEE)
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An alternative that offers 100% fill-factor and the optimization of the diode is the

3D integration of an amorphous-Si photodiode layer on top of a CMOS wafer as

shown on the right in Fig. 15.6 [5]. Both topographies, back-illuminated and

3D-photodiode-on-CMOS, are indicative of future imager strategies.

15.2 Natural-Response and High-Dynamic-Range Sensors

The charge-integration-based sensors have a linear optoelectronic conversion func-

tion (OECF), as shown in Fig. 2.2 of [2]. Their fundamental problems are

– Limited dynamic range

– Poor contrast resolution in the dark

– White saturation in bright scenes

– Complex image processing because of luminance dependence of shapes

– Color distortion because of local luminance dependence

– Unnecessarily large bit rates

Many of these problems have been solved in still-cameras, and even in their

Video Graphics Array (VGA)-resolution video modes, with truly high-speed, high-

performance image processing on-board. A key example is dual or multiple expo-

sure to increase the dynamic range, to improve resolution in the dark, to avoid white

saturation, and to estimate correct colors. The adoption of certain routines and

standards has helped this a posteriori image improvement to impressive results and

to a well-established science [6]. The sophisticated approach is to take seven

exposures in order to cover a dynamic range of 24 f-stops. In the case of motion,

two or three exposures have to suffice, while the steady progress in motion

Standard CMOS
30 percent fill factor,

diode area16 μm2

7, 0 μm 7, 0 μm

4,0 μm
metal 4

metal 3

metal 2

metal 1

Poly

metallization
layers

 active silicon

Thin-Film-on-CMOS
90 percent fill factor,
diode area 30 μm2

Thin Film
α - Si:H

Photodiodes

5, 6 μm 5, 6 μm

 active silicon

Fig. 15.6 Cross section of a standard CMOS active-pixel sensor (APS, left) and a 3D configura-

tion (right) with an amorphous Si photodiode on top of a finished CMOS structure [5]
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compensation and multi-resolution recording/processing promises further improve-

ments along this avenue. Figure 15.7 illustrates this approach.

Natural and technical scenes can have a dynamic range of eight orders of

magnitude or 28 f-stops from a clear night sky at 1 mlx to direct sunlight at

100 klx and beyond, and our eyes manage this with a logarithmic response to

illuminance, like many other natural senses. This natural logarithmic-response

function has been adopted in digital voice codecs since the 1950s with the so-called

A-law or m-law for coders, which have several fundamental features:

– Constant contrast resolution independent of voice level, which means a constant

signal-to-noise ratio from very low voice-levels to very high levels,

– Natural bit-rate compression by compressing a 12-bit dynamic range to an 8-bit

signal.

The human eye has this logarithmic response (like our ears), with a high range of

over five orders of magnitude in its spontaneous response and another three orders

of magnitude in long-time adaptation (Fig. 15.8). A HDRC (High-Dynamic-Range
CMOS) log-response sensor with an input dynamic range of 24 bit and a 10 bit
output provides a natural bit-rate compression of 2.4:1.

In a comparison with the multi-exposure approach, which requires at least 7 �
8 ¼ 56 bit, the advantage of the natural (log)-response sensor is significant for

future developments, particularly video.

The inner pixel of the HDRC sensor is shown in Fig. 15.4 on the right. Gate and

drain of the transistor are connected, VGS ¼ VDS, so that this two-terminal transistor

works in the sub-threshold (barrier-controlled) mode with the current–voltage

characteristic (3.20)

ID ¼ I0 exp A� Bð ÞVGS � AVT½ � nVt=f g;

Fig. 15.7 The acquisition of high-dynamic-range images
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where ID is the sum of the photocurrent and dark current of the photodiode. The

voltage V on the capacitor follows the current over more than five decades as

V / ln ID;

except at very low levels, where it settles at the dark-current level so that the

optoelectronic conversion function (OECF) has the form

y DN½ � ¼ a ln 1þ xð Þ;

and the contrast sensitivity function (CSF), the minimum resolvable difference in

percent, is

DC ¼ 1� x

a � x :

Here, y is given as a digital number (DN), and x is the illuminance relative to its

3-dB value, the illuminance where its CSF has increased to twice its optimum

value. Figure 15.9 presents the OECF and the CSF for a ¼ 100.

The contrast sensitivity, as a measure of the minimum detectable difference in

gray levels, establishes the fundamental quality of how uniform a field of pixel

images can become under a homogeneous illuminance signal S, and it enters as

quantization noise into the total flat-field noise. Other noise contributions are the

dark-current shot noise, discussed before, the signal shot noise, the fixed-pattern

noise, and the reset noise in charge-integration sensors (for a detailed treatment see

[3] and Chap.3 in [2]). The resulting signal-to-noise ratio is plotted in Fig. 15.10.

Fig. 15.8 The contrast-sensitivity function (CSF) of the human eye, indicating that a difference in

a local gray level of 1% is just noticeable. The contrast sensitivity of a HDRC sensor with a

dynamic range of 7 orders of magnitude (or 24 f-stops) and a digital 10-bit output is also shown to

have minimum detectable differences of 1.6% [2] (#Springer)
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Fig. 15.9 The OECF (a) and the CSF (b) for an eye-like sensor with a ¼ 100
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The linear sensor at low levels is plagued by quantization and reset noise and at

higher levels by white saturation, resulting in a very limited dynamic range (300:1

in our example). For this reason, many linear sensors operate with a two-(our

example) or multi-step gain [1] in order to achieve a piecewise linear approxima-

tion to a log-response OECF. Even then, they remain limited in dynamic range by

white saturation (full-well electron capacity), 2,000:1 in our example. The HDRC

sensor starts with the best contrast resolution and, as a continuous-current sensor, it

is purely shot-noise-limited at low levels, free of reset noise. It maintains a natural,
constant S/N ratio of 70:1 with a 10-bit output over more than four orders of

magnitude.

The HDRC sensor appeared as a radical innovation in 1992 [7] with the

fundamental features of a natural, biomorphic vision system:

– Logarithmic response with unparalleled dynamic range (>140 dB at room

temperature), unlimited on the bright side except for lens limitations.

– A photometric continuous sensor, which means:

– No aperture adjustment needed,

– No shutter and no integration-time adjustment needed,

– Separation of luminance and (object) reflectance, making object and pattern

recognition very simple,

– Color constancy, superb for contrast and color management as well as tone

mapping,

– Gain control and white balance are offsets rather than multiplies,

– Very-high-speed read-out of regions of interest.

All these capabilities remain as challenges for any alternative future develop-

ment either as a continuing refinement of the HDRC sensors and cameras [2] or as a

10

102

S /N

10–3 10–2 10–1 1 10 Lux102 103 104

Linear

Piecewise Linear

HDRC

HDRC

1
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40

dB

0

Fig. 15.10 Flat-field signal-to-noise ratio for a linear, a piecewise linear, and a HDRC sensor as a

function of the illuminance
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radical alternative. A critical-size European research effort in this direction was

started in 2008 with the project HiDRaLoN [8].

For future high-performance focal-plane imaging and, even more for video

processing and compression, logarithmic sensor data offer significant advantages

(see Chaps. 11–14 in [2]), and the reduction of digital multiplies to the addition of

logarithms remains an all-time goal.

15.3 Stereo and 3D Sensors

The formidable repertory of image registration programs and of low-cost sensors

has helped in the design of digital stereo cameras both for consumer and profes-

sional use so that such systems including polarization glasses have appeared on the

market for the production of 3D movies as well as for photographers. Highly

compact consumer cameras are being designed using neighboring chip-pairs

directly off the wafer, which are automatically perfectly aligned, and prism-optics

to establish the proper stereo basis.

For the precise determination of depths in a scene, a base plate with three

cameras is being used [9]. A triangular arrangement with sensor distances of

~25 cm allows ranges of ~8 m with a depth accuracy of <10 cm. 400kpixel

HDRC sensors with global shutters are used because of their photometric, high-

dynamic-range capabilities, including disregard of luminance and safe edge detec-

tion as well as straightforward global synchronization, because there are no

concerns for individual integration times.

The generation of 3D depth or range maps is achieved with artificial lighting and

array sensors, in which the pixels resolve the delays of local reflections. Clearly, the

gains in switching speed achieved by scaling down CMOS to sub-nanosecond

responses have made various such concepts practical since the late 1990s. We

describe two such systems, one because it demonstrates the versatility of Si

technology, and the other because of its high-speed, high-performance capabilities.

The first system is based on a Si photodiode with a robust response to extremely

low signals, namely the arrival of single photons. The principle, which has been

used for a long time, is the multiplication of a primary photoelectron by secondary

electron – hole pairs resulting from the impact ionization of Si atoms in high-field

regions close to the avalanche breakdown of the diode. The naturally large variance

of the multiplication factors can be averaged in the case of pulsed lighting by

correlated detection and repetition of the measurement 100� or 104�. A 32 � 32

pixel CMOS 3D camera with a 25-V single-photon avalanche diode (SPAD) in

each 5 T pixel was reported 2004 [10]. Owing to the high multiplication factor, the

detected signals could be routed directly to an external time-to-digital converter,

which had a resolution of 120 ps with a standard deviation of 110 ps. An

uncollimated laser source provided an illumination cone with a rate of 50 MHz, a

pulse length of 150 ps, a peak power of 100 mW, and an average optical power of

750 mW. For a life-size object at 3 m, and 104 repetitions, the range uncertainty was
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1.8 mm or 0.06%. This mode would offer 5 frames/s. Figure 15.11 shows a 2D gray

image as well as a 3D depth map and profile taken with the same camera.

These 3D imagers are very important for the understanding and generation of

high-fidelity 3D scenarios as well as for intelligent operations in such scenarios, be

it people, health care, traffic, and, in particular, the interaction between man and

machines. The pressure for higher map resolution and higher frame rates will

continue, and our second system [11] is an example for the rate of progress: With

a resolution of 256 � 256 pixels, it generates 14,000 range maps/s using a sheet-

beam illumination and the so-called light-section method. Together with a row-

parallel search architecture, the high speed and a high accuracy was achieved.

Taking 10 samples/map, a maximum range error of 0.5 mm was obtained for an

object distance of 40 cm, a relative range accuracy of 0.12%.

The field of 3D vision will see exceptional growth for several reasons:

– Ever more powerful sensors

– High-density, power-efficient focal plane coding and processing

– 3D integration of optics, sensing, and processing

– The eternal fascination with the most powerful sense of our world

15.4 Integrated Camera Systems

The sensor is only a means to an end, which is perfect vision encompassing the

camera (or several cameras) as well as encoding, storing, and transmitting the

needed image information in the most effective way. At the one end of these system

requirements is the effective manufacturing of miniature cameras in a batch process

Fig. 15.11 A 2D image and the 3D depth map and profile (in millimeters), taken with a 32 � 32

pixel time-of-flight (TOF) camera in 2004 [10] (#2004 IEEE)
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including lens, sensor, and all necessary focal-plane operations. 3D wafer-level

integration of these elements is illustrated in Fig. 15.12, certainly the next big thing
for the cameras in the billions of mobile phones, but also for all minimally invasive

cameras in medical, technical-inspection, and surveillance applications.

At the other end, in the world of high-definition video (Fig. 15.13), we face the

big challenge of compressing the large bit rates, 1.5 Gb/s in our example or 2� to

Fig. 15.12 3D wafer-level

integration miniature cameras

[12] (#2010 IEEE)

Fig. 15.13 Comparison of a video frame in standard definition video and in HDTV, and their bit

rates [13] (#KAPPA)

Fig. 15.14 One frame in a

high-speed video of a fire

breather [2] (#Springer)
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3� higher in 3D high-definition, to rates that are compatible with future energy and

bandwidth limitations.

15.5 Conclusion

The availability and quality of visual information and sensation is the single

biggest roadblock or driver of our future digital world, both in wireless and

in the internet backbone (Chaps. 5, 13, and 20). The figure-of-merit will be

video quality/bandwidth. An attractive direction to pursue is photometric-log-

compression sensing and processing, producing frames as shown in Fig. 15.14.
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Chapter 16

Digital Neural Networks for New Media

Lambert Spaanenburg and Suleyman Malki

Abstract Neural Networks perform computationally intensive tasks offering smart

solutions for many new media applications. A number of analog and mixed digital/

analog implementations have been proposed to smooth the algorithmic gap. But

gradually, the digital implementation has become feasible, and the dedicated neural

processor is on the horizon. A notable example is the Cellular Neural Network

(CNN). The analog direction has matured for low-power, smart vision sensors; the

digital direction is gradually being shaped into an IP-core for algorithm accelera-

tion, especially for use in FPGA-based high-performance systems. The chapter

discusses the next step towards a flexible and scalable multi-core engine using

Application-Specific Integrated Processors (ASIP). This topographic engine can

serve many new media tasks, as illustrated by novel applications in Homeland

Security. We conclude with a view on the CNN kaleidoscope for the year 2020.

16.1 Introduction

Computer architecture has been ruled for decades by instruction pipelining to serve

the art of scientific computing [1]. Software was accelerated by decreasing the

number of clocks per instruction, while microelectronic advances raised the speed

of the clocks (the “Moore” effect). However, algorithms became alsomore complex,

and eventually the “processor-to-memory” bottleneck was only solved by revealing

a more severe “algorithm-to-processor” bottleneck, a “more than Moore” effect [2].

The algorithmic complexity was first raised in communications, and recently we see

a further need in new media tasks. As the microelectronic advance has bumped into
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the “power wall,” where merely speeding up the clock makes little sense, new ways

to accommodate the ever-growing algorithmic needs are demanded.

A typical example of a complex algorithm is the neural network. Though

originally inspiring von Neumann to computing structures, the neural network

had little life for decades [3]. It saw rejuvenation in the mid 1980s to demonstrate

the power of the upcoming supercomputers. Large-scale correlation on physical

datasets demanded a “more than Moore” acceleration to overcome the principle

problems in the highly interconnected computations. Going from the urge to

partition the software for parallelization on the underlying computational platform

to the inherent parallelism of ASICs was then just a small step.

A cellular neural network (CNN) is a mathematical template with interesting

properties. Especially, it allows nonlinear dynamic behavior to be modeled. A well-

known example is in the Game of Life (GoL) [4]. But the apparent simplicity is

deceptive for such examples where the simple binary cellular GoL topology is

sufficient. Where realistic examples with reaction/diffusion behavior come in, one

sees that the local connectivity brings a tide of data hazards, producing a surplus of

processor stalls and greatly reducing the potential speed of a classical central

processing unit (CPU). Specialized fine-grain hardware seems to be the remedy.

However, in [5] it is argued that the performance deficit remains due to the

presence of global control. The computing is limited to the single cell, and many

cells will make the task faster in proportion. Global control will destroy this perfect

scalability by the need for long control lines. Long lines are slow and system

performance is dominated by the longest lines. It seems that the cellular network

will have a close-to-constant performance at best, when scaling.

As a typical media application, vision offers interesting applications because

the basic neural equation fits nicely with low-level pixel operations. Analog

realizations allow a focal-plane processor: a tight integration of light sensors with

on-chip low-level operations to reduce the off-chip bandwidth. Parallelism between

many small nodes is a given, but programmability is still needed. This led

first to analog [6] and then to digital realizations. With scrutiny of number

representations and on-chip network communication, the digital realization has

slowly evolved from a simple pipelined CPU to a tiled application-specific integ-

rated processor (ASIP) [4].

The many-core architecture with thousands of tiles was developed, but it showed

quickly that the classical compilers are failing by a margin. In the early days, the

sequential programming paradigm was expanded with partition and allocation

methods, but gradually the awareness is growing that other programming

paradigms on different abstraction levels are required. It is not even clear what

algorithms are to be preferred, and how such algorithms should be implemented.

Therefore, we will look here into the scaling potential of cellular-neural-network

applications to establish a better understanding of the new phenomena.

The chapter discusses the history of CNNs as a gradual development to

a many-core implementation. From a review of the basic neural design equation,

it first reviews some of the analog and acceleration systems. Hence we show the

communication needs in a digital implementation. Subsequently, we introduce the
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application-specific CNN processor and treat the need for new technology to

create the CNN platform for new media applications.

16.2 Some Basic Theory

A neural network is, in its most general format, a system of connected elementary

processing units (PUs), which for historical reasons are called neurons. Each neuron

is associated with a real numerical value, which is the state of the neuron.

Connections between neurons exist so that the state of one neuron can influence

the state of others. The system operation can be programmed by weighting each

connection to set the degree of mutual influence. Each processing unit performs the

following operations: (a) the incoming signals x are collected after weighting, (b) an
offset y is added, and (c) a nonlinear function ’ is applied to compute the state [7].

A single neuron is depicted in Fig. 16.1. It states the series of computations when

going from left to right. The offset y is modeled as the weighted contribution of

a source with value �1 and therefore not explicitly shown in the remainder of

this chapter. Creating a network of neurons can be done in numerous ways, with

different architecture for different applications. The system gets a specific function

from the structure and the weight settings: the structure allows for general func-

tionality, while the weights set the specific function.

The neural architecture represents the network function globally and graphi-

cally. The network function (network transfer function, mapping function, or

“answer of the network” are equivalent terms) accomplishes the main task of the

network: to adapt to associate the questions posed to the network with their

W1
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Wn

X1

Xj

Xl

Xn

∑W1:j

∑Wl:n

θi

Y
F(∑k, θi) ϕ(F, λ)

Fig. 16.1 The operation of a single neuron
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answers. “Questions” and “answers” are terms borrowed from the human associa-

tion process. As widely used alternatives, the terms input and output examples are

used: examples are shown to the network of how the problem to be solved behaves;

the input example (the stimulus) is shown together with the adequate reaction to it –

the response or the output example. This process is performed in the forward pass

through the network: the outputs are obtained as a response of the neural system to

the input (question) stimulation. Thus the forward pass through the network

evaluates the equation that expresses the outputs as a function of the inputs, the

network architecture, the nodal transfer, and the parameters so that, during the

backward pass, the learning algorithm can adapt the connection strengths.

For the multilayer feed-forward neural network (Fig. 16.2), the input vector x
and the scalar output y are connected via the network function f, as described by

f ð~x; ~wÞ ¼ ’
X
i

wji’ � � �’
X
k

wikxk

 !
� � �

 ! !
(16.1)

where ’ is the nodal transfer and wmn denote the different weight connections

within the network architecture with indices according to the direction of informa-

tion transport. The nested structure of the formula represents the steps that the feed-

forward track of the learning algorithm has to pass.

The nature of the nonlinear neural transfer function has not been specified so far.

Basically it could be anything, from a straight threshold to a complicated expres-

sion. As (16.1) already indicates, it is even possible to wrap an entire neural

network to be used in another network as a single neuron with a complex transfer

[8]. We will refrain from that and apply only an S-shaped type of transfer,

especially a sigmoid function. More specifically, we will use the logistic and the

zero-centered variety: two sigmoid transfer functions with an exemplary symmetry,

the effects of which on the overall learning performance are nicely suited to display

the behavior as studied here. Their practical importance relies on the fact that the

logistic sigmoid has found major application in digital circuitry, while the zero-

centered sigmoid appears foremost in analog circuitry. The specification of these

functions is shown in Table 16.1.

y = f(x,w)

x1

x2

xp

Fig. 16.2 A multi-layer feed-forward network
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The artificial neural networks (ANNs) adapt themselves to map the event–

consequence, evidence of behavior of the problem to solve, on the known problem

areas. In human terms, it can be said that the network learns the problem. This

learning is an optimization process, accomplished in many of the networks by

a gradient optimization method. The gradient methods can be described as a hill-

climbing (descending) procedure, which ends by finding an optimum (extreme)

state in which the network models the problem best. At this state it is expected that

every question from the problem area that is presented to the network will bring the

right reaction (answer) at the output of the network.

Any optimization problem can be defined by a set of inequalities and a single

cost function. In neural networks, this cost function is usually based on a measure of

the difference between the actual network response and the desired one. Its values

define the landscape in which an extremummust be found. By deliberately adapting

the weights in the network, both responses are brought together, which defines the

desired extremum. In other words, a measure of the difference in responses for one

or more inputs is used in an algorithm to let the network learn the desired weight

settings: the learning algorithm. It is a fundamental network design issue to

determine just the right value [9].

16.2.1 The Cellular Neural Network

Cellular automata have always created a scientific attraction by displaying complex

behavior on the basis of a regular computing structure with simple rules [40]. From

the observation that a cellular automaton can both imitate biology and work as

a Turing machine, the understanding has grown that they can also create auto-

nomous behavior. Many cellular automata implementations have been made in

software, but this approach will focus on a specific variation, the cellular neural

network, as it has a number of promising hardware realizations [10].

After the introduction of the Chua and Yang network [11], a large number of

CNN models appeared in literature. Like a cellular automaton, a CNN is made of

a regularly spaced grid of processing units (cells) that only communicate directly

with cells in the immediate neighborhood. Cellular neural networks [12] are widely

used with real-time image processing applications. Such systems can be efficiently

realized in analog techniques. Early attempts to realize the CNN functionality in

macro-enriched field programmable gate-arrays (FPGAs) have shown impressive

potential [13].

Table 16.1 Specification of two sigmoid transfer functions

Logistic Zero-centered

Function ’ 1/(1 + e�x) (1�e�x)/(1 + e�x)

Output range (0, +1) (�1, +1)

First-order derivative e�x/(1 + e�x)2 2e�2x/(1 + e�x)2

’0 ¼ f(’) ’0 ¼ ’ (1�’) ’0 ¼ 0.5(1�’)2
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A DT-CNN (discrete-time CNN), introduced by Harrer and Nossek [14], is

a regular multi-dimensional grid of locally connected cells. Each cell c communi-

cates directly with its r neighbors, i.e., a set of cells within a certain distance r to c,
where r � 0. For example, if r ¼ 1 we have a 3 � 3 neighborhood and if r ¼ 2 we

have a 5 � 5 neighborhood. A cell can still communicate with other cells outside its

neighborhood owing to the network propagation effect.

The state of a cell c, denoted xc, depends mainly on two factors: the time-

independent input ud to its neighbors d and the time-variant output yd(k) of its
neighborhood. The neighborhood always includes c itself. This dependency in

a discrete time k is described by

xcðkÞ ¼
X

d2NrðcÞ
acdy

dðkÞþ
X

d2NrðcÞ
bcdu

d þ ic; (16.2)

while Fig. 16.3 gives an illustration.

Spatially invariant CNNs are specified by a control template A containing acd,
a feedback template B containing bcd , and the cell bias i ¼ ic . Node template,

T ¼ <A, B, i>, determines together with input image u and an initial output y(0)
completely the dynamic behavior of the DT-CNN. Convergence to a stable state

will be achieved after a number of iterations n, i.e., at time k ¼ n.
Although neighborhoods of any size are allowed in DT-CNNs, it is almost

impossible to realize large templates. Limited interconnectivity imposed by current

VLSI technology demands that communication between cells is only local. Let

us restrict ourselves to the use of 3 � 3 neighborhoods, where templates A and B

are 3 � 3 matrices of real-valued coefficients. Additionally, the input range of

a DT-CNN cell is restricted to [�1, þ1].

16.2.2 The Analog-Mostly Network ACE

Since the introduction in 1992, the concept of CNN-UM [41] (universal machine)

has been considered to realize the most complex CNN applications electronically,

Fig. 16.3 Block diagram of a DT-CNN cell
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owing to its universality and implementation capability. Several realizations

have seen the light of day, some focusing on analog-only or mixed-signal imple-

mentation in CMOS while others follow the footprints of the predecessor emulators

CNN-HAC [42] (hardware accelerator) and ACE. In this section, the mixed-signal

type is considered with focus on a specific chip series mainly developed by

a group at Centro Nacional de Microelectrónica at the University of Seville in

Spain [6, 15–20].

These CNN implementations have a number of drawbacks (Table 16.2). One

has to do with the difficulty of electrical cell design due to the various ranges

for the internal voltages and currents. These ranges have to be considered to

reduce the MOS transistor nonlinearities. Another issue is that input signals are

Table 16.2 Comparison of mixed-signal full-custom CNN universal chips. All chips use

a modified CNN model, i.e., the FSR model

CNNUC1a

[6]

ACE400 [15] ACE4k [17, 18] ACE16k [19]

CMOS technology 1 mm 0.8 mm 0.5 mm 0.35 mm
Density [cells/mm2] 33 27.5 82 180

Array size 32 � 32 20 � 22 64 � 64 128 � 128

Input Type Binary Binary Binary and Gray

scale

Binary and Gray

scale

Optical ✓ ✓ ✓ ✓
Electrical ✓ ✓ ✓

Output Type Binary Binary

Electrical ✓ ✓
Dig. external control ✓
Global instr. memory Static Dynamic Static Dynamic

# Ana. instructions 8 8 32 32

# Dig. instructions 0 64 64 � 64

Local

memory

Type Digital Digital Dig.&Ana.

Dynamic ✓ ✓
Amount 4 Binary

(1-bit)

4 Binary 4 Binary 2 Binary

4 Gray 8 Gray

Ana. Acc. Input 8 bits 8 bits

7 bits + sign 7 bits + sign 7 bits 7 bits + sign

Bias 7 bits + sign 8 bits + sign N/A 7 bits + sign

Ana. circuit area/cell N/A 70% N/A

Cell array area/chip N/A 53% 58%

Cell area 180 � 170

mm2
190 � 190

mm2
120 � 102.2

mm2
73.3 � 75.7

mm2

Power Entire

chip

N/A 1.1W @ 5V 1.2W @ 3.3V < 4W@ 3.3V [20]

Per cell N/A N/A 370 mW 180 mW
aThis architecture was not given a name in [6], but is called CNNUC1 here to emphasize that it was

the first universal chip of the series
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always voltages while internal signals may be voltages or currents. This is crucial

in focal plane architectures where sensors provide the signals in the form of

currents. Incorporation of the sensory and processing circuitry on the same semi-

conductor substrate is pretty common [21] as CMOS technologies offer good

photo-transduction devices [22]. A conversion into voltages is then needed,

which complicates CNN interface design. Finally, the combination of internal

voltage and current signals leads to internal high-impedance nodes and, hence,

large time constants. This results in a lower operation speed than desired.

The full signal range (FSR) model has been introduced to overcome these

limitations [23, 24]. Here, all variables are in the form of currents, thus eliminating

the need of current-to-voltage conversion. The main difference compared to con-

tinuous-time (CT) and DT-CNNs is found in the way state variables evolve. State

variables have the same variation range as input and output variables, i.e., indepen-

dently of the application (16.3).

t
dxc
dt

¼ �g xcðtÞð Þ þ dc þ
X

d2NrðcÞ
acdyd þ bcdydf g;

where gðxÞ ¼ lim
m!1

m xþ 1ð Þ � 1 x<� 1

x xj j � 1

m x� 1ð Þ þ 1 x>1

8<
:

(16.3)

This results in a reduced cell complexity for both CT and DT cases and thus

reduces area and power consumption in VLSI implementations. Stability and

convergence properties are guaranteed and proven to be similar to the original

models. It is further shown that uniform variations of the coefficients of the cloning

template affect only the time constant of the network.

The flexibility and generality of the CNN-UM lies in the ability to freely

reprogram the system using distinct analogic parameters, i.e., different cloning

templates and logic functions. This is guaranteed in [6] through a synergy of analog

and digital programmability. Internally, all cells are equipped with an analog-

programmable multiplier, while digital control signals are provided externally,

i.e., outside of the cell array. A specific interface circuitry is required to generate

the internal weights from the corresponding external digital signals. The interface is

located at the periphery of the cell array and behaves as a nonlinear D/A converter.

The analog weights are gradually adapted to the desired level and then used to

control the analog multiplier within the cells in the array. Each peripheral weight

tuning stage consists of an analog-controlled multiplier and a digital-controlled

multiplier connected in a feedback loop through an integrator. The conceptual archi-

tecture of the ACE16k, also called VSoC as being a clear advance in a roadmap

towards flexible vision systems on chips, is shown in Fig. 16.4.

Notable improvements in performance are further reached by pre-processing the

pixels locally to decrease the communication load [25]. By integrating more than

only low-level pixel processing, it aims to reduce the communication load with the

other system parts. This is clearly a next step in the development of smart sensors.
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The digital feature bus brings the advantage of intelligent networking of parts that

mask their analog nature but retain the low power and small area.

16.2.3 Pipelined CNN Architecture

In contrast to the analog focal-plane processor, the digital version will assume

a separate device to extract the image and to make the pixels available in a distinct

digital memory. This allows any image size, but cannot handle all pixels simulta-

neously. Large images are divided into sub-frames that are handled in sequence.

Consequently the operation of a DT-CNN on images covers many dimensions. The

local operation is performed in a two-dimensional plane (width and length) and

iterates in time (Fig. 16.5). Owing to the limited capacity of the CNN implementa-

tion, this has to be repeated over image slices and iterates over the surface to handle

potential wave propagation. Finally, the state-flow architecture is performed on
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Fig. 16.4 Conceptual architecture of ACE16k [19]
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sequences of images. This can be implemented in many ways, compromising

between speed and resource usage.

The CASTLE architecture [26] is a representative of the class of fully digital

emulators. The architecture is capable of performing 500 CNN iterations using

3 � 3 templates on a video stream with frequency of 25 fps taking 240 � 320

pixels each. This is valid for a system with 24 processing units (PEs) with

a precision of 12 bits. CASTLE makes use of the FSR model where the absolute

value of the state variable is never allowed to exceed the value of þ1.

Loading input pixels on-the-fly from an external memory into the processing

array constitutes a performance bottleneck. On the other hand, storing the entire

image on chip is impossible due to the limited resources. Instead, the image is

divided into a number of belts with a height of 2r pixels, where r represents the
neighborhood. Each belt is then fed to a PE (Fig. 16.6, right). In this case, the I/O

requirements of the PE, i.e., the cell, are reduced to two inputs and two outputs

per cell update. Each pair consists of one state value and one constant value,

corresponding to the combined contribution of control template together with the

bias (Fig. 16.6, left). The main memory unit in the PE consists of three layers of

equally sized circular shift-register arrays for the state input and two layers for each

of the constant and template selection inputs. Inputs from left and right neighboring

PEs are directly connected to the corresponding ends of the shift-register arrays.

In line with the proposed approach in the CNN-UM, the functionality of the

CASTLE architecture is ruled by means of a global control unit. One of the most

important features of this unit is the selection of the employed precision. Data

precision is variable and can be set to 1, 6, or 12 bits. The lower the accuracy, the

faster the system.

An important issue is the amount of logic occupied by the register arrays

constituting the internal memory units (IMUs, Fig. 16.6, left). In the first

Im
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y

Fig. 16.5 The ILVA pipeline
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experimental chip that has been fabricated in 0.35 mm CMOS [27] technology,

about 50% of the total area of a single PE is allocated to register arrays, while the

arithmetic block occupies not more than 21% of the area. Furthermore, experiments

show that a CASTLE emulator with 24 processors outperforms the digital signal

processor (DSP)-based ACE engine (Sect. 16.2.2) only when the rate of logic

operations is high enough [27].

The CASTLE architecture suffers from a number of drawbacks. One has to do

with the inability of emulating complex dynamic systems where operative parallel-

ism is a key feature. The single-layered architecture handles only one operation

at time. Other drawbacks include the limited template size, cell array size, and

accuracy. Hence, a new architecture called FALCON has been developed to

provide higher flexibility and to allow for multi-layer accommodation [28]. The

implementation is based on the FSR model with discretized state equations. In

contrast to all CNN-UM-inspired implementation discussed so far, the design is

hosted on a Xilinx Virtex series FPGA. This increases the ability of reconfiguration,

brings down developing time cycle, and decreases the overall cost.

The arithmetic uses a fixed-point representation, where possible value widths are

2–64 bits. Configurability is essential to allow accommodation of flexible precision

when needed. But for the highest possible precision the cell array will consist of not

more than four processing cells! The configuration is unfortunately not dynamic but

the entire design has to be re-synthesized and loaded on the FPGA every time a new

configuration is required! Apparently, for algorithms with alternating operations of

low and high precision the FPGA has to be reconfigured several times in order to

provide accurate results.

To overcome this drawback, spatial and temporal elements are mixed by

interweaving three pipelines corresponding to a row of three pixels (Fig. 16.7).

This reduces the latency and makes better utilization of the available resources. The

nodes are grouped in columns where each column holds a scan-line in the image

Memory Unit

Arithmetic Unit

Timing 
& Ctrl

Template 
Memory

StateIn ConstantIn TemplSelIn

StateOut ConstantOut TemplSelOut

RightOut

RightIn

LeftOut

LeftIn

Fig. 16.6 Left: A schematic view of the processing unit in CASTLE, where dashed lines represent

control signals and continuous lines show the data path. Right: The belt of pixels stored on-chip for
1-neighborhood, where the black-outlined square indicates the current position of the convolution

operation [27]
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stripe. The columns will then form iterations performed on the image. In this way,

one dimension (width or length) of the image frame together with the number of

iterations are implemented as columns of nodes while the other dimension of the

frame is handled by slicing as illustrated in Fig. 16.7. One of the resulting

realizations is a design called ILVA [4].

The underlying idea is that a two-dimensional computation of the local cell is

flattened into a series of one-dimensional computations by dropping intermediate

results on the computational path. In this way, the requirement of each node to have

data from eight neighbors for finding the output is met. In other words, we let every

node in the network contain image data from three pixels, i.e., pixel values for the

cell itself and for its left and right neighbors are stored in each node. A direct

connection with the two nodes above and below completes the communication

between a node and its neighborhood. In short, one node contains three pixels and

calculates the new value for one pixel and one iteration.
The prescheduled broadcasting in ILVA keeps the communication interface

at minimum, which allows for a large number of nodes on chip. The performance

is high as the system directly follows the line accessing speed, but the design suffers

from a number of weaknesses. The iterations are flattened on the pipeline, one

iteration per pipeline stage, making the number of possible iterations not only

restricted due to the availability of logic, but also fixed. Operations that require

a single iteration only still have to go through all pipeline stages. Output data has

to be fed back to the pipelined system in order to perform additional iterations,

making it far from trivial to handle larger iterations without accessing the external

image memory. This requires additional logic for loading and uploading pixel data

and therefore adds overhead for timing control and thereby severely slows down

the system.

Timing & ControlCNN topologyScan-lines
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Fig. 16.7 Mixed spatial-temporal state-flow architecture operating directly on the pixel pipeline
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16.2.4 In Short

Neural networks are programmed by templates that modify the connectivity of

many small but identical processing elements. A suitable technology realizes such

a PE by keeping it small. Analog design does this by suitable circuit design to

answer some reasonable precision requirements. Digital design has struggled with

the size of the multiplication operator. Therefore a number of specialized algorithm

implementations have been developed to limit the dependency on multiplier-size by

going for bit-level implementations [29].

Where size does not matter anymore, speed becomes of interest. But a faster

element does not make a fast system. Getting the data in and out of the system is

a major concern. This already plays a role in the matrix interconnect of the focal-

plane architecture, where early-on the light sensors are buffered to separate

the image extraction from the pixel reading. The concern about system-level

communication dominates the further developments towards the current Eye-RIS

vision system [30].

In the digital domain, the state-flow architecture, in its desire to exploit

pipelining for compromising speed and resource usage, gets a streaming character-

istic that loses simultaneously the efficiency of two-dimensional diffusion-reaction

behavior. This limits the attraction of CNN algorithms to provide more than just

low-level pixel processing.

Moreover, the FALCON architecture comes with no possibility of algorithmic

control on chip. All algorithmic steps, as well as local logical operations and

programs, are executed on a host PC. This reveals that the system cannot stand

alone but is always dependent on the host PC! Obviously, all the benefits of

performing complex tasks on the CNNs are lost.

To remedy these problems, the architecture is extended with a global control unit

GAPU (global analogic programming unit) [31] in line with the conceptual CNN-UM.

In addition to on-chip memories and some peripheral blocks, the GAPU is built up

using an embedded MicroBlaze processor core with 32-bit RISC architecture. Most

modern FPGAs provide at least one of these processor cores on chip. The extended

FALCON architecture is implemented on a Xilinx Virtex-II 3000 FPGA. Apart from

the embedded processor core, the GAPU occupies about 10% of the available logic,

which can be compared to the area of a single CNNprocessor that requires about 2.8%

of the logic. It is worth mentioning that the GAPU runs on lower clock frequency than

the processing units (PEs), thus setting a higher limit of the overall speed.

16.3 Many-Core CNN Architecture

The sequential evaluation order of CNN equations is closely related to the software

evaluation. Pixel lines are consumed immediately and subsequently the iterations

are pipelined, the time-ordered style. The alternative is the spatial approach, based
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on nodes which each relate to a CNN cell. In this situation, the pixel lines come into

the FIFO (first-in-first-out) until it is fully filled. Then these values are copied into

the CNN nodes, which subsequently start computing and communicating. Mean-

while new pixel lines come in over the FIFO. When the FIFO is filled again and the

CNN nodes have completed all local iterations, the results are exchanged with the

new inputs (Fig. 16.8). This leaves the CNN nodes with fresh information to work

on and the FIFO can take new pixel lines while moving the results out.

16.3.1 Architectural Variety

Another communication technique is involved with the network itself. The CNN

equation is unrolled not in time but in space, and the nodes retain the result of the

equation evaluation so that next iterations do not involve access to the external data

memory. In this state-scan architecture, the neighborhood is actively scanned for

the input values, known as Caballero [4]. The schedule is predetermined, but

computation and communication needs are decoupled by splitting the simple

node into a processor and a router. The nodes can theoretically transfer their values

within the neighborhood in parallel.

The need for explicit scheduling on nodal activities works out differently for

different CNN-to-network mappings. Two main categories can be distinguished:

– The consumer node is fully in accordance with (16.1). The discriminated output

of a cell is also the cell output and broadcasted to all connected nodes, where it is

Engine 2

Engine 1

Image Flow

Fig. 16.8 The n-dimensional Caballero architecture
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weighted with the coefficients of the applied template before the combined

effect is determined through summation (Fig. 16.9a).

– The producer node discriminates the already weighted inputs and passes to each

connected node a separate value that corresponds to the cell output but weighted

according to the applied template (Fig. 16.9b).

Ideally all nodes are directly coupled and therefore bandwidth is maximal. In

practice, the space is limited and the value transfer has to be sequenced over a more

limited bandwidth. This problem kicks in first with the producer-type of network,

where we have 2n connections for n neighbors. The network-on-chip (NoC)

approach is meant to solve such problems. However, as the CNN is a special case

for such networks, being fully symmetric in the structure and identical in the nodal

function, such a NoC comes in various disguises.

In the consumer architecture, scheduling is needed to more optimally use the

limited communication bandwidth. Switches are inserted to handle the incoming

values one-by-one. To identify the origin of each value, one can either schedule this

hard to local controllers that simply assume the origins from the local state of the

scheduler (circuit switching, Fig. 16.10a), or provide the source address as part

of the message (packet switching, Fig. 16.10b). The former technique is simple.

It gives a guaranteed performance as the symmetry of the system allows for

an analytical solution of the scheduling mechanism. The latter is more complicated,

but allows also for best effort.

The counterpart of consumption is production. Every node produces values that

have to broadcast to all the neighbors. Again, where the communication has

a limited bandwidth, we need to sequence the broadcast and this can be done in

the same way as for the value consumption (Fig. 16.11). A typical example, where

each node can only handle one value at a time, is discussed in [4]. Such a scheme

suffers from a large latency overhead.

Legend: Circuit Node Multiplier Summing + Discrimination

ba

Fig. 16.9 Consumer (a) and producer (b) cell-to-node mapping
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In the case of producer architectures, the nodal output is already differentiated

for the different target nodes. Each target node will combine such signals to a single

contribution. This combining network is an adder tree that will reduce the n values

to 1 in a pipeline fashion. Consequently, this tree can also be distributed, allowing

for a spatial reduction in bandwidth.

The overall processing scheme as shown in Fig. 16.12 is then similar to what has

been discussed for the consumer architecture. The main difference is that the

communicated values will be larger than the represented products and are therefore

of double length. Whereas the consumer architecture is characterized by “transfer and

calculate,” the producer architecture is more “calculate and transfer”. Furthermore,

Legend: Circuit Node Multiplier Summing + Discrimination Switch

a b

Fig. 16.10 Value routing by multiplexing in space (a) and in time (b)

Legend: Circuit Node Multiplier Summing + Discrimination Switch

a b

Fig. 16.11 Value routing by multiplexing in space (a) and in time (b)

346 L. Spaanenburg and S. Malki



they both rely on a strict sequencing of the communication, simultaneously losing

much of the principle advantage of having a cellular structure.

16.3.2 Numbers and Operators

Digital neural networks are like digital filters in the sense that they take a lot of

additions and multiplications. Actually they take mostly only multiplications.

As digital multiplications take a lot of space, one has always had an open eye for

serial multiplication or even “multiplier-less” algorithms.

16.3.2.1 Precision Needs

Moving from floating-point to fixed-point numbers is not merely a question of

reducing the value scope, but a careful arbitration between precision and accuracy.

Precision is addressed by the smallest step in the value space, such that small

variations in the value space have little significance in the problem space. Accuracy

on the other hand has to do with the degree by which the computation can achieve

the desired result. Figure 16.13 visualizes the difference between these two notions.

We see the difference between precision and accuracy back at the moment when

we move from floating- to fixed-point notation. The fixed-point notation requires an

explicit scaling, which is implicit in the floating-point counterpart. Let us assume

the decimal point in the right-hand location of the number. When we move the

decimal point to the left, the absolute size of the number decreases while we add

a fractional part. What happens when we move the decimal point to the left is that

we make the smallest step in the value space smaller, such that variations in the

Legend: Circuit Node Multiplier Summing + Discrimination Adder

a b

Fig. 16.12 Adder trees combine the network in the production architecture
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lower-order bits will have a reduced meaning. In other words, we gain precision,

but the absolute meaning of the value has decreased, giving a smaller range for the

number, and therefore chances are that we lose accuracy at the same time.

In the case of a DT-CNN, input and output values of every node are scaled

between �1 and +1 by definition. However, this is not true for the inputs to the

system. In the case of template values for image processing, such inputs have

a dynamic range that is close to that of the internal values. For other nonlinear

systems, this is not the case: they have a larger dynamic value range and/or that

range lies far away from the internal values (Fig. 16.14).

When scaling is properly performed, pruning can be used for further optimiza-

tion. In earlier work [32] it has already been shown that for 8-bit inputs the internal

representation does not have to allow for the full arithmetic precision of 21 bits

because the CNN structure is largely permissive for statistically random rounding

errors. The compensatory behavior is principally due to the feedback structure. The

approach performs gradual adjustment of template values, which allows pruning of

internal numbers down to the minimum with retained accuracy.

Throughout the experiment, the same fixed boundary condition has been used.

However, the choice of boundary conditions has a direct impact on the complete

stability of a certain category of CNNs, i.e., those with opposite-sign templates [33].

The instability of these CNNs depends far more on the boundary conditions than

on the template. Simple tests of, e.g., hole filling, have shown that gradual refine-

ment of the boundary conditions leads to noticeable deviations in convergence in

terms of functionality and speed [4]. Furthermore, robustness is also sensitive

to input data [34]. Hence, derived templates must be checked for robustness for

the “most difficult input image,” as this guarantees correct functionality. Further
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modification in the pruning approach shows that the number of robust templates is

about 15% less for an image containing two holes, a complete hole positioned in the

center of the frame, while an incomplete hole is placed on one of the edges [4]. It is

therefore mandatory to have as many nodes as possible on a single chip.

16.3.2.2 The Case of the Multiplier

The high throughput of the system is due to the accommodation of three parallel

multipliers performing, in parallel, three multiplications that use pixels and

corresponding template coefficients as operands. Multiplication results are shifted

1-bit in the least significant bit (LSB) direction before they are forwarded to a tree

of adders to accumulate the results with the previous intermediate result. In order to

improve the accuracy, rounding units are introduced between the shifters and the

following adders. A limiter unit brings the final sum into the operational region.

Figure 16.15 depicts the structural architecture of the arithmetic unit. It is obvious

that the reduction of communication demands comes at the cost of larger arithmetic

units with more functional blocks.

In the serial approach, we pass all values simultaneously but in bit sequence.

For every step, the coefficient bits multiply the single-bit input from each neighbor;

the results are added and accumulated. As usual in bit-serial logic, the data-path
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Fig. 16.15 The arithmetic unit in CASTLE [27]
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becomes small but at the expense of a more complicated control. Furthermore we

can expect a higher latency, as more clock ticks are needed to get to the result. But

that is only true for the single node. The basic ten clock cycles for a single node

have to be repeated for five neighboring nodes for reasons of bus contention. It does

not seem likely that a serial solution that eliminates such bus contention problems

will need more. As the small serial node allows for a larger network to be imple-

mented on a single chip, it is worthwhile evaluating its potential.

A fully serial node computation is shown in Fig. 16.16. It requires the

coefficients to be locally available in a ring-buffer. This is not as bad as it seems,

because a serial shifter can be implemented in a single look-up table (LUT) per

4 bits. For longer coefficients one may consider building the ring-buffer in the

BlockRAM, but usually coefficients are not long. Together with the bit-register for

the input and the bit multiplier, a 4-bit base unit takes just a slice. The outputs are

tree-wise added and give a 4-bit result to be added to the shifting accumulator.

This final addition has to be in parallel because long carry propagation may occur.

Also the result has to be available in parallel, because a final table lookup is needed

for the output discrimination.

All values are notated in 2-complement numbers and range over [1. . .0]. For
such 2:x numbers we take x as 7 for the inputs and for the template coefficients. This

brings an internal representation of 2:21. Because all the values are identically
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aligned, there is no real problem in finding the binary point in the final results.

Addressing the discrimination function by looking up the table implies trimming

the internal representation to the size of the external one.

16.3.2.3 The Series/Parallel Approach

This overview of alternative designs shows a rich variety of compromises between

speed and area. Starting from the bit-serial structure, even more alternatives

can be created by logic transformation. A typical example of such a derivative

implementation is in series/parallel computation (Fig. 16.17). Every single input

bit multiplies the entire coefficient. The outputs are tree-wise added and give

a w + 3-bit result to be added to the shifting accumulator. This reduces the latency

and the control significantly, but at the expense of wider adders. Connected to this

comes the implementation of buffering. Where in the pure bit-serial approach, the

buffers are directly created in hardware; in the derivatives it becomes worthwhile

implementing the buffers in the local memory.

We introduce here a very little known third alternative that has been introduced

in the past to achieve the best of both worlds: good addition and good multiplica-

tion. It is based on fixed-point arithmetic; hence addition and subtraction deserve no

further discussion. Multiplication and division are accomplished by an in-line
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interpretation (rather than off-line conversion) into the logarithmic domain in

a seemingly similar way as performed in FP.

The basic idea is that DIGILOG multiplication (Sect. 3.6 and [35–37]) can

be transformed to addition in the logarithmic domain. A binary logarithmic

number, A ¼ 2nan þ 2n�1an1
� þ . . . þ 21a1 þ 20a0 can be rewritten as log2A ¼

j þ log2(1 þ Ar/2
j) in the binary logarithmic system; here j is the leading “1”s

position of A, and defined by j|aj ¼ 1 and ai ¼ 0 for all i > j. Ar is the remainder,

2j�1aj1
� þ . . . þ 21a1 þ 20a0. Therefore, in the DIGILOG system, two n-bit

binary numbers, A and B, can be written as

A ¼ 2nan þ 2n�1an�1 þ � � � þ 21a1 þ 20a0

and

B ¼ 2nbn þ 2n�1bn�1 þ � � � þ 21b1 þ 20b0:

These two numbers have a leading “1” at the j and k positions, respectively. If all
the leading “0”s bits higher than the j in A or k in B are neglected, these two n-bit
binary numbers also can be written as a combination of the leading “1” and

a remainder:

A ¼ 2jaj þ 2j
�1
aj�1

þ � � � þ 21a1 þ 20a0 ¼ 2j þ Ar

and

B ¼ 2kbk þ 2k
�1
bk�1 þ � � � þ 21b1 þ 20b0 ¼ 2k þ Br:

Then the multiplication of the two binary numbers A and B becomes

A� B ¼ 2j2k þ 2jBr þ 2kAr þ Ar � Br:

In this formula, the three terms 2j, 2k, 2jBr, and 2
kAr can be easily implemented as

shift-and-add on the hardware level. In the DIGILOG multiplication, the rest term

Ar � Br can be realized through iteration until Ar or Br becomes zero, rather

than that Br becomes zero in the conventional FP (floating point) multiplication.

Therefore the iteration time in DIGILOG only depends on the total number of “1”s

in A or B, whichever has the smaller number. In the FP, the iteration time of

multiplication depends on the total numbers of “1”s in the argument of choice.

16.3.3 Broadcast Mechanism

Also here, we have to look at the way values are broadcast. In contrast to the

consumer architecture, we have as many output values as there are neighbors. This

makes for an identical situation and no additional measures are needed, except for
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the fact that we are not be able to generate all the different products at the same and

the sequencing issue pops up again.

The elimination of the global controller will speed up the operation of a CNN.

It has to synchronize all the local nodal controllers to ensure that no value transfer is

missed. The presence of such a lock step mechanism will undoubtedly decrease the

operational speed of the network. Therefore it has been investigated whether such

a lock step method is needed. It is proposed here to replace the local controller

that actively scans the inputs by an administration that is not dependent on the order

of arrival. This allows the operation of individual nodes to be speeded up without

harming the overall behavior.

Because of the regularity of the CNN network model we can combine the switch

and the network interface into a single unit that administrates per node the status

of all local communication per nodal computation. For each virtual connection,

we have (Fig. 16.18)

– A status field, showing whether the value has been rewritten;

– A redirection field showing whether the value has reached the final destination or

should still be forwarded;

– A value field, where the content of the last transmission is stored.

If a node receives a new value, this will be passed to the virtual switch and this

unit will in turn try to transmit this value to its neighbors. As all nodes may be thus

activated at the same time, infinite bandwidth will be needed. As mentioned earlier,

the bandwidth will be limited to handle one or two values at a time for most

practical applications. An arbitration mechanism is required to handle multiple

requests that can potentially create deadlocks. In the existing implementations, this

is done by enforcing a strict sequencing of all nodes, which can be easily shown to

be correct.

Local control is supported by the use of the forward field, which is meant

to pass values between the switches until eventually all final destinations are

reached. We have limited the forwarding to such switches that are also final

destinations. By stretching the communication cycles of a 1-neighborhood so

that it overlaps with the sequence of operations, routing demands are reduced and

controller is simplified.

overwrite forward value
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Fig. 16.18 The virtual

switch model
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From this basic concept, we can see an easy simplification. Where the values

come in, they can be immediately absorbed by the node. Performing the CNN

equation evaluation on-the-fly only the most current input value has to be saved if

– All values arrive in some order and

– Within this period no duplication occurs.

What remains is therefore an input register, an output register, and flags for all

virtual connections.

The moral of the serialized broadcasting approach is that the transfer needs to be

sequenced when the communication bandwidth is limited due to area restrictions.

We have also found that doing so by state machines leads not only to architectural

rigidity but also to degraded performance. For instance, 15% of the utilized area in

the serial broadcasting scheme is occupied by the state machine (Fig. 16.19). One

way to eliminate the need for the nodal controller, at least partially, is by transfer-

ring all values in a source-addressed packet. The original data-only packet used

previously is padded with a small header containing the position of the source node

in the grid. Hence, the packets carry their addressing information in the header,

which can be exploited in two different ways.

A better approach will make use of the intrinsic positioning information carried

in the header to address the local template memory of the current node. The nodal

equation is then performed in the manner the packets are received. The logic

required for the addressing of the value/coefficient pairs is greatly reduced through

the use of mirrored binary numbers of both the rows and the columns. In the case of

a 1-neighborhood only 2 bits for the row and 2 bits for the column address are

required. In general we need only 2(r + 1) bits, where r is the neighborhood.
A second remark is on the need for full buffering in the network interface. In

serial broadcasting, we can consume every incoming value immediately, as long

as we can guarantee monotonicity. For this, however, we need only the flags, not the

values themselves. Hence, the presence of the overwrite and forward flags allows us

to consume and pass on-the fly, reducing the need for buffering to only a read and

a write register.
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Fig. 16.19 Area utilization of the different components with the serial broadcasting scheme
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We are now left with a simple and scalable network interface, taking:

– Overwrite/forward flags for all cells in the neighborhood;

– A single node communication register for temporary storage of the incoming

values;

– At least one CNN state value register

– At least one CNN input register

As the status of each realized node takes only two registers, it can implement

a number of CNN cells. This raises the capacity for the multi-layer and multi-frame

situation. Add to this the elimination of the “control & forward bottleneck,” which

not only savesg clock cycles but also increases clock speed.

16.3.4 In Short

The many-core architecture provides a complete implementation including the

reaction/diffusion behavior. This enables the occurrence of nonlinear dynamics,

which uses more accurate template values. This seems to suggest the use of a

floating-point number representation. On a closer look, the precision has not

changed, mostly because of the precision of the nonlinear smashing function.

Consequently, a block floating-point representation is usually sufficient. This can

be accommodated simply on fixed-point numbers by the use of a scaling factor that

comes to each individual template.

A major architectural issue is the balance between the data-flow rate and the

computational complexity. The many-core architecture has special advantages

where each template requires much iteration, as is usually the case in nonlinear

dynamics. It has less of an advantage for low-level pixel operations for image

processing, where a pipelined architecture seems superior. In that light, the

seeming disadvantage of serial processing (on word-level or on bit-level) is not

severe, where otherwise the computation needs to be halted to wait for the data to

flow in.

16.4 The CNN Processor

The CNN Instruction-Set Architecture (ISA) defines the exterior of the CNN

Image Processor in terms of signals and visible memory locations. The overall

CNN ISA is depicted in Fig. 16.20. Overall, we find four modes of operation and

their respective instructions using two separate bus systems: the Image-Memory

Bus (IMB) and the Host-Interface Bus (HIB), both with a R/W signal and strobed

address and data bus.
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16.4.1 Instruction Set

The Instruction Set covers four domains of activity: (a) the window on the image,

(b) the configuration of the network, (c) the running of the network, and (d) the

debug of the CNN software.

The window operations influence the image-management unit only. It converts

physical into virtual pixels and will autonomously fill the CNN with pixel informa-

tion with respect to the designated Region of Interest (RoI) for any frame format

using the IMB. Using the window settings it is possible to repeat the CNN program

on a steadily smaller part of the image while increasing the resolution.

– Frame Size: the width and height of a frame in pixels.

– Center coordinate: the non-sampled center of the first frame to be handled.

The internal operation is governed by a number of tables, downloaded over the

HIB. They all start with a preamble that gives the general table information and then

subsequently provides the table entries. The template and discrimination table will

be distributed to all nodes, while the program table is saved in the Instruction Store

Unit (ISU).

– Discrimination: table for discrimination function

– Program: Instruction Store (opt.)

– Template: label and content of a template

The discrimination function lists the transformation from internal node status to

external data result. The length of the table is therefore given by the table size

divided by the table step. The program tells the successive applications of pixel

operations that can be either templates or hard-coded linear instructions. It implic-

itly relates the use of various layers and how they are combined either in time or in
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space. A template gives each CNN function. Templates can be downloaded and

stored in every CNN node for use later on. The pixel operations can be selected

from a number of linear (hardwired) and nonlinear (downloadable) options. The

instructions will be placed into a separate ISU.

– Logical: NOT, AND, OR, EXOR

– Arithmetic: Sum, Minus per pixel or horizontal or vertical

– CNN: refers to downloaded templates

The program execution is controlled by:

– Run: none, per clock, per iteration, per template till a specified breakpoint in the

program.

– Boundary: the boundary conditions as stated in the templates can be overwritten

for debug purposes.

– Sample Size: the amount of physical pixels represented by one virtual (CNN

internal) pixel as implied by the window can be overwritten for debug purposes.

– Mode: only this window, or a stripe of the entire image.

The ISA makes the CNN network architecture invisible to the host program and

therefore allows a late binding of the actual structure to an application at hand.

More often than not, the development network is different from the production

network. Starting from a MATLAB model with values represented in a double

floating-point format, a gradual conversion into fixed-point numbers is needed [6].

The length of the internal words is application dependent, though accuracy can be

easily guaranteed by block-based scaling with a factor derived by inspection of the

templates. In practice we have not seen the need for more than 8-bit precision, but

for simple templates a smaller length can be accepted.

In line with this, we have inserted a number of in-line debug facilities. The

system can be run in various time step sizes, inspected for network data, while

allowing the network status to be overwritten and to continue from the existing

status. In our reference system we assume that the network is configured separately

from the rest. Consequently we have to ensure that the system components can

handle appropriate network architectures.

16.4.2 Blocks

The processor largely comprises three blocks: (a) the Host Interface Unit, (b) the

Image Management Unit, and (c) the Control Unit.

A host must be able to control the overall functionality of the system by sending

instructions and cloning templates and by setting a number of configuration

parameters. The communication is handled by the HIU, which receives the requests

from the host over the HIB and forwards them to the system using a wishbone bus.

The HIU is also responsible for data delivery to the host. Two different FIFOs are

used, one for acquiring host requests and one for putting out data to the host.
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A host request is 25 bits long and is divided into three fields: a Read/Write flag

that determines the type of the request, a virtual address field, and a data field that is

of interest only in write-requests (Fig. 16.21). Once a request is captured by the

FIFO, the virtual address is translated into a system memory address by the I/O

memory mapping unit (IOMMU). This address will serve as a base address for all

incoming data as long as the virtual address field in the subsequently received

requests remains unchanged. The bus master acts partially as a direct memory

access (DMA); it generates the proper addresses from the base address and puts it

on the address port of the wishbone bus. In the case of a read request, once data are

available, the wishbone bus raises an ACK(nowledgment) signal notifying the bus

master that reads the data and puts it on the output FIFO. Write requests are handled

similarly. Here the ACK signal notifies the bus master that the writing of data is

accomplished so the next pair of address/data can be handled.

The camera captures images and stores them in an external memory. The 8-bit

gray-scale pixels are then retrieved and converted by the IMU to a signed fixed-

point notation with a precision of 7 bits for the fractional part. One of the main

operations of the IMU is the windowing operation. As the size of the network is far

smaller than the processed image frame, a gradual zooming toward the RoI is

required. At the beginning the RoI covers the entire frame, where each CNN

node on the chip is mapped onto a virtual pixel that corresponds to a group

of real pixels in the image. The virtual pixel is suitably obtained through

a conventional averaging of all pixels in the corresponding group. In the next

round the RoI covers a smaller part of the frame, depending on the output of the

previous round.

The unit has direct communication to the CNN core and the HIU through

wishbone buses. It is built with the concept of pipelining in mind and consists of

two main components: Instruction Fetch and a Controller (acts as instruction

decoder). The naming convention is somehow misleading as the former pipelining

stage generates two additional signals; control (used by the Controller pipeline

stage) and iteration; in addition to the instruction that is fetched from a dual-

port RAM. The controller consists of two major components. One is the actual

instruction decoder and provides the proper template, while the other generates

CNN-enable and instruction-done signals, depending on the number of iterations

and whether equilibrium is reached or not.

The instruction memory (ISU) is arranged as shown in Fig. 16.22 with a space for

64 instructions. Taking a Xilinx Virtex-II 6000 as reference, which accommodates

34000 slices, we find that the overhead incurred by turning a CNN network into a

system ranges from 1% for a limited edition to 5% for a complete one with large

buffers.

Data

24 23 16 15 0bit

R/W Virt. Addr.

Fig. 16.21 A host request is subdivided into flag, address, and data fields
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16.4.3 Multi-level Implementation

The CNN computations can be formally identified within morphological algebra.

The primitives of low-level pixel operations are the three set-operations “not”, “or”,

and “and”, supplemented with directions by iterative operations on “dilation” and

“erosion.” It has been demonstrated how any morphological expression can be

written out into a flat list using only primitives, such that this flat list can be

procedurally assembled into an optimal CNN structure [12].

The dataflow graph of the CNN computation displays a number of parallel paths.

Each parallelism runs on each instance of the basic CNN structure, which can be

either a separate level or a recursive structure over a separate memory domain.

A typical example is in hand vein recognition, where the same image is analyzed for

different features (bifurcation and ending) to achieve a collective annotation of the

reconstructed overall image (Fig. 16.23).
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A similar situation is where the same CNN computation operates on subsequent

images. In Fig. 16.24, it is shown how motion can be extracted from subsequent

images. Where the expression is evaluated before the next frame is available, it is

feasible to use the memory domain without loss of system speed. Nevertheless,

the fundamental issue involves state explosion, that is strictly reduced by time-

multiplexing,where image extraction is less accelerated than bymicroelectronic speed.

The integration of multiple images helps not only to analyze in time, but also to

analyze in space. The objects on a single image, but at a different distance from the

sensor, are nonlinearly and therefore non-constantly scaled. Finding the scaling is

important for 3D reconstruction. A similar technique can be used for stitching

together images of a single object from sensors at different angles [38].

16.4.4 In Short

Branch handling is not only a concern for a conventional processor, but also for

a CNN. In the pipelined architecture, a branch condition will stop the operation until

the current cycles are performed while new input is halted, similar to flushing. For the

many-core architecture, this is not an issue, but the question arises how the instruction

fetch is realized. In our CNN processor, the CNN area has the CNN program

Fig. 16.24 Motion extraction
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inclusive branch conditions, and it will pre-fetch. This shows the control is local,

while the attached processor is not involved with the details of the CNN operation

but simply performs the additional administration. In other words, the CNN part

autonomously handles a complete algorithm: no additional DSP is required.

The ingredients of the CNN architecture are close to current tiled architectures of

the many-core type. This similarity can be exploited by the evaluation of many-core

compilers. The (optimal) CNN many-core solution is at least understood, even if

not solved. Therefore, it provides a benchmark for compilers by evaluating how

well the compiled code exploits the symmetry issues in the CNN algorithm. The

similarity is not complete, as the CNN allows a cellular network without global

control, whereas the compiler technology will usually have problems taking the

Wave Computing effect of nonlinear dynamics into account.

Clock synchronization is not part of the mathematical concept of cellular

networks. On closer inspection, the always “natural” addition of clock synchroni-

zation makes it easier to understand but at the same time takes the performance

profit away. The analogic realization does not need a clock, because it reaches,

by nature, the more speed- and power-efficient solution. Boxing the CNN as a

programmable digital unit is a consequence of the need for a generally applicable

software development environment, but the obvious detrimental effects of achieving

generality in loosing specificity may be worth to spend new thoughts.

For the digital realization, the clock synchronization paradigm has always

been taken for granted. As a consequence, a number of architectural experiments

have broken down in scaling as the global control lines became dominant for the

system speed. Architectures that can run for many cycles without being controlled

have clearly provided a far better operation.

Apparently, the actual problem is not in the clock, but in the global control that is

usually been designed in a synchronized way. Having a small instruction stack in

each node will provide some remedy, but the effect of the small control spread will

still not become visible if the nodes are globally synchronized. A more attractive

solution comes from the area of asynchronous design. If a node can autonomously

determine that it has no activity, it can go into a “no operation” mode. If a node sees

that all surrounding nodes are in “no operation,” it can fetch the next nodes.

This simple solution is not sufficient, as it cannot be guaranteed that all nodes in the

network are inactive by simply looking at the neighbors. Where the CNN creates

system activity by doing only local interaction, a mirror mechanism is clearly needed.

16.5 New Media Applications

The naive image application of CNNs has largely been involved with low-level

pixel computations, such as edge detection. It takes the image from the camera and

makes it a better one. But that is drastically changed with the advent of smart

cameras. Adding high-level image computations, the camera starts to determine the

parts of the scene. Then it is just a small step towards an understanding of what
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appears in the scene. This comes together with a further complication of the camera.

To handle the algorithmic complexity, the platform requires a processor with

a high processing power, typically a graphics processor with the potential of

a supercomputing node.

This is invoking a counter movement in an algorithmic swap. The camera is not

the encapsulation of the functionality, but the function will encapsulate vision. And

even more! The overall system will operate on information that is real-time

extracted from the embedding system. As the embedding system reacts to this, it

will enforce the sensor, and the time-sequenced interaction creates the desired

knowledge. This vision-in-the-loop is the area of New Media. In a similar fashion,

audio and video can be handled. The hardware platform discussed here is only

restricted to any topological map.

The cellular hardware is especially efficient in video extraction. It is known from

the continuous MPEG improvements that 90% of the resources are exploited by

movement extraction. There is an interesting alternative, when each object with

interesting movement has a small signal added to it outside the natural light

spectrum. Pulsation brings a further identification. Consequently, the signal samples

have to be stored.

It is only a small step from the pulsating signal to audio. And again, we have to

consider the increased order of the state explosion. The window on an audio signal

is small from a suitable selected pulse, but in general the window will be much

larger. Using modularity the window size is still limited, but it will be too large for

comfort [39].

The multi-level CNN is handled by time-multiplexing: the same cells are run but

by new parameters from the local memory. For the Fourier transform, we cannot

use the same cells, but we can time-multiplex new cells that reconfigure a number

of CNN cells. This is a straightforward extension of the previous concept,

as illustrated in Fig. 16.25.

So far we have discussed exploiting CNN operation to its theoretical potential.

The added problem is to raise that potential. For the simple one-level CNN, all the

computations will be local and therefore short and fast. For more complex systems,

and notably for new media applications, we need multi-level and multi-mode.

As the planar microelectronic technology is essentially two-dimensional, we have

used multi-levels through memory structures, but this technique is limited.

The use of 3D technology is an interesting concept from the 1980s, but has

recently become more viable. Especially by looking at the adder tree structures in

the nodes, it seems that stacking transistors can provide a clear decrease of size and

therefore a structured method to shorten the signal path in computational logic.

With new vigor in stacking CMOS technology, smaller cells could be realized

within the coming decade, but it does not solve all of the problems.

The other technology need is illustrated by the figures that raised the increasing

modes. Instead of time-multiplexing over the memory structures, it seems of

advantage to stack wafers. Again, the idea is not new. In the 1990s, research was

proposed to stack an analog, a mixed-signal, and a fully digital wafer for complex,

new media applications. Most of these projects come from a desire to imitate
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biology. Recently, the idea has been renewed, though initially as an accelerator for

bio-morphic systems.

Overall, we see that the CNN was inspired in the late 1980s, and it has gradually

matured in theory and application, with both analog and digital architectures. The

new interest in scaling this paradigm to larger systems, where few or no other

technologies can solve the complex problems, matches nicely with recent techno-

logical progress in different areas. This makes the basic ingredients of a disruptive,

promising development.
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Chapter 17

Retinal Implants for Blind Patients

Albrecht Rothermel

Abstract Recently, very promising results have been obtained in clinical trials

with eye-prostheses for the blind. There is a chance that advances in surgical

techniques, microelectronics design, and material science may lead to the first

really useful applications of retinal implants in the near future. This chapter will

focus on the actual status of subretinal surgery and implant technologies.

Opportunities and limitations of the different technologies will be discussed in

terms of patients benefit and technological challenges.

Finally, a vision on how the devices may work and look like in the future will be

given.

17.1 Introduction: Causes of Blindness and Overview

of Projects

Blindness is one of the most severe handicaps we can imagine. However, here we

have first to distinguish between people who are blind from birth, on the one hand,

and those who became blind by disease or accident.

People who are blind from birth completely lack any training of their visual

system, and that means that probably there will never be any artificial vision for this

group. However, people who have never seen in their life typically do not miss this

ability too much.

Today’s approaches for prostheses for the blind work exclusively with patients

whose blindness is a result of diseases. Among them are age-related macular

degeneration (AMD) and retinitis pigmentosa (RP), which are both related to

photoreceptor degeneration [1, 2]. An important characteristic of these degenera-

tive diseases lies in the fact that the optical nerve and most cell layers in the retina
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are still alive and functional. Another motivation for the development of electronic

appliances to help RP patients derives from the complete lack of any medical

treatment to stop the photoreceptor degeneration. A restoration of even rudimentary

vision would be of significant benefit to these patients.

Figure 17.1 shows the main nerve layers in the retina of humans. Only the rods

and cones are missing when RP patients have gone totally blind; the neurons, which

include bipolar cells, horizontal cells, and ganglion cells, are still alive and are able

to generate spike train action potentials.

Experiments have been carried out at the Natural and Medical Sciences Institute

at the University of Tuebingen by Stett and Gerhardt. The retina was extracted from

a Royal College of Surgeons (RCS) rat with inherited retinal dystrophy, which is a

widely studied animal model of retinal degeneration. Samples of the extracted

retina were placed on a microelectrode array. Pulse trains could be measured on

ganglion cells as a response to stimulation pulses applied to the electrodes [4].

Figure 17.2 shows measured pulse trains for various stimulation pulse durations.

This kind of experiments verified that direct stimulation of retinal cells could

generate so called phosphenes (visual perceptions) in patients [5]. With qualitative

and quantitative results about the sensitivity of the retinal nerve cell layers, it was

possible to design experiments on blind humans.

Four different locations of the stimulation electrodes are being investigated by

different teams throughout the world.

Fig. 17.1 The human visual system [3]
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1. Epiretinal: Looking from the direction of the vitreous body in the eyeball, we

approach the retinal layer from the ganglion cell side. The blood vessels and

axons that form the optical nerve are located here. The epiretinal approach

places the stimulating electrodes into the space of the vitreous body close to

the ganglion cell layer. These devices typically separate the stimulation elec-

tronics from the electrodes themselves. The advantage is a high flexibility in

electrode design and placement, the drawback the wiring required for each and

every electrode. One very active team in this area is the company Second Sight

[6]. In Europe, the same approach is followed by the company IMI [7] and the

consortium Epiret. Figure 17.3 shows an example of such an approach. The

picture information to control the electrodes is captured by an external camera,

which allows for extensive image processing to optimize the stimulation signals.

If the eye movements of the patient are to influence the stimulated pattern in

a “natural” way, eye tracking is required.

2. Subretinal: Placing the electrodes at exactly the position where the photo-

receptors were leads to the so-called subretinal approach. Most active in this

area is a German group with the company Retina Implant AG driven by Zrenner

[8, 9]. Also a group at the MIT follows this principle [10]. The advantage is that

the stimulating electrodes are as close as possible to the location of the natural

photoreceptors (Fig. 17.4). This arrangement promises the best stimulation

sensitivity and best spatial resolution. The natural pressure of the retinal layer

on the choroid guarantees the best proximity of electrodes and nerve cells.

The MIT group [10] combines this approach with an independent design of

Fig. 17.2 Action potentials measured on a RP rat retina in vitro [4]
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electrodes and electronics, allowing forcomplex electronics and high flexibility

in the design, with the drawbacks of the wiring costs being proportional to

the number of electrodes and the requirement of an external camera.

Fig. 17.4 Subretinal stimulation device in the human eye [11]

Fig. 17.3 Epiretinal stimulator design
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The German group based in Tuebingen [8] is the only one to the best of our

knowledge that combines photosensors and electrodes in close proximity to

use the natural optical path of the eye. The subretinal chip is a camera, signal

processor, and stimulator all in one piece of silicon. Wiring this way is indepen-

dent of the number of electrodes. In fact, the electrode number could be very

high and is limited in practice by the limited spatial resolution and charge-

transfer characteristics of the electrode material. The major drawbacks are the

limited picture signal processing capabilities and limited flexibility of signal

processing. Also the surgical procedure might be the most ambitious of the ones

discussed here as the retinal layer, especially of RP patients, is a very delicate

structure. However, retina manipulation is a quite common eye treatment

surgery these days.

3. Subchoroidal: A little bit further towards the sclera is the position that an

Australian consortium [12] is planning to use. The bionic eye project with

a volume of Au$42 million uses an external camera again and places the

electrodes between the choroid and the sclera. As far as we understand, the

advantage lies in the fact that the eyeball does not have to be opened for this kind

of surgery.

4. Suprachoroidal transretinal (STS): Going one step further, a Japanese group

follows the STS approach, which means that the electrodes are attached to the

sclera and again the eyeball does not have to be opened [13].

17.2 Organization of the Subretina Chip

The following sections mainly deal with a German project of the Tuebingen group.

Driver of the project is Prof. Zrenner from the eye hospital in Tuebingen [14].

Commercial aspects are covered by the company Retina Implant AG. Research in

this area started more than 10 years ago [15] together with the Natural and Medical

Sciences Institute at the University of Tuebingen and the Institute for Microelec-

tronics in Stuttgart.

The subretinal implant device as of today is wirelessly supplied by inductive

energy and control signal transfer through the skin. A sealed ceramic box is used as

the receiving device, similar to today’s technology available for cochlea implants.

Highly flexible wiring connects the subretinal chip with the receiver box

(Fig. 17.5). This approach has been proved by the company Second Sight to

allow a very satisfactory lifetime of several years [16].

With the German design, just the transmitting coil is attached to the outside of

the patient’s head, typically behind his ear, and magnetically secured. No other

devices, no camera, and no glasses are essential for the operation of this type of

device, which opens up chances for a very natural appearance of patients with this

kind of prosthesis.

Two different chip designs are utilized for the subretinal stimulator. The earlier

generation chip [17] was arranged in an array of about 1,500 pixels, each equipped

with their own photosensor, amplifier, and stimulator. A more recent generation
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[18] has been designed together with the University of Ulm, Germany. Figure 17.6

shows the block diagram. To improve the lifetime of the delicate structure, all

terminals of the chip have been designed to work in a DC-free way. Control signals

are supplied by control currents with an input voltage level clamped to GND. The

supply voltages, however, are also DC-free. VH and VL are symmetrically oriented

piecewise linear square wave voltages with peak-to-peak values of just �2 V. For

internal operation, of course a rectifier is incorporated, however, to drive the

stimulating electrodes, the polarity change of VH is used directly at the output to

generate a biphasic output stimulating current and voltage.

Not all output electrodes have to be addressed at the same time; they can be fired

sequentially by a pattern selection signal to reduce peak currents in the supply and

in the tissue.

Fig. 17.6 Block diagram of subretinal chip [18]

Fig. 17.5 Subretinal implant device
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Figure 17.7 shows a micrograph of the subretinal chip with 40 � 40 pixels

arranged on a 3 � 3 mm2 surface. Three bond pads of usual size are available for

every terminal in parallel. Although no DC supply voltages are available (except

the GND potential) electrostatic discharge (ESD) protection of all input terminals

is supported.

17.3 Function and Characteristics of the Pixel (Active Receptor)

Figure 17.8 shows the pixel cell schematic. A logarithmic photosensor is used [17]

to obtain a maximized dynamic range of approximately seven decades. Although

this kind of image sensor is not the first choice for lowest fixed pattern noise, the

quality of the sensor is not the bottleneck in the overall stimulation homogeneity.

The electrode properties and the interface to the tissue also cause a variation in the

amount of charge transferred. In addition, it is known that the visual system itself

has a temporal high-pass characteristic, which is assumed to cancel out local

sensitivity variations to a certain extent. Power and space limitations make the

mentioned photosensor technology the best choice for this kind of application.

Sensor output is amplified by a differential amplifier, which was adjusted by

a reference voltage VGL supplied externally in the earlier generation of implants.

Fig. 17.7 Chip micrograph
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The maximum stimulation current also is controlled externally and adjusted to the

individual patient’s sensitivity.

Addressing signals allow selective addressing of pixels as mentioned earlier.

Transistors M8 to M14 form the output-inverting driver. As VH and VL change

polarity, the output driver polarity is automatically inverted. If VH is positive, the

dotted lines show how the output current of the differential amplifier is mirrored to

a positive output current of the pixel cell. If VH is negative and VL positive, the solid

arrows indicate the current mirror delivering a negative output stimulation polarity.

Fig. 17.8 Schematic of pixel cell

Fig. 17.9 Schematic of automatic brightness adjustment
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The most recent chip generation includes an automatic ambient-brightness

adaptation, which is shown in Fig. 17.9 [19]. The signal of every fourth pixel in

both spatial directions is read out, which gives 100 measuring points on the chip. An

analog differential difference amplifier is incorporated to still allow fine adjustment

of the sensitivity of the logarithmic sensor.

17.4 The Pixel–Retina Contact: Electronics and Physiology

of the Interface Between Silicon and Nerve Cells

An advantageous property of the subretinal approach lies in the fact that the natural

adhesion of the retinal tissue to the sclera is used to form the contact of the nerve

cells to the stimulating electrodes (see Fig. 17.4). No additional mechanical

measures are required. The surgical procedure to place the device beneath the

retina requires specialized know-how, however, if the placement is successfully

carried out, proximity of the tissue to the stimulator is very close.

The electrical contact between the electronics and the nerve cells is established

by conducting ceramics such as titanium nitride or iridium oxide. Compared to

approaches using a silicon dioxide interface [20], which is chemically inactive, the

porous surface of the ceramics allows a much larger capacitance per unit area,

which is essential for achieving a reasonable spatial resolution for the stimulation

(Fig. 17.10) [9].

Fig. 17.10 Porous electrode for subretinal stimulation
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Experiments with in vitro retina from rats [4] and acute human experiments [8]

have proven that with this kind of electrodes and stimulation voltages below 2 V

visual sensations, called phosphenes, can be reliably generated.

To guarantee a long lifetime of the electrode material, charge balancing is an

important electronic challenge. Many proposals have been made to control the

charge transferred to the nerve tissue [21]. These include active charge balancing by

measuring the residual voltage on the electrodes, controlling the injected charge,

and active discharge of the electrodes after stimulation. As long as the electrode

works in the safe voltage limits, it behaves like a capacitance and no ions are

exchanged with the tissue layers.

In subretinal implants, it is essential that the device placed beneath the retina is

as thin as possible. As can be seen in Fig. 17.11, the retina attaches itself closely to

the implanted chip. No additional measures for holding the implant close to the

nerve cells are required. The electrodes have to be flat therefore. However,

maximizing the charge transfer calls for a rough structure, as depicted in Fig. 17.10.

17.5 The Surgical Procedure

Among the implantations of retinal prostheses, the subretinal surgery is possibly the

most delicate one. Nevertheless, a series of 14 implantations have been carried out

by the German team in Tuebingen without the occurrence of adverse effects.

Therefore, the surgery can be considered to be safe and reproducible.

Figure 17.12 (from [22]) shows the major steps. First, the vitreous body has to be

removed from the eyeball. The extraction of the vitreous body is a standard

procedure in eye surgery manipulating the retina for various reasons. In a second

Fig. 17.11 Optical coherence tomography cross section showing the retinal layer in close

proximity to the subretinal chip [11]
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step, the retinal layer is detached from the background of the eyeball. Next, the

subretinal implant can be safely inserted into the gap between the retina and the

sclera. Finally, the retina is attached to the background of the eyeball again. Please

note that most of the steps carried out here are surgical practices developed for

different retinal diseases.

The ribbon that supplies the subretinal device is firmly attached to the outer part

of the eyeball in such a way that no mechanical stress is introduced. The retina

attaches the complete subretinal part of the implant to the background of the eyeball

in a very natural way.

17.6 Results Achieved To-Date

A large variety of results have been achieved today with patients with subretinal

implants. This includes the responses of blind patients to different amplitudes of

stimulation, different pulse patterns, and different pulse frequencies. Generally, the

Fig. 17.12 Surgical procedure for subretinal implantation [22]
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perception is described as white to yellow in color. The intensity can reliably be

varied, and maximum intensity is sometimes described to be very bright.

Different intensities, experimentally represented by sheets with a different gray

color, can be distinguished very well. The orientation of a stripe pattern can be

reliably recognized, as well as motion of stripes and other patterns.

One patient, who was blind for more than 10 years, demonstrated an extraordi-

narily high spatial resolution. Figure 17.13 shows examples of objects he was able

to distinguish. He was even able to read the letters shown in the figure [8, 9].

Besides mug and plate, he could distinguish spoon and knife.

The only other group that consistently reports about visual perceptions in

implanted patients, to the best of the author’s knowledge, is Second Sight [16].

They show patients walking along a wide white line drawn on the floor, or they also

show the perception of letters (Fig. 17.14).

Fig. 17.14 Letter recognition reported by the epiretinal approach (Second Sight Inc.)

Fig. 17.13 Blind patient with subretinal implant
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17.7 Future Developments: What Can We Expect

by the Year 2020?

Today, there are mainly two successful approaches, namely the epiretinal and

subretinal approaches. Which of the two approaches will be a product in the future

is difficult to predict, especially for somebody who is working for one of the two.

There is also a certain chance that we may have two products that have different

benefits for the different medical conditions of the patients.

It is very likely that we will have a fully self-contained implant that is

completely located on the eyeball. Wireless inductive power and data transmission

directly to the eyeball is available already today, e.g. in the Argus II prototype by

Second Sight Inc. This type of power transmission requires a transmitting coil,

which may be located on the frame of a pair of glasses the patient is wearing.

Epiretinal implants in all cases work with an external camera. To adjust the

picture that is stimulated on the retinal ganglion cells to the gaze of the patient, eye

tracking is required. Also for eye tracking, it will be necessary for the patient to

wear a pair of glasses. A small camera tracking the eye position will be mounted on

the frame. This means, in conclusion, that the epiretinal approach will always rely

on the patient wearing a pair of glasses, and therefore it is very likely that a wireless

transmission to the eyeball will be the solution for the future even in 2020.

For the subretinal approach, a similar setup is highly probable. The problem of

power and data transmission is even relaxed, because only control data have to be

transmitted, as the video data are generated by the active pixel array in the eye

itself. In addition, the power consumption of subretinal approaches is relatively

small up to now.

But there are additional, cosmetic considerations to be taken into account. For

the subretinal approach, a pair of glasses is not essential and it might be discarded

for some patients. The natural path of the light into the eyeball is still in use with

subretinal prosthesis. Optical correction is not necessarily an issue, because typi-

cally the lens of retinitis pigmentosa patients is replaced anyway, as most of them

suffer from cataract.

In conclusion, the subretinal approach has the potential of giving visual

sensations to patients without them wearing any artifacts in front of their eyes. In

that case, it might be of interest to supply the subretinal implant in the same way as

is done today, by a wire from a receiving box located behind the ear. The trans-

cutaneous transmission to that receiving box uses the well proven technology

applied for the hundreds of thousands of cochlear implants in use today.

The experience of the subretinal group is that the wire does not cause any

uncomfortable sensations to the patients. It is interesting, however, that also the

epiretinal group with Second Sight Inc. has good long-term experience with the

same approach with Argus I. At least two patients with such an implant have had no

problems with the wired connection for 7 years now. Also the approach has proven

to give a reliable long-term lifetime.
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Please note that the optic nerve and muscles are connected to the eyeball

anyway, therefore the additional wire does not disturb as much as one might

suppose at first glance. Maybe in 2020 patients will have the choice between a

device in the form of a pair of glasses, on the one hand, and an alternative device

that requires a transmitter coil magnetically attached behind the ear, and nothing

else.

In general, the subretinal approach has the limitation that the complete subretinal

artifact has to have a certain form factor in order not to disturb the delicate retinal

tissue with its supporting blood vessels too much. Epiretinal implants generally

have a greater freedom of choice with respect to the shapes of wiring and

electrodes. It is possible that the ability of the subretinal approach to cope with

these form factor restrictions will finally define the winning approach.

In terms of improvements of electronics and electrode materials, we can expect

the following developments. The most critical parameter in all retinal implants

is the spatial resolution. Therefore, the teams following the epiretinal approach

have continuously increased the number of electrodes (see [7] for example). As the

stimulating chip and the electrodes have to be connected by wires, the wiring inside

the eyeball turns out to be a critical issue. Argus II, which is the state-of-th- art

prototype used by Second Sight Inc., uses 60 electrodes. Prototypes with higher

numbers of electrodes have been developed also by Liu’s group [23, 24]. Another

idea to increase the number of electrodes is the use of multiplexers close to the

electrodes. However, the technology of connections remains complicated.

The subretinal approach, however, has a different problem. The transferable

charge per unit area has to be maximized to get the highest possible spatial

resolution. On the other hand, it should be noted that the subretinal device does

not have to be designed for a certain pixel density. We shall try to explain this

surprising statement in the following.

The electrodes of a subretinal approach form an electrically active stimulating

layer, which is organized like being cut into pieces. Assume the pieces were to be

cut again, making the electrodes smaller. If the “fill factor” of electrode material

remains constant, basically no restrictions due to the smaller individual electrodes

arise. What happens is comparable to increasing the density of the two-dimensional

spatial sampling pattern of the electrodes. The result of this consideration is that the

electrodes themselves can be arbitrarily small without compromising the stimula-

tion strength. Of course, not one electrode alone is able to elicit visual sensations

in that case; a large enough light spot is required to generate enough charge to

result in a visible object. Still, such a device would have the advantage that every

patient would get the optimal resolution his retina is able to deliver to him.

Already today, subretinal implants use 1,500 electrodes, which allows a spatial

resolution above the resolution of the electrode–tissue charge-transfer system we

see today. It can be expected that the subretinal designs in 2020 will easily have

electrode numbers in the range of 10,000, although not necessarily delivering the

equivalent spatial resolution to all patients.

What should be solved by 2020 in addition is the increase of the “window size”

of retinal implants open for the blind patients. Here, maybe the subretinal approach
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has the biggest surgical issues, as it requires a device that must be flexible in two

dimensions to be placed beneath the retina and safely away from the optic nerve.

Epiretinal stimulators may have easier access to the ganglion cells in the periphery,

however, the wiring problem worsens.

Today, it is an open question whether stimulation in the periphery will be

beneficial for retinitis pigmentosa patients. We know that the retinal signal pro-

cessing in the area of sharpest vision and in the periphery differs significantly,

therefore the spike trains of peripheral ganglion cells may be interpreted quite

differently by the brain. Only more human experiments will answer those questions

and help in designing the future implant devices.
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Chapter 18

Silicon Brains

Bernd Hoefflinger

Abstract Beyond the digital neural networks of Chap. 16, the more radical

mapping of brain-like structures and processes into VLSI substrates has been

pioneered by Carver Mead more than 30 years ago [1]. The basic idea was to

exploit the massive parallelism of such circuits and to create low-power and fault-

tolerant information-processing systems.

Neuromorphic engineering has recently seen a revival with the availability of

deep-submicron CMOS technology, which allows for the construction of very-

large-scale mixed-signal systems combining local analog processing in neuronal

cells with binary signalling via action potentials. Modern implementations are

able to reach the complexity-scale of large functional units of the human brain,

and they feature the ability to learn by plasticity mechanisms found in neuroscience.

Combined with high-performance programmable logic and elaborate software

tools, such systems are currently evolving into user-configurable non-von-Neumann

computing systems, which can be used to implement and test novel computational

paradigms. The chapter introduces basic properties of biological brains with

up to 200 Billion neurons and their 1014 synapses, where action on a synapse

takes �10 ms and involves an energy of �10 fJ. We outline 10x programs on

neuromorphic electronic systems in Europe and the USA, which are intended to

integrate 108 neurons and 1012 synapses, the level of a cat’s brain, in a volume of

1 L and with a power dissipation <1 kW. For a balanced view on intelligence, we
references Hawkins’ view to first perceive the task and then design an intelligent

technical response.
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18.1 Some Features of the Human Brain

The human brain consists of about 200 billion neurons, each connected via

thousands of synapses to other neurons, forming an incredibly powerful sensing,

information, and action system that has

– Unparalleled intelligence, i.e., learning, comprehension, knowledge, reasoning,

planning, and

– The unique capability of cognition, i.e., the power to reflect upon itself, to have

compassion for others, and to develop a universal ethic code.

We settle for the intelligence aspect in this chapter, and we identify the following

tasks as a collective motivation to understand and to use brain-like structures and

operations:

– All kinds of feature- and pattern-recognition,

– Understanding many-body scenes, objects, people, traffic,

– Language understanding and translation,

– Building a relationship with care-bots.

We can imagine that the first three tasks can be handled by neural networks as

described in [1] or in Chap. 16. Building a relationship with a care-bot requires a

complexity of learning and adaptation plus the incorporation of feeling and com-

passion such that we have to look for the uniqueness of the brain to solve this task.

Figure 18.1 shows a micrograph of a part of a mouse brain with the central

neuron green-enhanced. Each neuron consists of a nucleus (soma), dendrites, axons,

and synapse barriers (Fig. 18.2; for an introduction see [4]).

Fig. 18.1 A section of a

mouse brain under the

microscope. The scale bar is

100 mm. The green neuron in

the center was made visible

by a green-fluorescent

protein [2]
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Nucleus: Receives and adds-up inputs from dendrites and sends outputs through

axons. Has a nonlinear response curve with thresholds, above which a spike is

generated.

Axons: Receive signal from nucleus and conduct ionic signal to synapse barrier.

Dendrites: Receive ionic signals from synapses.

Synapses: Consist of a presynaptic ending and a postsynaptic ending, separated by a

gap of a few nanometers. Neurotransmitters are released across the gap depending

on previous history and input signal, for which a simple model is the multiplica-

tion of the signal by a characteristic weight (see Fig. 16.1 for a comparison).

Contrary to the one-way feed-forward perceptrons in Chap. 16, two-way signal

transport can occur in natural neurons, and new synapses with axons and dendrites

can grow in a biological brain. Neurons are also specialized for certain tasks [5]:

– Sensor neurons sense inputs. The most prominent example is the retina

(Chap. 17).

– Inter-neurons are the large majority operating inside the brain.

Dendrite

Synapse

Synapse

Axons

Fig. 18.2 Components of a neuron [3]
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– Memory neurons are a more recently defined specialty of inter-neurons, which

has strong reinforcement and long-term-potentiation (LTP) features.

– Motor neurons perform control and actuator functions.

The recent explosion of knowledge about the brain’s functions is the result of

the advancement of microelectronics and micro-sensing augmented by image

processing and micro-physical chemistry. Out of the empire of acquired knowledge,

we select a few topics, which are essential in developing biomorphic Si brains:

– The key information lies in the action potential, both in its height and in its

frequency of occurrence. The action potential is a voltage spike 0–70 mV high

and ~2 ms wide. The repetition rate can be 0.1–500 Hz.

– The resting potential across the gap of a synapse is 70 mV. When an ionic charge

arrives, a specific action potential is generated, reducing the voltage difference.

– The signal-transmission strength is given by the spike density, which resembles

a pulse-density-modulation code. The rate is<1 Hz to 500 Hz with an average of

10 Hz.

– The synapse weight determines to what degree the incoming signal at a synapse

is transferred to the postsynaptic output onto a dendrite.

Table 18.1 is a performance guide to the human brain. The basis of this charge

model is a charge density of 2 � 10�7 A s cm�2 per neuron firing, fairly common to

biological brains [6] and a geometric mean for axon cross sections, which vary from

0.1 mm2 to 100 mm2.

We close this section with a brief summary on the circuit functions of the neural

elements.

– Synapses: They receive as input signal a pulse-density-coded signal with a

dynamic range of 0.1–500 Hz, equivalent to a 10-bit linear code, which could

be log-encoded for efficiency and physical meaning. They transmit an output to

the dendrite, which is weighted by the history of this connection, which means

training, memory, recapitulation, and reinforcement, certainly the most signifi-

cant and complex operation. Implementations require a multi-level, non-

volatile, up-datable memory for the weight-function, which, in simple terms,

Table 18.1 Charge and energy model of the human brain

Number of neurons 2 � 1011

Synapses/neuron 103

Ionic charges per neuron firing 6 � 10�11 A s

Mean cross section synaptic gap 30 mm2

Charge/synaptic gap 6 � 10�14 A s ¼ 4 � 105 ions

Action potential 70 mV

Energy per synapse operation 4 fJ ¼ 2.5 � 104 eV

Energy per neuron firing 4 pJ

Average frequency of neuron firing 10 Hz

Average brain power (2 � 1011) � (4 � 10�12) � 10 ¼ 8 W
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then has to be multiplied with the input signals. Thus, the electronic synapse is a

complex, most-likely mixed-signal circuit with an intelligent memory.

– Dendrites: They perform the summation of their associated synapse-outputs, a

fairly convenient electronic analog-circuit operation, but also common with

digital accumulators.

– Nucleus: Its function is the firing decision, a nonlinear characteristic with

hysteresis and historic adaptation (see the digital solutions in Chap. 16).

Beyond the dedicated technical implementations in Chap. 16, we introduce two

generalist programs to build Si brains in the following.

18.2 3D Analog Wafer-Scale Integration of a Si Brain

In 2005, a consortium of 14 university and research centers in Europe started the

FACETS project (Fast Analog Computing with Emergent Transient States) [7].

Within its broad scope of advancing neuromorphic computing, the hardware part is

a very-large-scale, mixed-signal implementation of a highly connected, adaptive

network of analog neurons. The basic element is a wafer-scale network of 50 million

synapses, real-time configurable with

– 150 k neurons and 256 synapses each, to

– 2.3 k neurons and 16 k synapses each.

One key target is a 105-fold speed-up of the natural neuron-firing rate of

10 Hz. Since the communication of firing events is digital with a minimum of

16 bits/event, communication bandwidth is a major challenge for this system. The

wafer is organized into 288 chips with 128 k synapses and 16 k inputs each,

resulting in a total of 4.6 M inputs � 105 � 10 Hz ¼ 4.6 Tera events/s ¼ 74 Tb/s

per wafer. This traffic is organized by a wafer-level, crossbar metal-interconnect,

fabricated as a custom back-end-of-line structure. The manufacturing of this archi-

tecture would be a perfect example of future high-speed, maskless electron-beam

lithography (Chap. 8). It is also a perfect example of at least three other challenges

for the advancement of chip technology.

One is the power efficiency of chip/wafer-level interconnects. With the optimum

efficiency of 1 mW/(Gb/s) in 2010 (Chap. 5), the resulting 74 W could be handled.

The more likely level in the project at a less advanced technology node would be

1 kW. Scaling this up to mega-neurons clearly shows that power efficiency is the

number 1 concern for these complex systems.

A second challenge is the implementation of a writable and non-volatile synapse

weight. The FACETS hardware designers have opted for a multi-level (MLC)

floating-gate memory, a nice example of utilizing the tremendous development

activity of the industry in this direction (MLC Flash, Chap. 11). Providing this

specific chip technology in congruence with the underlying synapse would make a

natural application for 3D integration.
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This 3D integration is the third challenge for any Si brain. The memory Si layer

on top of the mixed-signal Si layer can be achieved with a through-silicon-via (TSV)

technology (Chaps. 3.7, 7, 12), and it is only one level in the task of building the

whole system, because the global programmable digital control could be added on

top. In the FACETS architecture, the digital control is implemented with FPGA

(field-programmable logic array) chips on a printed-circuit board with the wafer in

the center. An exploded view of the wafer-scale brain-element is shown in Fig. 18.3.

The chip area/synapse in the FACETS design is ~400 mm2, comprising mostly

analog circuits with about 100 devices (transistors, capacitors, resistors) operating

at 1.8 V. The design and technology rules are given by the European research wafer

service at the 130 nm level. As of 2011, Facets has been followed by BrainScaleS

[8]. There is clearly room for scaling, and it will be interesting to follow the digital-

versus-analog strategy, considering the alternative of digital 8 � 8 multipliers with

1 fJ and 100 mm2 per multiplication (see Sect. 3.6).

The FACETS project has advanced high-speed vision tasks as a benchmark.

Another application and a matter of cross-fertilization with the leaders in super-

computer-based simulations of the human brain is the use of the FACETS system

as a hardware accelerator for specific tasks. If a Blue Brain [9] simulation takes

100 times longer than a natural task, and the hardware could be 105 times faster than

Fig. 18.3 View of the FACETS wafer-level mixed-signal brain-element with 150 k neurons and

50 M synapses [8]
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nature, this cooperation would accelerate the acquisition of know-how about some

workings of the human brain quite significantly. This is also one of the aims of

another large-scale project.

18.3 SyNAPSE: Systems of Neuromorphic Adaptive Plastic

Scalable Electronics

This US program was launched by DARPA in 2009 [10], and it says in its

description: “As compared to biological systems. . ., today’s programmable

machines are less efficient by a factor of 1 million to 1 billion in complex,

real-world environments”. And it continues: “The vision . . . is the enabling of

electronic neuromorphic machine technology that is scalable to biological levels. . ..
Biological neural systems (e.g. brains) autonomously process information in com-

plex environments by automatically learning relevant features and associations.”

Table 18.2 gives an overview of the capacity of biological brains and a compari-

son with two major electronics programs.

The SyNAPSE program is structured into four phases of ~2 years each:

1. The entry-level specification for synapse performance is:

Density scalable to >1010 cm�2, <100 nm2.

Energy per synaptic operation <1 pJ, <100� nature.

Operating speed >10 Hz (equivalent to nature).

Dynamic range of synaptic conductance >10.

2. (~2010/2012) Specify a chip fabrication process for >106 neurons/cm2,

1010synapses/cm2.

Specify an electronics implementation of the neuromorphic design methodology

supporting >1010 neurons and >1014 synapses, mammalian connectivity,

<1 kW, <2 Liter (the final program goal).

3. (~2012/2014)Demonstrate chip fabrication>106 neurons/cm2, 1010 synapses/cm2.

Demonstrate a simulated neural system of ~106 neurons performing at “mouse”

level in the virtual environment.

Table 18.2 Brain characteristicsa

Brain Neurons Synapses Frequency [Hz]

operations

Power Volume

weight

Refs.

Human 2 � 1011 2 � 1014 0.1–500 8 W

Cat 108 1012 10

Mouse 106 1010 10

SyNAPSE Goal 108 Fab. 1012 Fab. [10]

1010 Des. 1014 Des. 1 kW 1 Liter

Sim.2009 108 1012 500 s / 5 s real 3 MW 227 to. [9]

FACETS Goal 109 1012 100 kHz [8]
aFab.: Fabricate a multi-chip neural system. Des.: Describe a high-level, conceptual electronics

implementation
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4. (~2014/2016) Fabricate a single-chip neural system of ~106 neurons and pack-

age into a fully functional system.

Design and simulate a neural system of ~108 neurons and ~1012 synapses

performing at “cat”-level environment.

5. (~2016/2018) Fabricate a multi-chip neural system of ~108 neurons and instan-

tiate into a robotic platform performing at “cat” level (hunting a “mouse”).

SyNAPSE is a program with explicit specifications. It requires an existing

system-simulation background (like Blue Brain in Lausanne [9] or C2 in Livermore)

to assess the likelihood of realizing the milestones. One striking difference between

FACETS and SyNAPSE is the density-speed figure-of-merit (FOM). See Table 18.3.

SyNAPSE is an industry-driven, much larger program and will generate new

hardware and software technologies. FACETS is based on existing chip technology,

and it is an experiment on the large-scale, international cooperation of research

institutes.

18.4 Outlook

The fascination associated with an electronic replication of the human brain has

grown with the persistent exponential progress of chip technology. The present

decade 2010–2020 has also made the electronic implementation feasible, because

electronic circuits now perform synaptic operations such as multiplication and

signal communication at energy levels of 10 fJ, comparable to or better than

biological synapses. Nevertheless, an all-out assembly of 1014 synapses will remain

a matter of a few exploratory systems for the next two decades because of several

constraints:

Now that we are close to building an equivalent electronic core, we have moved

the fundamental challenge to the periphery, namely the innumerable sensors and

actuators (motors). In this outside-of-electronics domain, that of MEMS, remark-

able progress has been made and continues with high growth (Chaps. 14 and 17).

Furthermore, the critical conversion of analog sensor signals to digital signals is

advancing rapidly (Chap. 4). And yet it is very early in the evolution of generic

neuromorphic peripheries, so that all practical systems will be focused, application-

specific solutions, certainly with growing intelligence, but with confined features of
neural networks.

The other constraint is adaptation and control of brain-like architectures. Fuzzy

and neuro-control have been practically available for 25 years, and yet their

Table 18.3 Comparison of FACETS and SyNAPSE

FACETS SyNAPSE

Area/synapse 400 mm2 <100 nm2

Frequency of events 1 MHz >10 Hz

Area/frequency 400 nm2/Hz <10 nm2/Hz
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application is still limited to applications that are just feature-oriented and not

critical for the technical performance of a product or service. It will take a major,

globally consolidated effort involving many disciplines from reliability and ethics

to social science to achieve a broad acceptance. The advancement of care-bots in

various world regions will be the test-ground for this evolution of neuromorphic

systems.

The third fundamental consideration is looking at the field of artificial intelli-

gence (AI), where the Si brain is a major constituent, from the opposite end, i.e., not

from the brain-side dealing with an environment, but from the environment, how to

perceive it and how to deal with it. An outstanding leader with this viewpoint, to

make predictions about the world by sensing patterns and then to respond intelli-

gently, is Jeff Hawkins (the inventor of the first personal assistant, the PalmPilot)

[11]. We refer to his work here in order to strike a balance with the hardware

perspective on the Si brain offered in this chapter.
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Chapter 19

Energy Harvesting and Chip Autonomy

Yiannos Manoli, Thorsten Hehn, Daniel Hoffmann, Matthias Kuhl,

Niklas Lotze, Dominic Maurath, Christian Moranz, Daniel Rossbach,

and Dirk Spreemann

Abstract Energy harvesting micro-generators provide alternative sources of

energy for many technical and personal applications. Since the power delivered

by such miniaturized devices is limited they need to be optimized and adapted to the

application. The associated electronics not only has to operate at very low voltages

and use little power it also needs to be adaptive to the fluctuating harvesting

conditions. A joint development and optimization of transducer and electronics is

essential for improved efficiency.

19.1 Introduction

The progress in microelectronic components and battery development has provided

us with portable equipment that is powerful and useful for our daily routine.

Wireless communication makes information available at any time and at any

place and has thus transformed the use of these devices. It is creating a whole

new business where sensor systems can be employed in unforeseen ways. They can

be used in buildings or other structures for improving maintenance, in remote areas

for environmental observation, or in cars for better safety and comfort. In many

cases this improved functionality also leads to savings in energy, e.g., fuel effi-

ciency in cars or intelligent monitoring of buildings.

However, we are observing what can be seen as an energy gap [1]. Although

microelectronic devices are becoming more power efficient, the demand for more
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performance is outpacing the progress in power density in batteries. Batteries have

also the disadvantages of limited lifetime and the cost of replacement, maintenance,

and waste generation. The use of harvesting concepts also in combination with

rechargeable batteries can be a way to alleviate the power dilemma.

A great research effort has evolved in the last decade with the aim of improving

power efficiency and reducing the size of harvesters as well as improving the

power management electronics. We are extending the ideas of renewable resources

to the miniaturized world, employing micro-engineering techniques to convert

different forms of energy into electrical power. These energy sources can be

thermal or mechanical or come in the form of light or as chemical or biological

matter.1 A number of industrially viable solutions are already present on the

market [2, 3].

The next sections give an overview of available energy sources and show

how dedicated energy management circuits can improve the system power efficiency.

19.2 Conversion Mechanisms

A number of different ambient energy sources, such as light, temperature gradients,

motion and vibration, are available. This chapter does not attempt a comparison of

these methods but provides a function and performance overview. What makes

energy harvesting interesting for research but frustrating for themarket development

is the fact that it is always very application specific. It is very rarely the case that

a task can be solved by employing a variety of these energy supplies. Environmental

conditions will determine the choice of light, heat, or motion. Further conditions

such as the allowed weight and size of the device will also constrain the options.

Finally, the required system functionality will determine the power requirements

and the selection of a solution. Should a choice of two mechanisms be actually

possible, such as heat and vibration in machines and cars or vibration and light in

industrial areas, then hybrid solutions can be considered. Since some of the sources

might be sporadic and intermittent such a solution might be the only way out.

Although it might be questionable to include radio frequency (RF) scavenging in

this discussion, we do deal with some of the electronic aspects since RF identifica-

tion (RFID) concepts can be adapted to other areas. The same is true in the case of

fuel cells, since most need energy storage. Emerging devices do not require this.

One can perhaps distinguish between generators such as thermal and solar or fuel

cells that provide a DC voltage and those that deliver an AC voltage, as is the case

for RF and vibration harvesters. The latter are often based on resonant systems and

limited to narrowband applications. Thus, great interest exists in developing active

tunable devices [4].

1 This research has been funded in part by the German Research Foundation (DFG), the Federal

Ministry of Education and Research (BMBF), the State of Baden-Wuerttemberg and industrial

partners.
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19.2.1 Motion and Vibration Transducers

When electrical energy is to be harvested from kinetic motion, in particular mechan-

ical vibrations, the choice of a specific transducer mechanism (electromagnetic,

piezoelectric, or electrostatic) is strongly dependent on the operating conditions

(amplitude and frequency spectrum of the excitation source) and the available space

given by the application environment.

The selection process may be further rationalized by considering the scaling

behavior of electromagnetic and electrostatic forces [6]. The electromagnetic

coupling coefficient scales at a different rate to the electrostatic coupling coefficient

[7]. Therefore, when the transducer system decreases by a factor of 100 in size, the

electrostatic coupling coefficient decreases by factor of 100, whereas the electro-

magnetic coupling coefficient decreases by a factor of 1000 [7]. Thus it follows that

the electrostatic conversion mechanism is more efficient for transducer devices with

a size of a typical MEMS (micro-electro-mechanical) device (<100 mm3). On the

other hand, an electrostatic transducer device may be outperformed by an electro-

magnetic transducer for larger device sizes (>1 cm3).

Moreover, based on the fact that the technology for capacitive sensors (e.g.,

accelerometers, gyroscopes) is well established, it is beneficial to utilize the same

standard MEMS process for energy harvesting devices. Thus, if miniaturization of

a kinetic energy transducer is an important issue owing to little space available and

if a large production scale is required, electrostatic MEMS transducers are the

preferred choice. However, it must be considered that the output power of any

inertial energy transducer is proportional to the oscillating mass. Consequently,

miniaturized energy transducers with a very small proof mass will provide only low

power levels in the range of microwatts. Therefore, electrostatic MEMS transducers

require applications that are based on ultra-low-power devices.

In order to convert kinetic vibration energy into usable electrical energy by

means of energy harvesting, two functional mechanisms are required:

• A transduction mechanism to convert mechanical energy into electrical energy

• A mechanical means of coupling ambient vibrations to the transduction

mechanism.

The transduction mechanism enables the transformation of kinetic energy into

the electrical domain. In this respect an electrical current or voltage is generated,

which can be used to power electronic components. For the transduction mecha-

nism to work effectively, a relative motion between two components must be

available. A widespread principle for realizing inertial vibration generators is

based on a mechanical resonator: A proof mass is supported by a suspension,

which is attached to a frame. The oscillations of the proof mass can be damped

by a suitable transducer mechanism and thus kinetic energy is converted into

electrical power.

The mechanical oscillator should be adapted to the most energetic vibration

frequency. However, there is great interest in increasing the bandwidth by using
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a piezoelectric harvester based on wideband vibrations [8] or to realize active

tunable devices by tuning the harvester stiffness through piezoelectric actuators

[9, 10]. The task in tunable devices is to be able to invest the power for the control

system without limiting the converted energy too much.

19.2.2 Application-Oriented Design of Vibration Transducers

Electromagnetic resonant vibration transducers are already commercially available

[3, 11, 12]. Commercial vibration transducers are typically add-on solutions,

greater than 50 cm3 and they fulfill standard industrial specifications or operation

conditions (such as temperature range or shock limit).

Nevertheless, requests from the industry show that there is a great demand for

application-specific solutions. This is because for each application the required

output power, the available vibration level, and the overall mass and volume are

significantly different. Moreover, it is often necessary to integrate the system into

an existing subassembly. Especially for applications where the volume of the

transducer is a critical parameter, these facts show that the required power can

only be optimally extracted by application-specific customized developments.

Thus, it can be guaranteed that the transducer is not over-dimensioned with respect

to size, mass, and output performance.

In application-specific customized developments the underlying vibration

source and the required output performance must be taken into account. Because

real vibration sources are often stochastic in nature, the first task arising from this is

to find the most energetic vibration frequency.

This is shown in the example of a real vibration source (car engine compartment)

that has already been considered for energy harvesting applications (Fig. 19.1) [5].

An underlying typical acceleration profile and the corresponding frequency

Fig. 19.1 Vibration measurements in the engine compartment of a four cylinder in-line diesel

engine [5]
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spectrum are shown in Fig. 19.2a, b. First of all, some predominant frequencies are

visible that depend on the number of cylinders and the revolutions per minute.

Based on the well-known analytic treatment of vibration transducers it can be

Fig. 19.2 (a) Acceleration

profile during country driving

route. (b) Frequency content

of the acceleration profile and

(c) expected output power for

an oscillation mass of 10 g

dependent on the resonance

frequency
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shown that the output power depends on the square of the acceleration amplitude

but not on the vibration frequency. Hence the 2nd and 4th harmonic conversion will

result in the same output power for this example vibration profile (Fig. 19.2c).

Beside the amplitude, the bandwidth of the vibration needs to be taken into account.

In other words, a narrow peak with high amplitude may be disadvantageous

compared to a “plateau” with slightly smaller amplitudes. The mechanical oscilla-

tor should be adapted to the most energetic vibration.

19.2.2.1 Electromagnetic Generators

Since the earliest electromagnetic vibration transducers were proposed in the mid

1990s [13], a multiplicity of prototype transducers differing in size, electromagnetic

coupling, excitation conditions, and output performance have been developed by

numerous research facilities.

The data of published electromagnetic vibration transducer prototypes are wide-

spread from 0.1 to 100 cm3 and 1 mW to 100 mW. Voltage levels well below 1 V are

in general barely applicable because of the dramatic drop in efficiency after rectifi-

cation [10]. Microfabricated devices often have an output voltage well below

100 mV.

To date, no testing standard for vibration energy harvesting devices exists.

Hence it is rather difficult to compare the transducers presented in the literature.

The devices have been tested under different conditions and important parameters

for comparison are often omitted. Nevertheless, an extensive review of electromag-

netic vibration transducers has been presented [4] (Fig. 19.3), where the theoretical

scaling law is observable even though there are orders of magnitudes between the

normalized power densities (power density related to the excitation amplitude in
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g ¼ 9.81 m/s2) of the published prototypes. At very small sizes L (linear dimension)

the electromagnetic vibration transducers scale with L4, and for large L, with L2.
A possible reason why the published prototype transducers have significantly

different output performances is that many different electromagnetic coupling

architectures have been applied. A comparison of the maximum output perfor-

mance of the coupling architectures (one shown in Fig. 19.4) is presented in [14],

where the dimensions of the components have been optimized based on applica-

tion-oriented boundary conditions. Such optimization calculations are necessary in

order to achieve the highest conversion efficiencies. A further enhancement of the

transducers would result with new magnetic materials. The development potential

of (BH)max for permanent magnets is given in [1].

19.2.2.2 Piezoelectric Vibration Conversion

Piezoelectric materials are widely used in energy harvesters because of their ability

to convert strain energy directly into electric charge and because of the ease with

which they can be integrated into a harvesting system. The energy conversion

process occurs because piezoelectric materials show a local charge separation,

known as an electric dipole. Strain energy that is applied through external vibration

results in a deformation of the dipole and the generation of charge, which can be

transferred into a buffer capacitor, powering electronic devices.

Several piezoelectric materials appropriate for energy harvesting devices have

been developed. Most common is a ceramic made of lead zirconate titanate (PZT).

Although it is widely used in power harvesting applications, its brittle nature causes

limitations in the strain that it can absorb without being damaged. Cyclic loading

might cause the material to develop fatigue cracks, resulting in the device being

irreversibly destroyed [13]. Thus, more flexible materials such as poly(vinylidene
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fluoride) (PVDF), a piezoelectric polymer, have gained importance over the last

few years. Thus, larger strains can be applied, increasing the amount of energy

harvested from the piezoelectric device [15, 16].

Combining several piezoelectric layers is another strategy for increasing the

amount of harvested energy. Instead of using a single piezoelectric layer in bending

mode (unimorph), bimorphs consist of two piezoelectric layers connected electri-

cally in series or in parallel. The different configurations are depicted in Fig. 19.5.

Experiments have shown that for medium and high excitation frequencies, the

output power of bimorph harvesters outperforms that of unimorphs [17].

19.2.2.3 Electrostatic Energy Conversion

The idea of electrostatic energy conversion goes back to 1976 with a rotary non-

resonant electrostatic conversion system [18]. About 20 years later, the electrostatic

and other conversion mechanisms were combined with a mechanical resonator in

order to harvest electrical energy from kinetic motions [13]. Since then a number of

research groups have been working on different electrostatic schemes for kinetic

energy harvesting applications [7, 19–22].

The energy conversion mechanism of an electrostatic transducer is based on the

physical coupling of the electrical and mechanical domains by an electrostatic

force. The electrostatic force is induced between opposite charges stored on two

opposing electrodes. In order to convert mechanical energy into electrical energy

by means of the electrostatic transduction mechanism a variation of capacitance

over time must occur [20, 23]. Despite the progress made in electrostatic energy

harvesting devices, an energy-autonomous sensor system using this technology has

not been demonstrated so far.

Figure 19.6 shows a microscope close-up view of a fabricated electrostatic

transducer device, including one of the four mechanical suspension units and one

of the ten electrode units. Each electrode unit comprises two comb electrodes,

which consist of a number of interdigitated electrode elements.

+
a b c

–

+

Piezoelectric layer
Metal layer

–

+

–

Fig. 19.5 Three types of piezoelectric sensors: (a) a series triple layer (bimorph), (b) a parallel

triple layer (bimorph), and (c) a unimorph
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19.2.3 Thermal Generators

Miniaturized devices with typically thin-film thermoelectric layers such as bismuth

telluride-related compounds on silicon substrates in common vertical architecture

are being successfully commercialized [24]. The performance data of these devices

such as DT and heat flux densities are related to the thermoelectric performance of

the materials, which are characterized by the dimensionless figure of merit ZT.
Here, the figure of merit Z for thermoelectric devices is Z ¼ sS2/k, where s is the

electrical conductivity, S the Seebeck coefficient, and k the thermal conductivity.

Although there is no theoretical limit for ZT, thermoelectric bulk materials have not

significantly exceeded ZT � 1 for almost 50 years. Typical characteristics of

miniaturized devices at DT of 40–70 K are a few milliwatts [25].

19.2.4 Fuel Cells

At first glance fuel cells (FCs) do not seem to be energy harvesting devices in the

classical sense, as they do not interact with the ambient medium to convert its

energy into an electrical current. This might be true for high-power FCs utilizing

fuel reservoirs, pumps, pressure reducers, and cooling devices with a power output

of up to 300 W [26], but, concentrating on the micropower scale, several systems

have been developed in recent years that are worth mentioning as energy harvesting

devices – or at least in combination with them. Two designs of micro-FCs will be

presented in detail in this section and some future prospects will be discussed.

Fig. 19.6 Microscopy image

showing a detail of the

electrostatic transducer

structure, including one of the

mechanical suspensions and

the electrode units. The inset

(upper right) shows a detailed
view of the interdigitated

electrodes, which implement

an area-overlap characteristic
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19.2.4.1 Polymer Electrolyte Membrane Fuel Cells

Conventional PEM FCs consist of a polymer electrolyte membrane (PEM), two gas

diffusion electrodes, two diffusion layers, and two flow fields. The reactants, e.g.,

hydrogen and oxygen, are supplied to the gas diffusion electrodes over feed pipes

out of external tanks. The amount of supplied fuel is often controlled by active

system periphery, such as pressure reducers and valves. As most of the energy

harvesting devices are aiming towards autonomous microsystems, a new setup

principle of PEM FCs was developed [27], enabling the miniaturization of its

components. This work concentrates on the possibility of building FCs integrated

into a well-established standard CMOS process. These chip-integrated fuel cells

(CFCs) are made up of palladium-based hydrogen storage and an air-breathing

cathode, separated by a PEM. The cross section of a CFC is depicted in Fig. 19.7.

Advantages of the new approach are the omission of active devices for fuel supply

and the reduction of system components such as flow fields and diffusion layers.

Due to the simple assembly process, the fuel cells can be produced by thin-film or

thick-film technologies, which fulfill all requirements for a post-CMOS fabrication.

While the CFC itself has no conductive path to the CMOS chip, both the anode and

the cathode can be connected to the CMOS circuit using wires and vias. Further-

more, the single fuel cells can be cascaded to generate multiples of the nominal

750 mV open circuit voltage. So-called integrated fuel cell cascades have been

presented with an open circuit voltage of 6 V and a maximum power density of

450 mW/cm2 [28] (Fig. 19.7).

19.2.4.2 Biofuel Cells

Other approaches to micro-FCs can be found in medical research. Biofuel cells

oxidize biofuels, either with enzymatic, microbial, or non-biological catalysts, such

as metal alloys and chelates, or with activated carbon. In the early literature, the

term “biofuel cell” is used for fuel cells operated with biofuels such as glucose,

whereas in more recent publications the term is used for biocatalyst-based fuel

cells. Direct biofuel cells directly electro-oxidize the primary fuel at the anode,

whereas in indirect fuel cells the fuel is first converted into a more reactive

intermediate, which is then electro-oxidized at the anode.

While the reactants inside of the previously presented CFC are clearly separated

from each other by the PEM, there are scenarios without such a division for biofuel

cells. Implantable fuel cells supplied by the surrounding body fluids (e.g., blood) for

example have to pick the right components for the anode and cathode out of

the same fluid by reactant selective electrodes. In [29] an implantable direct

glucose fuel cell (GFC) is presented, in which the PEM is replaced by a combina-

tion of a selectively catalyzing oxygen reduction cathode and a porous membrane

(Fig. 19.8).
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This allows a setup with only one interface to the body fluids and enables

thin-film GFCs to be attached to the front of an implant (e.g., a pacemaker).

Such biofuel cells based on non-biological catalysts combine the advantages of

biological safety, long-term stability, and biocompatibility. Under physiological

conditions, the power output of these cells is around 2.5 mW/cm2, sufficient

to operate current pacemakers and many low-power MEMS implants.

Fig. 19.7 Chip-integrated micro fuel cell (CFC). (a) CFC after post-CMOS processing. (b)

Measured voltage and power density of a fuel cell cascade
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19.2.4.3 Rechargeable Micro Fuel Cells

In combination with energy harvesting devices, the recharging of fuel cells will

build a main focus in many laboratories. While the glucose cells are energy

harvesting devices by themselves, the CFCs have to be supplied with hydrogen

once the palladium reservoir is empty. As recharging can theoretically occur by

electrolysis, the combination with vibration or solar harvesting devices will enable

the CFCs to be used as alternatives to gold or super-capacitors. The discontinuously

delivered power produced by the energy harvesters due to the changeable avail-

ability of environmental power can be stored within the CFCs. The CFC’s capabi-

lity as a long-term energy buffer will therefore promote its application as an

uninterrupted power supply unit for autonomous microsystems. Examples of such

systems may be found within cold-chain control or autonomous medical implants.

19.3 Power Management

In contrast to supplying power by battery or wire, using an energy transducer needs

further consideration in order to achieve high efficiency. Besides rectification

efficiency, voltage converter efficiency, and storage efficiency, the harvesting

efficiency has also to be considered. There is a tremendous dependence on appro-

priate interfacing of the transducer, which is mainly achieved by input-impedance

matching or adaptive voltage converters. Here, impedance matching not only

includes the electrical load parameters but also considers the amplitude damping

by the electromechanical feedback. That means the transducer’s amplitude

decreases as the applied load increases [30–32].

As depicted in Fig. 19.9, a transducer is typically connected to a particular

low voltage rectifier (Sect. 19.3.2.2). Simply connecting a smoothing capacitor

to a rectifier is not sufficient. A load adaptation interface to the transducer

Fig. 19.8 Setup and operational concept of the direct glucose fuel cell (GFC)
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becomes necessary, which can adapt its input impedance while converting the

actual output voltage of the transducer into a (mostly higher) voltage level for the

buffer capacitor or rechargeable battery (Sect. 19.3.3). Hence, the harvesting

efficiency remains high over a wide range of excitation conditions and storage

voltage levels [31, 33–36].

The design challenges are to create an interface that works at very low voltages,

needs little power, and sets the load point (its equivalent input impedance) so as to

obtain maximum output power. It should also convert the actual transducer output

voltage to the voltage level of an energy storage device, e.g., a capacitor or battery.

The main limitation and difficulties of designing such an interface arise from the

requirement of reducing the power consumption to a few microwatts while being

able to accept fluctuant supply voltages – often in the sub-1-V regime. This restricts

the applicable hardware components, e.g., processors, data converters, parameter

monitoring, and communication devices. These restrictions include also the possi-

ble size, limiting the number of off-chip components [30, 34].

19.3.1 Power Multiplexing

A further step towards a more reliable power supply based on energy harvesting

devices is power multiplexing, as illustrated in Fig. 19.10. That means several

generators of complementary physical principles deliver power in a redundant

manner to a central energy buffer. Thus, if one transducer is weakly excited other

harvesters may be able to deliver power in order to keep the average power input

above a minimum level [37, 38].

Similarly, power multiplexing is also reasonable at the output of the interface,

e.g., for appropriate voltage scaling issues. Instead of one energy buffer, several

buffers are present. Each buffer gets charged up to a certain voltage. Hence,

different supply requirements of application components are accomplished more

efficiently due to lower voltage conversion losses [36, 39, 40]. For example, sensors

are often driven at a 3.3 V level while a radio transceiver needs only 1.8 V. Sensors

need mostly small or moderate average currents compared to transceivers.

Load matching
converter (LMC)

detector

tune unit

μEH generator
(G)

Rectifier Energy
storage
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Fig. 19.9 Adaptive interface for optimal equivalent input impedance
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Otherwise, if only one buffer is used, internal line regulators (low-dropout, LDO)

typically provide the required voltages and efficiency decreases [39–41].

19.3.2 RFID and Signal Rectification

Strictly speaking, powering devices using radio frequencies such as in identification

tags (RFID) cannot be regarded as energy harvesting, since the energy necessary for

the operation of the system is not extracted from freely available environmental

energy but from energy that was especially provided for this purpose. Anyhow, this

discipline should be mentioned here, as there are several analogies concerning the

circuit principles.

As described in [42], in passive RFID technology, a field generator creates an

alternating high-frequency magnetic or electromagnetic field (Fig. 19.11), out of

which battery-less independent sub-systems (tags) extract their energy. Such

a subsystem essentially consists of an antenna, i.e., a receiver resonant circuit,

and an RF frontend (energy conditioner). To convert the alternating voltage induced

in the antenna into a constant supply voltage, a rectifying circuit is needed.

Conventional CMOS integrated full-bridge rectifiers consist of four PMOS

Fig. 19.11 RFID system comprising field generator and tag
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transistors connected as diodes. Since a forward-biased PMOS diode does not

conduct any current until the threshold voltage is reached, the full-wave rectifier

reduces the available voltage by two threshold voltages. In harvesting applications

this leads to lower efficiency.

19.3.2.1 Floating Gate Diode

To minimize this voltage and the accompanying power loss, principles such as the

rectifier using floating gate diodes presented in [43] can be used.

By applying a voltage (slightly larger than the usual operating voltage) between

a MOSFET’s control terminal and the channel, electrons can be transferred through

the insulating oxide layer (Fowler–Nordheim tunneling, Fig. 19.12). If the circuit

node receiving the charge carriers is isolated from surrounding circuit elements,

i.e., is floating, a defined amount of charge can be deposited on it. This corresponds

to a static bias voltage, which effectively reduces the voltage required to turn on the

transistor. This technique needs an additional programming step after actual

production.

19.3.2.2 Negative Voltage Converter

Another way to reduce the voltage loss is the use of the negative voltage converter

followed by an active diode [10]. As illustrated in 19.13, the negative voltage

converter also comprises only four transistors, but in contrast to the conventional

full wave rectifier they are not connected as MOS diodes but as switches.

The switch creates a low-resistive connection between the alternating input

voltage and the storage capacitor. Since a switch, unlike a diode, does not prevent

a

b

c

d

Fig. 19.12 Different types of

diodes used in rectifiers: (a)

PN diode; (b) PMOS diode;

(c) floating gate diode. (d)

Cross section of a single poly

floating gate transistor
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a possible backflow of charge that was already accumulated on the storage capaci-

tor, a diode has to be attached to the negative voltage converter’s output. In order to

avoid reintroducing the typical voltage drop over the PMOS diode, one makes use

of an active diode. As shown in Fig. 19.13, a voltage comparator evaluates

the potentials at the input and output of the active diode and thus determines the

direction of a potential current flow. It controls the PMOS switch so that only

charge flowing onto the capacitor is permitted.

In order to achieve the optimum efficiency of the rectifier, the voltage compara-

tor needs to be designed for very low power consumption. As a consequence its

switching speed is limited and the rectifier is only suitable for systems with a

frequency of a few-hundred kilohertz. To avoid the need of an active diode circuit

and thus to make the rectifier suitable for higher frequency operation, [44] proposes

that only two of the four diodes used in the conventional full-wave rectifier be

replaced by switches. This topology requires a drop of only one threshold voltage

between its input and output, while inherently preventing a current back-flow.

19.3.3 Input-Impedance Adaptive Interfaces

Instead of impedance matching, the term “load adaptation” between the generator

and its electronics (Fig. 19.9) is sometimes preferred since typical conjugate

impedance matching as normally understood is actually not sufficient. Therefore,

the intention is to adjust the equivalent input impedance of the interface so as to

maintain an optimal transducer output voltage to approximate the maximum power

condition [33, 34, 36].

The following examples demonstrate this approach. One method continuously

adapts to the actual open circuit voltage of the electromagnetic transducer, while

two flying capacitor arrays are switched out of phase in order to best match the input

voltage (Fig. 19.14). By switching the arrays, voltage conversion is achieved

simultaneously [34]. Thus, non-harmonic and fluctuant transducer output voltages

are also covered. As introduced in Sect. 19.2.1, rather low-frequency excitations are

Fig. 19.13 Operation

principle and transmission

characteristic of the negative

voltage converter with

subsequent active diode
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converted into electrical power with highly inductive transducers. Thereby, the high

resistive transducer coils appear as a quasi-resistive source impedance [10, 30, 45].

In a first step, interface circuits for piezoelectric harvesters, as for all AC

generators, need to efficiently rectify the input voltage. Second, the voltage level,

which is often very high, has to be down-converted to usable levels. One method

keeps the piezoelectric harvester unloaded until the piezo voltage reaches a maxi-

mum, followed by a transfer phase extracting the total energy stored in the piezo-

electric harvester temporarily into a coil and finally transferring it into a buffer

capacitor. This principle is described as synchronous electric charge extraction

(SECE) [46]. When tested experimentally against a linear impedance-based con-

verter design, the SECE principle increases power transfer by over 400%. SECE

circuits implemented in CMOS technology have been presented in [47] and [48].

In similar studies [35, 49–51] another nonlinear technique, called synchronous

switch harvesting on inductor (SSHI), has been developed (Fig. 19.14). Unlike

SECE, the coil–switch combination is placed between the piezoelectric harvester

and the rectifier. A control circuit monitors the deflection of the piezoelectric

harvester and triggers the switch at a deflection maximum, flipping the piezo
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Fig. 19.14 (a) An input-load matching adaptive charge pump for efficient interfacing of electro-

magnetic transducers. (b) A SSHI energy harvesting circuit for efficient harvesting with piezo-

electric transducers
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voltage instantaneously. Thus, the rectifier is conducting most of the time, avoiding

phases where the piezo voltage is below the voltage level of the buffer capacitor.

Tests with discrete electronics show that the SSHI circuit is capable of extracting

400% more power than the standard rectifier circuit.

Since electrostatic transducers are capacitive, just like the piezoelectric ones,

similar methods can be used. The initial approach for implementing electrostatic

energy conversion was the implementation of a variable capacitor in a switched

system [20]. Through the operation of switches a reconfiguration of the variable

capacitor at different parts of the conversion cycle was induced, enabling the

process of energy harvesting. A new approach based on charge transportation

between two variable capacitors continuously connects the capacitors to the cir-

cuitry and therefore no switches are required [22]. To electrically bias the variable

capacitors, precharged capacitors or polarized dielectric materials (electrets) can be

used. Power outputs are predicted in the range of 1–40 mW based on theoretical

analysis.

All these examples use very minimalistic, power-saving control and drive

circuits. Compared to early harvesting and interfacing solutions, the tendency is

clearly towards processorless and rather analog solutions [30, 52]. Light-load

efficiency and high integration density in sub-milliwatt power ranges mark the

direction of development [37, 41].

19.3.4 Circuitry for Fuel Cells

Both solar and fuel cells deliver very low output voltages, which need to be boosted

for application using DC–DC converters. Furthermore, both the presented micro-

FCs – the chip integrated fuel cells (CFCs) and the direct glucose fuel cell (GFC) –

need to be monitored and controlled for efficient and safe operation. In [28]

a stabilized power supply based on the CFCs with monitoring-and-control circuitry

was realized within an extended CMOS process (Fig. 19.15). The electronic control

circuitry consists of a low-dropout voltage regulator (LDO) [53], an on-chip

oscillator, a programmable timing network, and a monitoring-and-bypass circuit

for each CFC. All of these components are driven by the integrated CFCs. For the

benefit of the system’s lifetime, the core system is restricted to fundamental control

elements such as an oscillator and an asynchronous timing network to avoid current

peaks. It is powered by a redundant two-CFC-stack generating 1–1.5 V, depending

on the charging level of the fuel cells.

For high reliability of the proposed power supply system all fuel cells within

each cascade have to be checked for functionality before they are used to drive the

LDO. Each cell’s anode is compared to its slightly loaded cathode. In the case of

defective or empty fuel cells, a small load current results in a significant voltage

drop across the cell, enabling a dynamic comparator to classify this cell as “unus-

able”. These defective or empty fuel cells are shorted by CMOS transmission gates
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to prevent loss of a complete cascade or to keep its input resistance as low as

possible.

By stacking the fuel cells to cascades with an output voltage higher than 3.3 V

for load currents up to 7 mA, a classical LDO was used to stabilize the output voltage

to 3.3 V. As presented, six fuel cell cascades are integrated on chip. To increase the

system’s driving capability, these cascades are connected in parallel to the output

by separate PMOS transistors of the LDO, used as pass elements, to avoid

equalizing currents between the different cascades. Thus, the required load current

is distributed to the cascades with respect to their driving capability. The complete

circuitry is implemented without external components.

19.4 Ultra-Low-Voltage Circuit Techniques

The harvesting applications being focused on are sensor and data-acquisition

devices and micro-actuators with wireless communication. Considering the previ-

ously discussed systems and architectures, the necessary building blocks are power
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Fig. 19.15 Schematic of the CFC monitoring-and-control circuitry for a stabilized power supply

with chip-integrated micro-FCs
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interfaces for the transducers, voltage converters, and power management control

units. All these modules include amplifiers, comparators, references, clock

generators, and digital blocks. Owing to the limited energy resources, these circuits

have to be designed compatible to the low voltages and power available rather than

for performance. Feasibility, functionality, and reliability are seen as more critical

and essential than absolute accuracy, bandwidth, and speed.

To handle the high voltages that might occur at the output of harvesting

transducers and owing to the voltage requirements for driving certain sensors

commonly used, bulk CMOS processes for energy harvesting processing modules

remain rather constant at 0.18–0.35 mm technologies [54–58]. These processes,

which usually include high voltage options, have relatively high threshold voltages,

making the design of ultra-low-voltage circuits a challenging task.

19.4.1 Analog Design and Scaling Considerations

To enable analog integrated circuits to operate at low supply voltages, different

strategies are available: (1) weak/moderate inversion operation, (2) bulk-driven

stages [34, 59–61], (3) floating gate programming [62, 63], (4) input-level shifting,

(5) field-programmable analog arrays (FPAAs), such as reconfigurable unity-gain

cells [59, 61], and (6) digitally assisted architectures and sub-threshold designs [35,

64, 65].

Besides low supply voltages, the scaling of bulk CMOS technologies also has to

be considered. As down-scaling reduces threshold voltages and minimum supply

voltages [66], several degenerative effects arise. Most challenging are mismatch

and reduced output resistance (gain), as well as lower dynamic range and signal-to-

noise ratio [59, 67]. Often, speed has to be traded for noise margins. As an

additional scaling result, the body effect will decrease, which reduces the potential

of bulk-driven stages.

In conjunction with increased mismatch, unity-gain amplifiers with the option of

reconfiguration become an interesting way to deal with these obstacles [68, 69].

Further, the technique of using digitally assisted architectures [65] helps to save

power, while being useful for mismatch correcting and improving linearity.

19.4.1.1 Amplifiers and Comparators

For high amplification and current efficient operation the strong inversion regime

might be omitted. The use of particular input-stages, e.g., bulk-driven MOS

transistors or specially biased gate-driven stages, allows wide input common

mode ranges while linearity remains high [59–61]. Fig. 19.16 gives further circuit

examples.

Controlling the channel of MOS transistors by both the gate and the bulk

terminals allows (exchangeable) use of either terminal as an input or for biasing.
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These bulk-driven stages make wide input ranges possible while biasing at the gate

terminals guarantees high linearity [59]. However, low body transconductance

adversely affects gain and noise margins, and an increased input capacitance limits

the bandwidth [59, 61]. Prevention of latch-up is necessary and nMOS devices

require triple-well processes [61].

The concept of switched biasing allows strong inversion operation [60]. This,

however, requires a clock and continuous switching of the level-shifting input

capacitors.

Floating gate programmed amplifiers are an interesting opportunity, as described

in the rectifier section (Sect. 19.3.2). The threshold voltage and transconductance

can be adjusted granularly, and device mismatch can be compensated [62]. But this

technique is a research topic rather than an industrially applicable one, since each

single device has to be carefully programmed.

Another emerging technique is using unity-gain cells and implementing them

with reconfigurable options. Thus, mismatches could also be compensated and

certain bandwidth and gain characteristics could be configured. This technique

may especially help to compete with the challenging characteristic of short-channel

transistors at process technologies with digital emphasis [62, 63]. For increasing

accuracy or linearity, digital correction mechanisms are recommended [65, 73].

(Table 19.1)

Vin+

0.5V

Avg.

–

–

+

+ +–

+

Vin–

Vout–

Vout+

Fig. 19.16 Input-stage

with two stacked transistors

only [61]

Table 19.1 Low-voltage amplifiers with different design techniques: gate-driven (GD), bulk-
driven (BD), multi-path (MP), multi-stage (MS), switched-capacitor (SC)

GD[59] BD[59] BD[61] MP[70] MS[71] SC[72]

VDD [V] 0.5 0.5 0.5 2.0 1.0 1.0

PV[mW] 75 100 1.7 400 10,000 1.8

GBW [MHz] 10 2.4 0.1 4.5 200 0.07

DC gain [dB] 62 52 93 100 84 90

Noise ½nV/ ffiffiffiffiffiffi
Hz

p � 220 280 500 – 27 60

FOM [(MHz pF)/mW] 2.7 0.48 1.18 1.35 0.02 1.16

Load CL [pF] 20 20 20 120 1 pF, 25kO 30

Technology [mm] 0.18 0.18 0.35 0.8 0.065 0.065
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For comparators, in addition to very efficient designs with regenerative or

clocked latches, the use of asynchronous comparators is a reasonable choice

[34, 65]. That is justified by the shallow clock edges and low slew rates if operation

in strong inversion is not possible [35, 64], or if clocking is totally avoided, as

in asynchronous digital circuits, as explained later [74]. In conjunction with

active diodes, common-gate input stages allow a wide range of input and supply

voltage levels. Even at low biasing currents adequate response and transition delay

is maintained.

19.4.2 Ultra-Low-Voltage Digital CMOS Circuits

The requirements for digital blocks used in interface circuits for energy harvest-

ing devices are typically very strict: Energy budgets are tight and the minimum

supply voltage should be reduced as far as possible to allow for an early start-up of

the device. Even though circuits operating at ultra-low supply voltage are typically

also highly energy efficient, optimization for minimum energy consumption and

minimum supply voltage are not equivalent targets.

In this section, we focus our discussion on supply voltage reduction for mini-

mum power in digital circuits rather than energy-per-operation minimization as

discussed, e.g., in [75], as the ultimate limit for energy harvesting devices typically

is the startup supply voltage required by the operated electronics.

An early discussion about a theoretical lower supply voltage limit [76] states

a minimum of kT/q based on noise considerations, more specifically for CMOS

circuits a limit of 2(ln 2)kT/q for inverters [77] and 2(ln 5)kT/q for practical circuits
[78], derived from the requirement that a logic gate needs more than unity gain.

Regarding practical circuit implementations, a very low supply voltage CMOS

design was presented as early as the 1990s operating down to 125 mV [79] at room

temperature. The operation occurs in saturation with transistor threshold voltages

tuned to near-zero values though. As the convenience of such optimized process

technology is not available for most applications, most ultra-low-voltage circuits

operate the transistors in weak inversion. Examples are a hearing aid filter operating

at 300 mV [80], a fast Fourier transform (FFT) processor operational at 180 mV

[81], and a microcontroller optimized for the sub-threshold regime working at

supplies as low as 168 mV [82]. Also memories with supply voltages down to

160 mV have been demonstrated [83]. These designs are optimized mainly for

minimum energy consumption by supply voltage reduction. It is possible to achieve

considerably lower supply voltages when optimizing specifically for this target

though, as reported for a memory operational down to 135 mV [84], a FIR filter

operational to 85 mV [85], and multiplier circuits remaining fully functional down

to 62 mV [86].

Figure 19.17a gives an overview of a selection of publications regarding ultra-

low-voltage digital circuits, relating the technology node used to the minimum

supply voltage. It becomes clear that there is an obvious improvement in minimum
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supply coming from old technologies, but the supply voltage values level off or

even increase for current ones. To understand this trend, a closer analysis of the

reasons that limit the scaling of the supply voltage is necessary.

The ultimate limit for supply voltage reduction is imposed by a degradation of

static noise margins (SNMs) to zero. More illustratively, the output levels of CMOS

gates degrade due to the decrease in the “on” to “off” current ratio with decreasing

supply voltage until the output level of some digital gate is falsely evaluated by the

succeeding logic. Three main factors impact output level degradation: The circuit

structure, process technology factors and process variabilities.

Regarding circuit structure, gate sizing has an important impact on minimum

supply, as discussed in [87] and [81], requiring symmetric devices for minimum

supply [88]. Furthermore, numerous circuit structures should be avoided, i.e., long

transistor stacks (leading to an inherent worst-case asymmetry in CMOS), ratioed
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circuits [89] and dynamic circuits. All of these requirements though do not neces-

sarily optimize energy consumption, as discussed for sizing in [87] and are there-

fore applied within limits in most circuits.

The major process technology factors affecting SNM are the sub-threshold slope

factor and drain-induced barrier lowering (DIBL). DIBL corrupts SNM as it causes

additional mismatch between “on” and “off” devices [90]. The sub-threshold slope

defines the “on” to “off” current ratio of a transistor and therefore directly impacts

SNM. It improves with shrinking oxide thickness, but then also degrades with

decreasing gate length owing to short-channel effects. The fact that oxide thickness

is scaled less than minimum gate length to limit gate leakage results in an overall

sub-threshold slope factor deterioration in modern technologies [91].

Process variability impairs SNM as the imbalance of devices is increased,

causing critical output level deviations at higher supply voltages. Threshold voltage

variations are the major source of variability in sub-threshold circuits owing to their

exponential impact. Many designs compensate global variabilities by the use of

adaptive body biasing [82, 85, 92, 93], whereas local variability is dominated by

random dopant fluctuations [94] and can therefore only be compensated by increas-

ing device sizes following Pelgrom et al.’s model [95]. This approach is primarily

used in designs optimized for ultra-low-voltage operation though (e.g., [86]) as it

also increases the energy consumed per operation.

The increase in minimum supply voltage with shrinking technology in

Fig. 19.17b is therefore easily explained by the fact that most of these circuits

have a stronger optimization for minimum energy than for minimum supply and

therefore suffer from increased variability, DIBL and sub-threshold slope factor. To

profit from technology scaling, it is however possible to use larger than minimum-

length devices [90, 91] to alleviate the DIBL and variability impacts and effectively

profit from increased channel control due to the reduced oxide thickness.

If possible improvements in minimum supply voltage due to technology

improvements are to be estimated, it needs to be noted that the only major process

parameter relevant to minimum supply that can improve with scaling is sub-

threshold slope. This factor is limited to approximately 60 mV/decade for physical

reasons and has a value of 70–80 mV/decade in current processes. Using a first-

order linear approximation, an ideal process might therefore improve supply volt-

age in a circuit highly optimized for minimum supply voltage operation from 62

[86] to 53 mV and in a design optimized for minimum energy per operation from

168 [82] to 144 mV. It is therefore obvious that for supply voltage reduction, circuit

design innovations are more relevant than technology scaling. To achieve major

technology-driven improvements for minimum supply voltage reduction, new

device technologies are necessary, e.g., multi-gate FETs, improving channel con-

trol and removing random dopant fluctuations; band-to-band tunneling transistors

[96] or carbon nanotubes [97], allowing considerably reduced sub-threshold slopes;

or even devices such as the BiSFET [98], for which nominal supply voltages in the

range of 50 mV are predicted.
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19.5 Conclusion

The latest research on high-performance energy transducers and adaptive circuits has

been presented. The challenge remains to close the gap between the energy genera-

tion capabilities of the harvesters and the energy consumption of the adaptive

electronics used to optimize the output power of the harvesting devices. Whereas

previous research focused mainly on characterizing the harvesting devices, in the

future complete energy harvesting systems, including harvester, interface circuits,

storage, and application electronics, need to be developed and optimized as a system.
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Chapter 20

The Energy Crisis

Bernd Hoefflinger

Abstract Chip-based electronics in 2010 consumed about 10% of the world’s total

electric power of �2 TW. We have seen throughout the book that all segments,

processing, memory and communication, are expected to increase their performance

or bandwidth by three orders of magnitude in the decade until 2020. If this progress

would be realized, the world semiconductor revenue could grow by 50–100%, and the

ICT industry by 43–66% in this decade (Fig. 6.1). Progress sustained at these levels

certainly depends on investments and qualified manpower, but energy has become

another roadblock almost overnight. In this chapter, we touch upon the life-cycle

energy of chips by assessing the energy of Si wafer manufacturing, needed to bring

the chips to life, and the power efficiencies in their respective operations. An out-

standing segment of power-hungry chip operations is that of operating data centers,

often called server farms. Their total operating power was �36 GW in 2010, and we

look at their evolution under the prospect of a 1,000� growth in performance by

2020. One feasible scenario is that we succeed in improving the power efficiency of

• Processing 1,000�,

• Memory 1,000�,

• Communication 100�,

within a decade.

In this case, the total required power for the world’s data centers would still

increase 4� to 144 GW by 2020, equivalent to 40% of the total electrical power

available in all of Europe.

The power prospects for mobile/wireless as well as long-line cable/radio/satellite

are equally serious. Any progression by less than the factors listed above will lead to

economic growth smaller than the projections given above. This demands clearly

that sustainable nanoelectronics must be minimum-energy (femtojoule) electronics.
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20.1 Life-Cycle Energy

The tiny micro- and nano-chips are so ubiquitous today that they have become an

issue on our overall environmental balance sheet. As a result, the science of a life-

cycle analysis (LCA) of the chips from their conception to their disposal has been

established. We focus here on two major aspects of their life cycle:

– The manufacturing of chips,

– The energy of data centers, the most energy-hungry operation of chips.

We simplify these highly complex topics by studying selected characteristics as

they appear in 2010, and we project them to 2020 in two scenarios, a pessimistic

one and an optimistic one.

The characteristics of manufacturing plants (fabs) are listed in Table 20.1. The

projections in the table take into account that 3D chip-stacking will be introduced

on a large scale, in order to achieve the expected advancements of performance

per chip-footprint. We assume that the weighted average of stacked chip- or

wafer-layers will be two layers. That is reflected both in the number of wafers

and in the energy per wafer-stack and in the production energy per chip-stack. The

required electrical power for the global chip production rises significantly to

levels equivalent to 1/2–2/3 of the total electrical power used in Italy. The

inflation in the total area of crystalline Si is a concern, too. However, thin wafer

films have to be used anyway, which are the natural results of ELTRAN

(Fig. 3.19) or CHIPFILM (Fig. 3.40), putting the usage of crystalline Si on a

new, more favorable metric.

In any event, the energy is a major cost factor in the production of chips. At

the price of 0.05 $/kWh, the cost breakdown in 2010 for a finished 30 cm wafer

would be:

Energy/wafer: $5,000

Plant/equipment $1,700

Labor $300

Total cost/wafer $7,000

Table 20.1 Si wafer manufacturing 2010 and 2020

2010 2020 conserv. 2020 optim. Source

Revenue [$billion] 300 450 600 Fig. 5.1

Chip units [109] 150 225 300

ASP [$] 2.00 2.00 2.00

Wafers [30 cm diam. equiv., million] 60 180 240

Total Si area [km2] 4 12 16

Plant and equipment [$billion] 80 120 160

Elect. power [GW] 6 18 24

Energy/wafer [MWh] 1 2 2

Energy/chip/cm2 [kWh] 1.7 3.4 3.4

Cost/chip/cm2 [$] 10 18 18
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Critical as this breakdown may be, the future trend of cost/wafer is unfavorable

due to the rising cost of smaller feature sizes. We have seen in Chap. 8 that the cost

of nanolithography makes up an increasing part not only of the total equipment cost

but also of the total energy cost. The rule also holds that the smaller the minimum
dimensions on the product, the larger the overhead on plant volume and plant
power for environmental control (temperature, air, media, vibration, etc.). It is
clear that this scenario is yet another inflection point for scaling down much beyond

16 nm (the 2015 node).

However, even with these limitations on the manufacturing roadmap, it is

possible to foresee that, from 2010 to 2020, the much quoted and demanded

1,000-fold improvement for high-performance processors is possible.

20.2 Operating Performance and Energy

Here, we focus on the data centers (or server farms) because, not only do they

operate with high-performance chips, hot chips [1], but also, as the digital brains of
the global knowledge world and as the backbones of the internet, they are respon-

sible for the largest part of the energy bill of the information and communication

technology (ICT) industry. In 2010, worldwide 36 million servers operated and
consumed ~36 GW (roughly equivalent to the total electrical power of all of Italy).

This power level is also six times the power consumption of all chip-manufacturing

plants. And it is expected that the world’s data centers improve their performance

1,000-fold in the present decade from 2010 to 2020.

We will try to analyze this 10-year perspective, starting from the present relation

that processors, memory and interconnects make up about 1/3 each of the total
energy bill of the data centers. We now look at these three entities and their

potential based on our analyses in previous chapters. We start with processor

performance in Table 20.2.

The 1,000-fold improvement in operations/s appears in the roadmap for

supercomputers, Fig.6.4, and we have taken that as representative for the

expectations on servers. In the two scenarios for 2020, the improvement of the

power-efficiency by a factor of 100 is assumed in the mainstream of the industry,

and it would increase the necessary electrical power by an order of magnitude in

this decade. However, we have seen in Sect. 3.6 in the examples on digital

multipliers that improvements in power-efficiency by more than an order-of-

magnitude are possible with respect to the mainstream (Fig. 3.32). There are

Table 20.2 The advancement of processor performance and power consumption

Processors 2010 2020 pessim. 2020 optim. Source

Rel. MOP/s 1 1,000 1,000 Fig. 6.4

Rel. power-efficiency 1 0.01 0.001 Fig. 3.32

Rel. power 1 10 1
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certainly many bottlenecks in processors (memory will be treated separately in the

following) other than multipliers. However, it is also a strong point in Chap. 13 that

the trend line of the significantly more power-efficient special processors for

wireless applications (Fig. 13.8) is a sign for improvement by another factor of

10. Therefore, in the optimum scenario, a 1,000� improvement in operations/s is

feasible at constant energy. We will find that this amount of progress is harder to

predict for the other two constituencies of computers, namely memory and

interconnects.

What is needed with processors is high-speed instruction and data memory, so that

we now have to look at the progress of SRAM and DRAMwith regard to their power-

efficiency. We find in Fig. 11.6 that SRAM dynamic power-efficiency can advance to

as low as 10 nW/Gb/s, while DRAM has reached its limits at 10 mW/Gb/s, but could

gain another factor of 10 in a “differentialDRAM”, offering close to 1 mW/Gb/s. On the

pessimistic side, we have to settle for a 100� advancement of memory power-

efficiency, and an optimistic mix of SRAM and differential DRAM may achieve

1,000� (Table 20.3).

The third critical component is interconnects. In Chap. 5, we came to

the conclusion that the power-efficiency will advance at best 100� in the decade

2010–2020 to 10 mW/(Gb/s) so that we obtain Table 20.4.

The development of the total electrical power of data centers is shown in

Fig. 20.1. The pessimistic forecast would require 10� more power for the data

centers, i.e., 360 GW needed in 2020 for data centers, equivalent to the present total
electrical power of all of Europe. Since this is not realistic, the performance

improvement of data centers would slow down to 100�/decade, resulting in a
serious setback for the expansion of computer and internet services. Even in the

optimum scenario, the electrical power of data centers would increase 4� to 144 GW,

which is hard to imagine from an investment and environment point-of-view. It was

predicted in 2008 [2] that energy costs could eat up to 40% of IT budgets. Data
centers are at the forefront of this escalation, and major developments are under

Table 20.3 The advancement of memory performance and power consumption

Memory 2010 2020 pessim. 2020 optim. Source

Rel. Gb/s 1 1,000 1,000

Rel. power-efficiency 1 0.01 0.001 Fig. 11.6

Rel. power 1 10 1

Table 20.4 The

advancement of interconnect

performance and power

consumption

Interconnects 2010 2020 Source

Rel. Gb/s 1 1,000

Rel. power-efficiency 1 0.01 Fig. 5.2

Rel. power 1 10
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way to alleviate this situation. Already, more than half of the energy bill of data

centers is spent on cooling, so that recovering a major part of this by efficient water-

cooling of the servers is an ongoing development. If the water is used for remote

heating or industrial thermal processing, half of the original electrical energy could

be recovered for other applications [3]. Sustainable growth will depend more and

more on a serious commitment to ultra-low-energy architectures and circuits as

well as integral optimization of the energy issue. Societies, regions, and future

strategies will play an important role in view of the size of the energy issue. This is

true as well for the two following domains.

20.3 Mobile and Wireless Energy Scenarios

The wireless and mobile interconnect/communication infrastructure has very

specific energy constraints, which were covered in Chaps. 13 and 5. We recapitu-

late here that the quality of the mobile-communication world for billions of users

2010
Year

120 Interconnect

360 GW

144 GW

36 GW

2020 2020

Worst
Case

Best
Case

Interconnect 12
Memory 12

Processors 12
12 Memory
12 Processors

Fig. 20.1 The electrical power consumption of data centers in 2010 and 2020
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is anything but certain, unless 1,000-fold improvements in processor power-

efficiency can be realized. Among the four constituents, processors, memory,
displays, and transceivers, we have good prospects for processors and memories

to meet the challenge (Sect. 3.6, Chaps. 11 and 13). Displays have their own

specific roadmap for power-efficiency, measured in mW/(Mpix/s), where a 10�
larger resolution and a 10� reduction in drive-power/pixel would save the status

quo in energy. However, the always-on, always-connected goal at constant or

reduced battery energy will require highly intelligent snooze modes and on-board

energy harvesting (Chap. 19). The expected video and cloud-computing bandwidth
causes an insatiable appetite for transceiver energy at the terminals as well as in the
cellular grid. The prospects for transceiver power-efficiency in Fig. 13.6 and

according to Table 5.5, and for bandwidth in Fig. 5.4 put serious limits on a high-

rate sustainable expansion. Breakthroughs in bit-rate compression and in the short-to-

wide-range handshake will be needed. This makes us look at the long-distance

evolution.

20.4 Long-Distance Fiber- and Satellite-Communication

Energy

For decades, the installed long-line bandwidth, both cable and satellite, has been an

invitation to invent ever more sophisticated web-based services. However, recently,

the worldwide capacity has been filled up rapidly with the overwhelming expansion

of high-resolution, high-speed video traffic. For its further potential expansion in

the current decade 2010–2020, estimates could be:

– Low: (bit-rate 10�) � (users 100�) ¼ 1,000�
– High: (bit rate 100�) � (users 1,000�) ¼ 105�

Capital investment, energy, and environment will dictate how much of this

potential can be sustained, and business creativity will be the surprise factor

pushing this expansion.

The other major new-use component is cloud-computing and web-supported

large-scale education (Chap. 22). More and more regions worldwide provide web-

based educational materials and library and laboratory access to their schools –

free-of-charge. Estimates of growth for these services are difficult because they

depend on regional and global policies as well as new organizational structures for

these services.

In any event, the challenges on providing the electrical energy needed for the

hardware in the internet, as well as at the user sites, have dimensions similar to

those of the data centers, that is hundreds of gigawatts in 2020. These communica-

tion nodes and user facilities are all candidates for renewable energy.
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20.5 Conclusion

We have seen in the technology and product chapters that we have the innovation

potential to increase significantly all chip functions, processors, memories, com-

munication, which would lead to >1/3 of the total world electric power being used,

a level that would not be economical or sustainable. In any event, to support

reasonable growth, large-scale development, driven by serious requirements for

systems-on-chip with minimum energy-per-function is needed, starting from

proven prototypes and meeting significant milestones in short periods of time.
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Chapter 21

The Extreme-Technology Industry

Bernd Hoefflinger

Abstract The persistent annual R&D quota of >15% of revenue in the semicon-

ductor industry has been and continues to be more than twice as high as the OECD

definition for High-Technology Industry. At the frontiers of miniaturization, the

Cost-of-Ownership (COO) continues to rise upwards to beyond 10 billion $ for

a Gigafactory. Only leaders in the world market for selected processors and

memories or for foundry services can afford this. Others can succeed with high-

value custom products equipped with high-performance application-specific

standard products acquired from the leaders in their specific fields or as fabless

original-device manufacturers buying wafers from top foundries and packaging/

testing from contract manufacturers, thus eliminating the fixed cost for a factory.

An overview is offered on the leaders in these different business models. In view of

the coming highly diversified and heterogeneous world of nanoelectronic-systems

competence, the point is made for global networks of manufacturing and services

with the highest standards for product quality and liability.

21.1 Extreme Technology

The term high technology arose in the 1950s to denote industries with a significant

commitment to research and development (R&D). Since the 1970s, the OECD

has classified industries as high-tech, if their R&D budget exceeds 7% of their

revenues. A ranking of such high-tech industries is shown in Table 21.1.

As another reference, electrical machinery and apparatus with 3.6% R&D is

classified as medium-high-technology. A comparison with the R&D percentage of

the semiconductor industry, shown in Fig. 21.1, demonstrates why the classification

extreme-technology industry is justified. The R&D percentage has been above
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15% for the IC industry since the mid-1990s, twice as high as the closest electronic-

equipment industry, TV, communication and computing. The leaders in the indus-

try have spent and are spending closer to 20% or even higher.

This is only the R&D effort. In a way more extreme is the investment in facilities

and equipment, which has consistently exceeded the R&D. The semiconductor

industry has had and continues to have unique dynamics in its evolution and

continuing expansion. The global picture is well represented by the installed

wafer capacity (Fig. 21.2).

In 2010, investment in facilities and equipment ran high at ~$60 billion, arriving

late after a cautious 2009 and being effective only in 2011. Therefore, wafer

capacity in 2010 did not meet demand, causing healthy prices and great revenues

for 2010. However, the next unfavorable ratio of demand/capacity can be predicted

for 2012. These extreme cycles and the sheer magnitude of required capital led to

three distinct business models:

– The original-device-manufacturer model

– The foundry model

– The fabless-manufacturer model

Together, the top-10 representatives of these models serve well over 50% of the

world market. However, we look at the remaining players as well, because they are

Table 21.1 R&D quota in

high-tech industries (% of

revenues)

Pharmaceuticals 10.5%

Air and space 10.3%

Medical, precision, optical 9.7%

Radio, TV, communication 7.5%

Office and computing machines 7.2%

Fig. 21.1 Integrated-circuits industry R&D expenditure [1]. # IC Insights
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often leaders in their field with application-specific integrated chips (ASICs) or

chip-systems. This type of customization is also being served by the PCB (printed-

circuit-board) industry, which merits attention for that reason.

21.2 The Original-Device-Manufacturer Model

In the early years of microelectronics, the 1960s, chips were produced by semicon-

ductor divisions within vertically integrated electronics enterprises, with some

notable exceptions such as Intel (Chap. 2). Intel has been the world leader since

the early 1990s and continues to hold that position, as shown in Fig. 21.3.

Besides Intel, five others have a history throughout most of the 50 years of

microelectronics. The Koreans and Taiwanese started in the 1980s. There are many

dramatic stories behind these leaders. The striking observation about the 5-year data

is that the memory heavyweights grew much faster than the group 5-year average of

35%, and that the world’s largest foundry also did much better than this average.

21.3 The Foundry Model

By the early 1980s, the business cycles and the necessary critical-size investments

led several leading chip manufacturers to reduce their risk by securing some wafer

capacity through shares in a contract manufacturer for wafers, which later received
the label silicon foundry. With his formidable track record at Texas Instruments,
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Morris Chang became the most famous leader, returning to his home country

Taiwan and founding TSMC (Taiwan Semiconductor Manufacturing Corporation).

Offering top chip technology totally to outside customers became in a way the
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Fig. 21.3 The world top-10 chip manufacturers in 2010 and their recent 5-year growth
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silicon open source, like open-source code in software, launching a tsunami of chip

innovations starting in the 1980s, continuing through today and becoming even

more important in the future, now that the super-foundries are at the forefront in Si

nanotechnology.

The top-10 Si foundries are listed in Fig. 21.4 with their 2008 revenue, with the

exception of Global Foundries, which is listed with 2009 data after Chartered Semi-

conductor (Singapore), the global number 3 until 2008, joined in the second year of

this new enterprise, which also includes now the foundry business of IBM. IBM and

Samsung’s foundry business are examples ofworld leaders with themixed portfolio of

original, proprietary products, and outside services (even for potential competitors),

a seemingly touchy constellation, which IBM has practiced since the mid-1990s.

The dynamics in the foundry scene show that the tremendous Si technology

challenges are mastered with adaptive business models, and, in some prominent

cases, with a radical decision from the start or early-on. This leads us to the group of

fabless chip suppliers.

21.4 The Fabless Model

Companies with a fables business model contract Si-wafer manufacturing, packag-

ing, and testing to outside sources, namely to foundries and contract manufacturers.

Their 2009 ranking is shown in Fig. 21.5.

It is interesting to note that many of these are leaders in their fields, Qualcomm

and Broadcomm in very-high-speed transceivers, Xilinx and Altera in field-

programmable arrays, and that they require from their foundries advanced

technologies with special features. They demonstrate that high-performance chips

Fabless IC Suppliers Revenue 2009 (Bio.$)
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can be brought to the market without an in-house wafer-manufacturing line, and

that the ecosystem for the production of high-performance chips has a lot to offer.

Competition for the next node on the roadmap and global alliances have enabled

a large-scale sharing of progress for all three models. What may future strategies

bring at the end of the roadmap?

21.5 Manufacturing Strategies Towards the End

of the Roadmap

In the past, a definitive competitive strategy for the leaders in chip manufacturing

has been to reduce the minimum features on a wafer faster than the competitor. The

consensus is growing rapidly that this linear strategy will come to an end between

16 nm (2015 node) and 10 nm (2018 node)

– Economically because of diminishing returns and

– Physically because of atomic variance and vanishing amplification.

At the same time,

– Power-efficiency of processing, memory and communication can be improved

100–1,000� (femtoelectronics), and

– The use of power and, really, energy is becoming the no.1 global force for

progress – and economic growth.

Therefore, the future performance questions for the chip industry will be:

– Which femtojoule (104 eV) and attojoule (10 eV) functions/bit do we offer in our

portfolio?

– By how much do we reduce the energy/year necessary for the production of

a chip function from sand to product?

This will amount to a life-cycle assessment of the chips and ultimately of the

systems into which they are integrated, and of their operating life. With this

perspective, it is worthwhile looking at the whole network of facilities involved

in the creation and operation of micro- and nanochip systems.

21.6 Networks for the Creation of Micro-

and Nanochip Systems

Our attention to the giga- and megafactories in the previous section and, regarding

their energy and investment characteristics, in Chaps. 8 and 20 is well justified

because of their challenging dimensions. We now consider these factories as

backbones in an elaborate network of facilities, which are all essential in the design
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and production of optimum-performance and high-quality chip-based products for

highly diversified customers, as illustrated in Fig. 21.6.

The world’s leading and aspiring regions in nanoelectronics have to be

concerned about the total quality of this network and its facilities, regionally and

globally. We highlight the diversity of facilities in this network in Table 21.2 by

looking at the global characteristics of three types of manufacturers, namely those

for

– Standard chips

– Custom chips and microchip modules (MCMs)

– Printed-circuit boards (PCBs)

Fig. 21.6 Networks and value chains for the design and production of chip systems

Table 21.2 Scenario in 2000 of chip and PCB manufacturers

Standard

chips

Custom chips and

micromodules

PCBs

World market [$ billion] 160 40 60

No. of companies 200 400 4,000

No. of companies for 90% of the market 40 200 1,500

Top-10 revenue share 50% 5% 3%

Avg. revenue of top 10 [$ billion] 10 0.2 0.2

No. of design starts/year 30 k 200 k 2 mio.

Avg. volume [units/product] 5 mio. 10 k 5 k
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We include the PCB industry because their role is changing fast with the level of

integration on chips and systems-on-chip (SOCs).

Contrary to the importance and to the dominance of the top-10 suppliers of

standard chips in their segment, the supply of custom chips and chip systems,

including PCBs, is much more distributed in market shares and, at the same time,

characterized by millions of design starts/year, without which standard chips would

not reach their large volumes.

This constituency of manufacturers sees a continuing and often disruptive shift

both in their product complexity as well as in their technology complexity:

– The progress of integrating more functionality on a chip continues to be driven

by cost, performance, and energy.

– SOCs and 3D chip stacks mean more customization, more specific services, and

fewer units/product.

– The PCB industry has to follow a roadmap, synchronizing itself with the

advancing interconnect hierarchy (Fig. 3.39 and Chap. 12).

With the increasing importance of 3D integration of chip stacks, where the chips,

processors, memory, transceivers, MEMS, etc. come from different vendors, the

diversity and specialization in services will increase, and entirely new levels of total

quality management (TQM) have to be established. The new SOCs and SIPs

(systems-in-package) with chips from many sources and complex value chains

require

– New standards,

– New test strategies,

– New compliance rules,

– New warranty and liability rules,

– Life-cycle assessment.

At the end of the scaling roadmap and in the era of the energy roadmap,

a diminishing part of the total investment will go into the gigafactories, and
an increasing part will go into the most effective network to produce the best 3D
multi-chip systems.

21.7 Conclusion

Chips have become the basis of 50% of the world’s gross product, and this share

will rise. The ingenuity of the concept has triggered and feeds an unprecedented

research, development, and factory investment of over 30% of annual revenue, and

that with exponential growth for half a century. The R&D expenditure in the chip

industry was more than $400 billion over the past 10 years, and the accumulated

know-how in this industry is equivalent to over three million man-years, not

counting the millions from the concurrent and essential software industry. It will

take a lot of manpower and many years to make any measurable impact on the
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continuing silicon innovation wave with alternative technologies such as molecular,

bio-, or quantum electronics.

The move of the mega and gigafactories to Asia continues. Soon, more than 80%

of the world’s chips will come from the Far East (Fig. 21.2).

In spite of Europe’s investment in megafabs between the late 1980s and the early

2000s, Europe’s share of the world production of chips never exceeded 10%.

Therefore, Europe has been a net importer of finished chips and of custom-

processed wafers for a long time. The only surviving wafer fabs are high-value-

added fabs for proprietary smart chips with integrated sensing and actuating.

Substantial employment can result only from creative, early entry into sizable

markets such as the internet, mobility, and health care in the high-value-added

early phase before the rapid worldwide commoditization. This requires a highly

qualified work force, highly innovative companies with global alliances for mar-

keting and standardization, and super-critical investment to reach the market in

time.

The US share of global chip production has steadily declined from 50% in the

1980s to 15% in 2010. However, the US has been and still is the single largest

provider of manufacturing know-how and the largest customer for the Far-East

silicon foundries, preferably in Taiwan and Singapore. The US has by far the largest

integrated network power to open and serve the world’s dominant markets such as

the internet and personal computing. Even so, the implementation of their

strategies, such as interactive and internet TV, has been delayed due to a lack of

manpower for product development rather than by a lack of chip technology. In

order to be a part of the global competition for qualified manpower, US

corporations and universities have established a vast cooperative network with

the many rising universities in Taiwan, South Korea, India, and China, which

have grown since the 1980s at a rate much faster than the established academia in

the USA or Europe and Japan. Both the return of US-educated compatriots and the

establishment of affiliated campuses in those countries will secure a super-critical

force for innovation. However, the concern over qualified manpower and over the

rate of innovation persists in the USA and everywhere else where nanoelectronics is

considered to be essential, as we will assess in the following chapter.
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Chapter 22

Education and Research for the Age

of Nanoelectronics

Bernd Hoefflinger

Abstract Nanoelectronics has great potential for further, sustainable growth, and

this growth is needed worldwide, because new chips provide the technology

foundation for all those products and services that shape our lives. However, the

concern is justified that this truth is not the perception of the public in the first

decades of the new millennium. How can we work towards a broad, sustained

commitment to an innovation ecosystem involving education, research, business,

and public policy?

Reminding ourselves of the 10x programs invoked in Chap. 2 to describe major

milestones in advancing microelectronics towards today’s nanoelectronics, we

notice that all of them demanded requirements-driven, top-down research with

ambitious, often disruptive targets for new products or services. Coming closer to

the end of the nanometer focus, the new task of global proportion should be a femto-
Joule focus on minimum-energy nanoelectronic systems research.

22.1 Chips in High School

The children in our schools are the critical long-term resource for a creative, healthy

society. However, in spite of ICT (information and communication technology)

being the largest contributor to global economic growth in the past 40 years, the

interest of the public, and with it within schools, in engineering and microelectronic

engineering, in particular, has declined since the early 1990s. For an excellent

review of important studies on this subject, see John Cohn’s lecture “Kids today –

Engineers Tomorrow?” [1]. His statement “What we need is a new Sputnik to

galvanize the next generation of students. . .” (and we might add the public), makes

us reflect on the waves in electronics innovation, which we covered in Chap. 2.
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It was indeed Sputnik and Apollo that launched the rise of integrated circuits in the

1960s, prominently in the US. This investment waivered in the 1970s in the US for

well-known reasons, letting the Japanese take over the lead, and it needed the

renaissance of 1981 to generate a worldwide engagement in microelectronics as an

industrial – and, very significantly – as a public policy, a phenomenon unparalleled

since then. It was in a 1984 meeting at MCNC (Microelectronics Center of North

Carolina) that their communication expert showed me the Lego transistor model,

which she used in her classes with elementary-school children. I have used Lego

since that day, and you will find examples in Figs. 2.9 and 3.5, no longer as a toy,

but now, due to their buttons, as a visualization of individual boron and arsenic

atoms in a nanotransistor.

Certainly, the internet and educational-robotics programs have risen to a formi-

dable offering for children in the meantime, and a listing of proven programs is

contained in [1]. At a more advanced level and in the serious concern to carry

microelectronics to high-school juniors in time for their professional inclinations,

we launched a 2-week intensive lab course on the making of microchips in 1992,

which has since been offered annually (Table 22.1 and Fig. 22.1).

The course program, although challenging, with its subject matter reaching from

freshman- to junior-year material, has been very well received by the high-school

students. Over the past 18 years, more than 600 students from some 60 high schools

participated, among them 30% girls. Returning to their schools, the students

reported in their classes about their experience, thereby multiplying the effect of

this program. The experience with that material was used to establish a vocational

training program in collaboration with regional SMEs (small and medium

enterprises). This program and its certificate have been accepted by the regional

association of electronics enterprises as an additional professional qualification for

electronics technicians.

22.2 University Programs in Micro- and Nanoelectronics

The teaching of microelectronics has been promoted throughout its history for

60 years by monographs and textbooks written by authors based in the US (and

Canada). It is important to note that the originators of new material in the early

years were the world leaders in industrial research:

– William Shockley: Electrons and Holes in Semiconductors, 1950 (Bell

Laboratories)

– Simon Sze: Physics of Semiconductor Devices, 1970 (Bell Laboratories),

– The Series on Bipolar ICs, ~1967 (Texas Instruments and Motorola) and MOS

ICs, 1970 (Texas Instruments)

The leading universities, especially Berkeley and MIT, were quick to structure

and present these new topics in textbooks, including important sections on

problems (and solutions), and the competitive US university system established
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Table 22.1 SMC (Sch€uler und Sch€ulerinnen machen Chips) – High-School Juniors Make Chips,

a 10-day laboratory course

Day 1

C1 Microchips for health, mobility, and entertainment

C2 The electron, force, energy, potential

C3 Resistors, capacitors, voltage and current sources

L1 Tour of the institute

C4 Ideal and real amplifiers

C5 Semiconductors – the shockley garage model

Day 2

C6 PN-junction and diode

C7 MOS transistor

C8 Analog and digital signals, codes

C9 Logic gates and standard cells

C10 CMOS logic – the inverter, its gain and noise margin

M1 Meeting with engineering students

Day 3

C11 CMOS gates and counters

C12 Field-programmable arrays

L1 Design of a digital clock (group B)

Day 4

C13 Logic synthesis with VHDL I

C14 Logic synthesis with VHDL II

C15 Logic synthesis with VHDL III

L1 Design of a digital clock (group A)

Day 5

C16 Digital circuits testing

C17 CMOS process technology front-end

C18 CMOS process technology back-end, parameter test

L2 Design of a digital counter (group B)

M2 Reunion with previous classes

Day 6

L2 Design of a digital counter (group A)

L3 Chip manufacturing line (group A)

L4 Counter in VHDL (group B)

Day 7

L5 Programming of the FPGA (group B)

L3 Chip manufacturing line (group B)

L4 Counter in VHDL (group A)

Day 8

C19 ASICs – from specification to test

C20 Test program generation

C21 Quality and reliability

L5 Programming of the FPGA (group A)

Day 9

L6 Clock printed-circuit board assembly and test (group B)

L6 Clock PCB assembly and test

Day 10

M3 Professional development – an industry representative

C22 High-dynamic-range CMOS video cameras

M4 Certificates and course review/feedback
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the expansion within the electrical-engineering curricula, supported by a national

accreditation program, executed by the AAEE (American Association for Engi-

neering Education), whose teams consist of peer professors as well as industry

leaders. This system, fed by the world’s best students from both home and abroad,

enabled the annual number of US engineering degrees to rise from 40,000 in 1960

to a peak of almost 100,000 in 1985 (Fig. 22.2) and led to the sustained world

leadership of US universities.

A worldwide ranking of engineering programs generated by Shanghai Technical

University [2], which is quoted widely, shows among the top 50 engineering

programs:

Fig. 22.1 High-school juniors make chips, class of 2000 (www.ims-chips.de)

Fig. 22.2 US engineering degrees/year [1]. # 2009 IEEE
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34 from the US (among them 15 at the top)

4 from the UK

4 from Japan

3 from Canada

1 from Switzerland

1 from Singapore

1 from Hong Kong

1 from Israel

1 from Taiwan

Table 22.2 shows more details of this global ranking:

In spite of this sustained leadership, Fig. 22.2 shows that the US system has

stagnated below 80,000 engineering degrees/year since 1990. At the same time,

China has strongly increased its engineering output so that by 2008 their number of

young engineering professionals became three times that in the USA (Fig. 22.3).

The concern about US leadership is quoted here because, in the past, it has been

the largest force to revive and to re-focus the innovation system, not only in the US

but also globally. The concern has been voiced in the US since 2001 with increasing

intensity, and it has been addressed as a perfect storm: “There is a quiet crisis in US
science and technology. . .This could challenge our pre-eminence and capacity to

innovate. . .” (Shirley Ann Jackson, President of Rensselaer Polytechnic Institute,

2004, quoted from [4]). The global financial and economic crisis of 2008/2009 has

made it even clearer that the exit strategy has to be focused innovation for global

markets and services, an Apollo program as the answer to Sputnik (where the

present crisis is much larger than Sputnik). Apollo was the largest requirements-

driven program ever, and there will certainly not be a simple analogue today.

However, we will look at the present situation in nanoelectronics research and

technology transfer with special attention to the requirements that have been set

before the scientists and which they have promised to meet.

Table 22.2 Top 10 university engineering programs USA/ROW 2007 [2]

USA Rest of world (ROW)

1. MIT 16 Cambridge U., UK

2. Stanford U. 17 Tohoku U., Japan

3. U. of Illinois, Urbana-Champaign 19 U. Toronto, Canada

4. U. of Michigan, Ann Arbor 25 Kyoto U., Japan

5. U. of California, Berkeley 27 Imperial College, UK

6. Penn State U. 28 EPF Lausanne, Switzerland

7. Georgia Tech 28 Tokyo Institute of Technology, Japan

8. U. of Texas, Austin 32 Singapore U., Singapore

9. U. of California, San Diego 37 Hong Kong U. of Science and Technology,

Hong Kong

10. Purdue U., IN 38 Technion, Haifa, Israel
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22.3 Large-Scale Nanoelectronics Research

The microelectronics age has had its two prominent international scientific

meetings for well over half a century, and they continue to be the most representa-

tive yardsticks for the global development of micro- and now nanoelectronics:

– The International Electron-Devices Meeting (IEDM), held annually in Decem-

ber, as the name says with a focus on new devices, their physics, technology and

characterization.

– The International Solid-State-Circuits Conference (ISSCC), held annually in

February, the no.1 event for the presentation of new chips, and most often

quoted in this book.

To get a view of the global participation in 2010, we show the origins of the

scientific papers by country in the categories universities and research institutes
and industry in Fig. 22.4. As a foretaste, we note that, among the more than 450

papers, 85 are the result of industry–university/institute cooperations, and of these

46 are international/global ones, a remarkable new development since ~2000. We

have counted these cooperations in both categories to weigh in their significance.

The US lead in papers remains significant, and it has gained a visible cooperative

note with well over 20 cooperations. Japan is holding a solid second place. Signifi-

cantly, Taiwan and Korea have become key contributors to global innovation.

Chinese universities appear on the map as well. The single most remarkable force

is IMEC in Belgium (the Inter-University Microelectronics Center), which has

become the world’s largest nanoelectronics research center. One other message is

the success of the university–industry network of Grenoble, France, and northern

Italy, around the major locations of ST Microelectronics. This has given France/

Italy a significant scientific output in nanoelectronics.

Fig. 22.3 The number of young professionals in the US, China, and India [3]
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The ranking in Table 22.2 reflects very closely the 2010 presence of US

universities at ISSCC and IEDM. However, the ROW scenario of top universities

regarding nanochip innovations is marked by great dynamics, which is supported

by the world’s leading chip manufacturers (Chap. 21). Therefore, on a global map

of nano-chip research regions, we have to look at the following:

USA

– NANO NY, Albany NY with IBM, AMD, and Global Foundries.

– The universities in Table 22.2, related institutes with the US companies

among the top 10.

Japan

– Tokyo-Kanagawa Pref. with the Japanese companies among the top 10.

32

Universities and Research Institutes

1 USA

9 Germany

3 Korea
2 Japan

3 Taiwan
5 France
6 Italy
7 NL
8 Switzerland

9 Austria
9 Canada

1 USA

11 Germany

3 Belgium
2 Japan

4 Italy
5 Taiwan
6 NL
7 France
8 China

9 Korea
10 Switzerland

12 UK
13 Canada

14 Spain

Industry

110
42

25
22

17
15
14

14
12
11

10
4

3

3
3

3
6

10
15
17

21
21

53
118

Fig. 22.4 Origins of the

scientific papers presented at

the 2010 ISSCC and IEDM
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Taiwan

– Taipeh-Hsinshu with TSMC, UMC, and MediaTek.

Korea

– Seoul-Taejon with Samsung and Hyundai.

Europe

– IMEC, Leuven, Belgium, cooperating withmost of the world top 20 companies.

– Grenoble, France, and Lombardy, Italy, with ST Micro, Micron, and

Numonix.

These top regions and their governments have highly diverse cultures in their

ultimate task: Transfer of nanoelectronics innovations.

22.4 Requirements-Driven Research and Innovation

Transfer in Nanoelectronics

The concern in this section is the timely question of how to energize the innovation

constituency of academia, public research institutes, and industrial research

divisions with a sustained drive out of the 2008/2009 world crisis and consecutive

critical conditions, accepting that in many parts of the world, notably theWest, that
is North America and Europe, in the words of the US Commerce Secretary [5], “The
Innovation Ecosystem is broken.” In his speech on January 15, 2010, before the

PCAST, the President’s Council of Advisors on Science and Technology, he said:

“Just a decade or two ago, the US had the unquestioned lead in the design and

production of things like semiconductors, batteries, robotics and consumer elec-

tronics. No more. Our balance of trade in advanced technology products turned

negative in 2002, and has shown little signs of abating.”

The European balance of trade in semiconductors has always been negative,

with the notable exception of automotive semiconductors, and the situation of

Germany and Great Britain, as illustrated by Fig. 22.4, shows that the US concern

should be a concern in Europe as well. The research community, together with the

research policy makers in governments, has to commit itself to initiate a sustained

recovery with tangible, real-world solutions.

As far as nanoelectronics is concerned, approaching the end of the roadmap (an

effective, simple requirement in the past) and after two decades of too much

scientific optimism about quantum-nano solving all problems, it is time to ask

which top-down requirements nanoelectronics should meet with clear milestones

and with a tight time-frame.

We have seen throughout this book that energy efficiency in processing, memory
and communication is the single most important task and the most effective one

generating new performance and added value. And let us remember again: power
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efficiency tells us the atomistic value of how much energy we need for a single

operation, but not how much energy we need to solve a task such as compressing

one HDTV frame to a minimum of bits for communication.

It is an interesting test of relevance to search recent major research programs for

power efficiency or, better, energy-efficiency goals. We covered the Silicon Brains
program SyNAPSE [6] under the leadership of DARPA, and, as a case in point, it is

demanded there that the electronic synapses perform an operation with an energy

<10 pJ. Another DARPA program, Ubiquitous High-Performance Computing [7],

also sets clear goals: Build a PetaFLOP-class system in a 57 kW rack [7]. In a

simple model, like the one we used in Chap. 20, where we assumed that processing,

memory, and interconnects each take about 1/3 of the total power, this would leave

19 kW for 1015 floating-point operations/s or 19 pJ/FLOP, which is mostly a

54 � 54-bit multiply. This is one tenth that of the best comparable graphics

processor in 2010 (200 pJ) and a significant challenge if we consider the data on

short-word-length multipliers in Fig. 3.32.

By contrast, if we read through the program statements of ENIAC, the European

Nano Initiative [8], there is nothing other than nanometer nodes of the ITRS and

“more-than-Moore” commonplaces. The 2010 update of the European 7th

Programme for ICT for the tasks 2011–2012 is the most generic catalog of hit-

words without any target other than at least asking for “radically improved energy

efficiency”[9]. While energy efficiency is the right performance goal, why not

demand from the research community a reduction in the energy for recording,
compression, communication, decompression, and delivery of a single HD frame to
a display by at least a factor of 10,000. This would make a serious 10� program for

the 2010s, considering that video-bandwidth and -energy is the no.1 roadblock for

high-quality video, not only for entertainment but, more seriously, in professional

applications such as health care and public safety.

While system energy is a requirement forcing a top-down approach (researching

functions, components, and physics at the bottom), the higher levels of system

applications and benefits for the public should be focused on. The ones with the

biggest public interest and with broad government obligations are

– Health and care

– Education

– Safe mobility

– Communication

Here again, test questions have to be asked regularly:

– What is the dedication in funded research on these subjects,

– Their requirements on nanoelectronics,

– Their benefits from nanoelectronics and, most important and most often

forgotten,

– Their sustained program of implementation?
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22.4.1 Nanoelectronics in Health and Care

The potential of intelligent, portable, potentially energy-autonomous diagnostic and

therapeutic nanochips is boundless so that we can only name a few representative

ones: The development of a superficial, intelligent heart-monitoring coin for all

patients with potential heart problems would benefit hundreds of millions of

patients as well as their health-care and health-insurance systems. Supporting the

introduction of this device through public health insurance would accelerate its

development and its approval, and it would push low-energy chip technology in the

semiconductor industry with spin-offs into many other new products.

22.4.2 Nanochips for Safe Mobility

Saving lives and preventing injuries and life-long handicaps in health care and

traffic are tasks with a tremendous social significance, certainly as great as

providing energy compatible with the environment. In the latter domain, we see

billions of dollars being spent in subsidies for renewable power generation such as

solar and wind. Avoiding fatal accidents on public roads caused by tired or

distracted truck and bus drivers has been proven by hundreds of thousands of

kilometers of test drives by the automotive industry, and as yet no legal requirement

for these safe-distance and automatic-braking systems has been issued by the

governments and supported with some public cost sharing for their rapid

introduction.

The rapidly advancing urbanization of our world presents formidable challenges

and opportunities for nanoelectronics-enabled ICT to support public and personal

mobility. The intelligent-transportation-systems (ITS) programs in Europe, Japan,

and the USA merit a review and a new, sustained effort in view of the new era of

mobility driven by environmental and life-cycle energy-efficiency issues.

22.4.3 Education with and for Nanoelectronics

The Texas Instruments Speak & Spell system introduced in the late 1970s was a

pioneering technical achievement with its linear-predictive-coding (LPC) voice

encoder, and it was the most effective toy ever to advance language skills. Educa-

tional electronics today could be incredibly more powerful than Speak & Spell, and

yet it is a domain with very patchy success given the base of billions of potential

customers from kindergarten to old age. In Chap. 6, on requirements and markets,

we covered broad issues such as “Open Libraries for Practically all Children” and

carebots as personal tutors and assistants in rehabilitation. These examples raise the
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extremely challenging issue of producing and supporting content for the application

of nanoelectronic systems – and for the training of knowledge in nanoelectronics.

Education and continuing-education (CE) programs in microelectronics were

a vital part in corporate CE programs and nationally as well as internationally

(like COMETT in Europe) funded R&D programs. In spite of the boundless

opportunities with the internet, there are no critical-size public programs today.

Several world-class universities have made internet course offerings into a business

model, and a truly interactive mode should receive sustained support. This requires

standards and certification, as were set up in the USA by the AAEE and the NTU

(National Technological University) for satellite-broadcast programs.

22.5 Conclusion

Overall, it is worthwhile reconsidering the public research strategy. The advent of

the transistor and of the integrated circuit has not been the result of financing large

national research labs for the advancement of physics. It was rather driven by

ambitious system requirements, in system language: not bottom-up, but top-

down. First came the radar requirement and then the massive-computing require-

ment of the military establishment in the 1940s and 1950s. Soon after, in the 1960s,

the requirement by the Japanese industry of a single-chip desk-top calculator

changed the world, again a system requirement forcing a creative solution with

the best, albeit “available” technology, not a search for new physical phenomena.

ARPANET, the predecessor of the internet, is another example of the significance

of an ambitious government requirement. Similarly, the European success of the

digital cellular phone based on the GSM standard became possible with the long-

term strategic planning of the still functional public telecom authorities requiring

and pushing a joint standard, while the USA was occupied with taking its telecom

system, majestically guided by ATT, apart.

The lesson for our public and governments in their efforts to support innovation

for growing markets and employment should be to assign more resources to realize

ambitious systems and services requirements with top-down R&D, noting that there

is a lot in place and sitting at the bottom.
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Chapter 23

2020 World with Chips

Bernd Hoefflinger

Abstract Although we are well advised to look at the future 1 day at a time, we
have seen in the chapters of this book, and they necessarily could cover only a

selection on the features and applications of those tiny chips, that their potential

continues to grow at the exceptional rates of the past. However, the new commit-

ment has to be towards Sustainable Nanoelectronics, guided by creating sensing,

computing, memory, and communication functions, which move just a few elec-

trons per operation, each operation consuming energy less than one or a few

femtojoule, less than any of the 1014 synapses in our brains.

At these energy levels, chips can serve everywhere, making them ubiquitous,

pervasive, certainly wireless, and often energy-autonomous.

The expected six Billion users of these chips in 2020, through their mobile,

intelligent companions, will benefit from global and largely equal access to infor-

mation, education, knowledge, skills, and care.

23.1 Users of 2020 Chips

The six billion users in 2020 will use, on average, about 40 new chips per year, on

top of the hundreds they will have had in use statistically, giving everyone the

power of a supercomputer. Most of these chips will go unnoticed, from the terabit

memory in the MP3 ear plug to the heart monitor in your shirt. The always-on

mobile companion will be ready to perform trillions of multiplies per second to

provide its owner with high-quality video and animated information.

The access to information, education, knowledge, and skills will be global and

largely equal. The number of users in Asia will be almost ten times from the number

in North America and Europe.
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The most visible products powered by minimum-energy chips will be paper-thin

e-books and tablets for information and education, and, at least in Japan, Korea,

Taiwan, and China, personal robots for children and for the elderly and

handicapped. These shocking new companions will change human lives more

than the phone, the car, the TV, and the internet. Health monitoring, diagnostics,

therapy, and telemedicine will be most significantly advanced by 2020, again

enabled by high-resolution and large-bandwidth imaging and video. Personal and

public, safe and effective mobility can be greatly enhanced by intelligent

nanoelectronic systems. Both health and mobility are a public concern – and

obligation.

23.2 Regional and Global Policies for Sustainable

Nanoelectronics

Given the potential and power of chips in 2020, a valid question is whether this

progression happens just because of market forces such as competition and new-

product appeal or as a result of long-term strategies such as those pursued in Asia or

by DARPA in the USA.

R&D strategies should focus on system requirements in health, education, and

mobility, and they should be accompanied by certification policies to assure the

beneficial introduction of these new, intelligent nanosystems such as silicon brains.

23.3 The Makers of 2020 Chips

The re-focusing from nanometers to femtojoules is another one of the more

fundamental turning points in the history of microelectronics, such as the transitions

from bipolar to NMOS and NMOS to CMOS, however, this time, not from one

technology to another, but from technology to functional energy.

Certainly, the broad introduction of a 10-nm Si process technology is a sufficiently

large challenge for a decade. But to stop pushing the nanometer competition further

and to invest instead in energy, and to get this done overnight and in parallel with the

remaining nanometer work, is very tough. The time scale is short indeed, if we recall

the energy crisis exemplified for data centers in Chap. 20. However, the focus on

nanoelectronics as a sustainable, minimum-energy, even self-sustained technology

also has the potential to interest the public and the young, in particular [1].

We identified the interconnect- and communication-energy problem in Chap. 20,

and, if we turn our attention all the way back to Fig. 1.4, we see the magnitude of the

problem. Correspondingly, since 2005, the 3D integration of thinned chips with

TSVs has appeared as one measure to shorten interconnects. This heterogeneous
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process with heterogeneous, multiple chip suppliers is reshaping the industry and

one sure sign of change.

With the large-scale wafer manufacturing – >80% of the world total – in Asia,

the West and the rest of the world (ROW) have to realize their high-value-added

share on finished chip-systems in highly innovative ways. By 2020, this will have

evolved largely on the basis of available skilled, creative manpower.

The two energy worlds of processors, general-purpose as opposed to application-

specific, minimum-energy, well described in Chap. 13, will have hit each other

decisively by 2020. Even more fundamentally, the professionals have to come to

grips with the more radical, adaptive, and self-learning biomorphic chip systems

regarding their certification and fields of applicability. Here, the chip industry has to

work closely with the public and with policy makers.

23.4 Beyond 2020

Will a 10-nm chip industry have enough potential to grow at> 4%/a beyond 2020?

The answer is yes, because all of the developments described in this book and all

those based on the same large-scale Si technology but not described here will just be

achieved by a few demonstrators and by selected leaders in their field, and the

2020s will be marked, in the first place, by the widespread insertion of these

achievements in a very large available global market.

Of course, there are longer-term research issues, and to keep these focused, we

identify some fundamentals for future large-scale electronics in a natural environ-

ment with operating temperatures >70� C, advancing, by at least two orders of

magnitude, the 2020 performance of Si nanoelectronics projected in this book:

For programming, writing, reading, and communication within the natural

environment, electrons, currents and voltages are a must. In 10nm transistors,

MOS or bipolar, currents are generated by single electrons, and the 2020 perfor-

mance levels are as follows:

Digital logic and high-speed memory:

– Differential, full-swing regenerator

– Footprint < 60 � 60 nm2

– Dynamic energy <7 eV

– DC energy <7 eV.

Tenfold improvements on footprint and energy are a tough challenge and/or

limited by the electron thermal energy of 25 mV at room temperature.

In any more radical innovation of high-speed, low-energy nanometer-logic, the

fundamental component still has to be a differential, amplifying regenerator such as

a cross-coupled inverter, with a variance per chip compatible with the power

supply. In a carbon-based technology, this means complementary n- and p-type

carbon nanotube (CNT) or graphene transistors. A 3D vertical, doped CNT struc-

ture with a topography as in Fig. 3.42 may be better than a thin-film graphene
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implementation. In any event, a harmonious mix of, most likely short-range,

vertical and (long-range) horizontal integration should be achieved. Self-assembly

by selective, doped crystal growth should receive sustained development because of

its density, quality, and efficiency.

A different scenario exists for non-volatile (NV), field-programmable memory,

because here the selection of the token for a memory bit has a high priority. Charge-

and resistance-based memories such as multi-level per cell (MLC) Flash, phase-

change memory (PCM), and resistive RAM (RRAM) are ruling for the time being.

They have intrinsic energies per cell per bit > 100 eV and require large program-

ming energies.

A most fascinating token for a bit is the spin of the electron so that spintronics
for NV memories continues to be an important research area. Programming

(writing) and reading require electronics resulting in unfavorable energy and area

requirements (see Table 11.4). The write and read energy remain the fundamental

issue of NV memories. It is here that the single-electron nanodevice, the SE device-
chain with Coulomb confinement, built possibly with direct, focused-ion-beam

doping, has fundamental potential, if, as a thought experiment, we revive the

charge-coupled-device (CCD) serial-memory concept [2] and imagine a single

electron (or several electrons, for that matter) per bucket in a CCD, either holding

the electrons in the retention state without power dissipation, or reading them out

serially, coupled with a re-write. In such a multi-phase, clocked architecture, write

and read energies have to be assessed carefully.

The fantastic progress in understanding ionic and organic information

processing in nature will continue with exciting insights and discoveries, many of

them achieved with ever more powerful electronic sensing, processing, and pattern-

recognition functions. This is of significant merit for diagnostics, therapy, learning,

and for the interaction of electronic systems with functions and components of the

human body via surface contacts, implants, and prosthetics.

However, R&D with the aim of replacing the age of micro- and nanoelectronics

by a new age of molecular or organic computing is ill conceived, as summarized in

the final section.

23.5 Conclusions

– The electronic circuits being built in the present decade 2010–2020 perform the

operation of a neuron’s synapse with less energy and one million times faster

than nature.

– Electronics is a fundamental technical invention.

– Electronic circuits are for information and communication what wheels and

motors are for mobility.

– We should improve these with all our creativity and energy, but not try to fly like

birds!

454 B. Hoefflinger



References

1. Cohn, J.: Kids today! Engineers tomorrow? IEEE ISSCC (International Solid-State Circuits

Conference) Digest Technical Papers, pp. 29–35 (2009)

2. Boyle, W.S., Smith, G.E.: Charge Coupled Semiconductor Devices, Bell Sys. Tech. J. Vol. 49,

pp. 587–593, Apr. 1970.

23 2020 World with Chips 455





Index

A

ACC. See Autonomous Cruise and

Anti-collision Control (ACC)

Acceleration, 294, 296, 299–308, 312, 332

profile, 396, 397

Accelerator(s), 67, 75, 223–224, 388

Accelerometers, 294, 299

Acceptor, 45

doping, 51

Access

time(s), 230, 233, 234, 239, 240

to information, 451

Action potential, 368, 369, 386

Active area (blue), 45, 46

Active diode, 407, 408, 414

Active-pixel sensors (APS), 322

Activity levels, 197

Adaptive connectivity, 274, 276, 282–283

Adaptive power management, 287–288

ADCs. See Analog–digital converters (ADCs)
A/D conversion, 96

Adders, 75

Advanced porous silicon membrane (APSM),

297

technology, 308–310

Advanced RISC Machines (ARM), 147

Age-related macular degeneration (AMD), 367

Aging, 220

Airbag, 294, 299

Air bridges, 135

Air insulation, 135

Airy disk, 319, 320

All-ion-implanted, 63

Always-aware, 274

Always-on, 274

Amazon, 201

Ambient-brightness adaptation, 375

Ambient energy sources, 394

AMD, 200. See Age-related macular

degeneration (AMD)

AMI, 19

Amplification, 3

Amplifier, 13, 16

Analog–digital converters, 6–7, 288

Analog–digital interfaces, 6

Analog front end, 300, 305

Analog-Mostly Network ACE, 336–339

Analog neural network, 26, 27

Analog neurons, 387

Analog sensor, 390

Android robot, 153, 154

Angular rate sensing, 302–304

Anneal, 68

Anode, 13

Anti-aliasing, 116, 118

API. See Application programming

interface (API)

Apollo, 440, 443

Applicability, 453

Application development, 215

Application processor, 280

Application programming interface (API), 223

Application-specific integrated chips (ASICs),

431

Application-specific integrated processors

(ASIPs), 331

APSM. See Advanced porous silicon

membrane (APSM)

APS. See Active-pixel sensors (APS)
Architectural level, 205

Area of crystalline Si, 422

ArF water-immersion DPT, 178

Arithmetic units, 75

ARM. See Advanced RISC Machines (ARM)

B. Hoefflinger (ed.), CHIPS 2020, The Frontiers Collection,
DOI 10.1007/978-3-642-23096-7, # Springer-Verlag Berlin Heidelberg 2012

457



ARPANET, 449

Artificial intelligence (AI), 391

ASA, 318, 319

ASA 12.800, 318

ASIC, 151

ASIPs. See Application-specific integrated
processor (ASIPs)

Aspect ratio, 22

Assembly, 265–267

Associative processing, 148

Asynchronous comparators, 414

Asynchronous digital circuits, 414

Atomic-layer epitaxy (ALE), 74

Atomic variance, 2, 86, 434

AT&T, 64

Automatic braking, 448

Automatic steering, 7, 28

Automotive, 145

applications, 8

conditions, 305

environments, 304

Autonetics, 21

Autonomous Cruise and Anti-collision Control

(ACC), 157

Autonomous systems, 274

Available global market, 453

Available voltage gain, 56

Avalanche breakdown, 327

Average selling price (ASP), 142

Axon cross sections, 386

Axons, 384–386

B

Backbones, 434

Back-end-of-line (BEOL), 173, 247

Backside-illuminated (BI), 321

Back-to-back bonded wafers, 81, 82

Balance of trade, 446

Ballistic transport length, 133

BAN. See Body-area networks (BAN)
Bandwidth, 51, 53, 216, 223, 273, 387, 395,

398, 412, 413

Barrier-controlled current, 55

Barrier-control mode, 53, 56, 169

Base

transit time, 42

width, 42

Battery, 393, 404–406

life, 254

technology, 276

Beam-blanker, 181

Beam-lead technology, 135

Behavior, 192

Behavioral models, 192

BEOL. See Back-end-of-line (BEOL)
Bicentennial, 15

BiCMOS, 60–67, 138

BigDecimal, 224

Billions of sensors, 293

Binning of n pixels, 319

Biofuel cell, 402–404

Biological brains, 385, 386, 389

Biological sensors, 285

Biological systems, 389

Biomedicine, 154

Biomorphic, 26, 79

chip, 11

chip systems, 453

vision system, 326

Bio-sensing, 275

Biphasic output, 372

Bipolar quad, 236

Bipolar transistor, 41–45

BIST. See Built-in-self-test (BIST)
Bit-line sense amplifier, 237

Bit-rate compression, 138

Blind from birth, 367

Blindness, 367–371

Blind patients, 367–381

Blood sugar, 155

Blue brain, 388, 390

Blue Gene, 226

Bluetooth, 138

BMI. See Brain–machine interface (BMI)

Boards, 211–212

Body-area networks (BAN), 10, 275, 285

Booth encoding, 76

Bosch process, 297

Brain, 2

characteristics, 389

power, 386

Brain–machine interface (BMI), 10, 275, 277

Braun, K.F., 15

Breakdown field, 51

Brick wall, 195

Broadband wireless, 138

Built-in-self-test (BIST), 251, 270

Bulk-driven amplifier, 412, 413

Bulk micromachining, 297, 309

mBumps, 79

Buried collector, 41

Buried layers, 23

Buried-oxide, 45

Business

analytics, 216

458 Index



cycles, 431

intelligence, 216–220

model, 271

C

C4, 79

Caballero, 344

Calculator chips, 21

Calibration, 310

Camera

capsule, 154

pill, 154

systems, 328–330

volume, 316

CAMs. See Content-addressable memories

(CAMs)

Capacitance, 47

Capacitor, 15

Carbon-based technology, 453

Carbon nanotube (CNT), 133, 169, 453

Cardiogram, 154

Carebot, 141, 153, 384, 391

Care-free monitoring, 155

Carrier frequencies, 138

Carry chains, 75

Cascaded, 121

CASTLE, 340, 341, 349

Cat, 383, 389, 390

Catch fire, 210

Cathode, 13

CCD. See Charge-coupled device (CCD)

CDMA. See Code-division multiple access

(CDMA)

CE. See Continuing-education (CE)

CECC-EN 1001–14, 151
Cell, 223

broadband engine, 226

projection, 181

size, 230, 236

Cellular neural network (CNN), 148, 332, 333,

335–336, 339–363

chips, 10

processor, 333, 343, 355–361

Certification, 453

policies, 452

procedures, 155

programs, 12

Chalcogenide, 246

Channel engineering, 59

Charge-coupled device (CCD), 247, 454

Charges, 48

Charge-transfer, 380

Checkpointing, 221

Chemo-mechanical polishing (CMP), 74

Chip carrier (CC), 135

Chip–chip transceivers, 135

Chip industry, 11

Chip-level stacking, 81

Chip meets timing, 192

Chip-stacking, 245

Choroid, 369, 371

Chua, L.O., 34

Cip-integrated fuel cell, 402, 410

CISC. See Complex-instruction-set computing

(CISC)

Cleanroom footprint, 186

Clocked MOS logic, 75

Clock-tree synthesis, 197

Cloud computing, 147, 426

CMOS. See Complementary metal oxide

semiconductor (CMOS)

CNN. See Cellular neural network (CNN)

CNT. See Carbon nanotube (CNT)

Code-division multiple access (CDMA), 148

Cognition, 384

CO2 laser, 178

Collaboration, 274

Collision-avoidance, 157

Color constancy, 326

Color management, 326

Commercial workloads, 220

Common-mode, 239

Communication, 145

Companions, 153, 451

Compiler, 224

Complementary bipolar nanotransistors, 88

Complementary metal oxide semiconductor

(CMOS), 17, 23, 60–67, 194

active pixel, 320, 322

compatible, 297–298

driver, 133

inverter, 3

quad, 73

6T SRAM, 230, 232

6T SRAM 2020, 235

Complex-instruction-set computing (CISC),

147

Complexity, 76

Compliance rules, 436

Computational requirements, 277

Computed tomography (CT), 155

Computer on a silicon wafer, 20–21

Computing, 145

Conductance, 13, 15

Constant contrast resolution, 323

Index 459



Consumer, 145

market, 255

Contact-less, 264

Contacts (black), 45, 46

Contamination, 299

Content, 449

Content-addressable memories (CAMs), 148

Context awareness, 275

Continuing-education (CE), 151, 449

Contract manufacturer, 431, 433

Contrast resolution, 322, 323, 326

Contrast-sensitivity function (CSF), 324, 325

Control electrode, 15

Control gate, 241

Controlled-collapse chip connect, 79

Convergence, 147, 252–255

Conversion energy, 96, 99

Cooling, 195, 222, 425

Copper (Cu), 132

pillars, 263

resistivity, 133

sulfide, 15

Co-processing, 252

Coriolis, 303–305

force, 301, 304

Corners, 202

Correct colors, 322

Cost/layer, 187

Cost of nanolithography, 423

Cost of patterning tools, 183

Coulomb

blockade, 247

box, 247

confinement, 86, 454

Critical field, 49

Cross-bar memory, 245

Crossbar metal-interconnect, 387

Cross-coupled inverter pair, 5–6, 65

Crosstalk, 171

Cryptography, 220

CSF. See Contrast-sensitivity function (CSF)

Cube stack, 258, 259

Cu. See Copper (Cu)
Current

density, 85, 87

gain, 13

Custom chips, 435–436

Customization, 431, 436

D

DAC. See Digital-analog converter (DAC)

Dark current, 318, 320, 321, 324

shot noise, 318, 324

Dark limit, 318

DARPA, 146, 389

Database, 216

Data centers, 11, 422–426

Dataflow graph, 359

dBm, 137

DC–DC converter, 288

3D chip

stacking, 422

stacks, 436

3D CMOS, 69–74, 240

SRAM, 73, 74

transistor pair, 23, 69, 71

DC standby current, 231

DCVSL, 75

3D display, 275

DEC, 64

Deep UV, 31

Defect count, 178

Delays, 133

Delay times, 133, 134

Delta-sigma ADC, 116

DS-modulators, 305

Demand/capacity, 430

Dendrites, 384–387

Dennard, R.H., 23

Density, 245

Design

automation, 61, 267–268

know-how, 33

productivity, 63

starts, 197–198

Detectable signal, 318

Device-level 3D integration, 89

DFS. See Dynamic frequency scaling (DFS)

Diabetics, 155

3D ICs, 282

Dielectric constant, 48

Die stacking, 282

Die-to-die, 251

DiffDRAM. See Differential DRAM
(DiffDRAM)

Differential DRAM (DiffDRAM), 8, 239, 240

Differential input trees, 75

Differential logic, 74–78

Differential sense amplifier, 240

Differential signaling/logic, 66

Diffusion constant, 42

Diffusion current, 53

DIGILOG, 76, 352

Digital–analog converter (DAC), 288

Digital correction, 114

460 Index



Digital light processing (DLP), 294, 296

Digital logic, 5

Digitally assisted architecture, 412

Digitally assisted design, 105, 108

Digital neural networks, 383

Digital number (DN), 324

Digital pattern generator (DPG), 183

Digital Rosetta stone, 246

3D imaging, 273, 275

Diminishing returns, 434

DIN, 318

3D integration, 24, 236, 244, 387, 388, 452

of memory, 245

Direct electron-beam writing, 21

Direct glucose fuel cell, 402–404, 410

Discretionary wiring, 21

Display power, 286

Display standards, 253

Disruptive, 363

Divide and conquer, 83

DLP. See Digital light processing (DLP)

3D medical imaging, 155

D-MIPS (million Dhrystone instructions

per second), 253

DMIPS/MHz, 279

DN. See Digital number (DN)

Domino logic, 75

Donor, 45

Doped crystal growth, 454

Double-patterning, liquid-immersion

lithography (DPT ), 176

3D packaging, 210

2.5D packaging technology, 256

3D-photodiode-on-CMOS, 322

DPT. See Double-patterning, liquid-immersion

lithography (DPT )

Drain, 18

as the seed, 69, 71

current, 48

induced barrier lowering, 243

DRAMs. See Dynamic random-access

memories (DRAMs)

DRIE process, 297

Driver fatigue, 157

3D sensors, 327–328

3D stacking, 251

3D strategies, 256–262

3D technology, 362

3D torus interconnect, 225

Dual-gate, 86

transistors, 69, 167

3D vertical, 453

DVFS. See Dynamic voltage and frequency

scaling (DVFS)

3D vision, 328

DVS. See Dynamic voltage scaling (DVS)

3D wafer-level integration, 329

Dynamic energy, 5, 453

Dynamic frequency scaling (DFS), 199

Dynamic power, 192, 194, 199

Dynamic random-access memories (DRAMs),

64, 229, 237–240

Dynamic range, 316, 320–324, 326, 327,

373, 412

Dynamic-switching power, 67

Dynamic voltage and frequency scaling

(DVFS), 192, 199, 201

Dynamic voltage scaling (DVS), 199

Dystrophy, 368

E

Early voltage, 43, 87

Ear plug, 451

E-books, 147

ECL. See Emitter-coupled logic (ECL)

Economic impact, 1

Economic issues, 4

Ecosystem, 2, 11–12, 434

EDA. See Electronic design automation

(EDA); Electronic design automation

(EDA) tools

Edge detection, 361

Education, 439–449, 451, 452

Educational electronics, 448

EEG. See Electroencephalography (EEG)

Effective gate voltage, 50

Efficiency, 393, 394, 398, 404–408, 410

Einstein relation, 42

Electrical polarization, 246

Electrical power, 5

Electrical power of all of Europe, 424

Electrical wafer sort (EWS), 268

Electric field, 13, 48

Electric vehicles, 157

Electro-cardiogram (ECG ), 289

Electrodes, 13, 14

Electroencephalography (EEG), 284

Electromagnetic coupling, 395, 398, 399

Electromagnetic interference (EMI), 281

Electromagnetic transducer, 395, 396, 408, 409

Electromechanical system simulation, 299

Electron-beam lithography, 180

Electron-beam writing, 245

Electronic control, 157

Electronic design automation (EDA), 267

Electronic design automation (EDA) tools, 251

Electronic Eye, 79

Index 461



Electronic implants, 154

Electronic stability program (ESP), 157,

300–308

Electronic system level (ESL), 204

Electron mobilities, 34

Electrons, 453, 454

Electron-spin, 246

Electrostatic actuation, 301

Electrostatic coupling, 395

Electrostatic model, 53

Electrostatic transducer, 395, 400, 401, 410

ELO, See Epitaxial lateral overgrowth (ELO)

ELTRAN. See Epitaxial-layer transfer
(ELTRAN)

Embedded memory, 238

EMC, 150

Emerging Research Devices (ERD), 167–170

EMI. See Electromagnetic interference (EMI)

Emitter, 41

Emitter-coupled logic (ECL), 41, 194

End of the Nano-roadmap, 2–5

Energy, 47, 66

autonomous sensor system, 400

bit, 230

consumption, 414, 416, 417

crisis, 11, 421–427, 452

efficiency, 169, 175–188, 190, 274, 288,

446–448

efficiency from plug to wafer, 4–5

figure-of-merit (FOM), 2

gap, 286, 393

harvester, 399, 404

harvesting, 274

per chip-stack, 422

per function, 1

per neuron, 386

per operation, 2

per operation minimization, 414

per synaptic operation, 389

per wafer-stack, 422

roadmap, 436

sources, 6

test, 150

E-newspapers, 147

Engineering

cleverness, 166

output, 443

Engineering Research Centers (ERCs), 25

ENIAC, 447

Environmental Protection Agency (EPA), 190

EOT, 86, 168, 240

EPA. See Environmental Protection Agency

(EPA)

Epiretinal, 369, 370, 378–381

Epitaxial growth, 81

Epitaxial lateral overgrowth (ELO), 68

Epitaxial-layer transfer (ELTRAN), 68

Epitaxy, 68

Equilibrium, 51

Equivalent circuit, 14

Equivalent oxide thickness (EOT), 3, 165, 238

ERC. See Engineering Research Centers

(ERCs)

Error-detection, 221

Errors, 220–221

ES2, 25

ESL, 205. See Electronic system level (ESL)

ESP. See Electronic stability program (ESP)

ESPRIT, 24, 25

Ethics, 391

EUREKA, 28

European 7th Programme, 447

EUV. See Extreme-ultraviolet (EUV)

Evolution, 169

EWS. See Electrical wafer sort (EWS)

Extended temperature range, 150

Extreme-technology, 429–437

Extreme-ultraviolet (EUV), 4

lithography, 30, 176

Eye tracking, 369, 379

F

Fabless IC suppliers, 433

Fabless-manufacturer model, 430

Fabless model, 433–434

Face recognition, 275

Face-to-back, 265

Face-to-face, 265

FACETS, 148, 387–390

Face-up stacking, 84

Fail-safe, 152

Failure analysis, 268–270

Failure in 107 hours, 151

Fairchild, 20

Fan-out wafer-level package (FO-WLP), 257

Faster than the competitor, 434

Fatigue-warning, 157

Fault-tolerant architecture, 152

FD SOI. See Fully depleted silicon-on-

insulator (FD SOI)

FED, 26, 31

Femtoelectronics, 1–2, 434

Femtojoule, 1, 451

FEOL. See Front-end of line (FEOL)

FeRAM. See Ferroelectric RAMs (FeRAM)

462 Index



Ferroelectric RAMs (FeRAM), 246

Field-effect triode, 15

Field-programmable analog array, 412

Field-programmable arrays, 433

Field-programmable gate array (FPGA), 198,

223, 335, 341, 343

Field-programmable logic array (FPGA), 388

Figure-of-merit (FOM), 43, 288, 390

Fill-factor, 320–322

Film thermoelectric layers, 401

Financial crisis, 142

FIPOS, 68

Firing rate, 387

Firmware, 220

First metal ½ pitch, 164

FIT, 150

Fixed-dictionary compression, 220

Flash memory, 81, 150

Flash RAM, 166

Flipped chips, 79, 80

Floating gate, 240, 407, 412, 413

memory, 387

Floating-point operations per second (FLOPS),

146, 447

FLOPS. See Floating-point operations per
second (FLOPS)

Flying capacitor arrays, 408

Focal plane coding and processing, 327–329

Focal-plane processing, 150

FOM. See Figure-of-merit (FOM)

Footprint, 23, 422

Form factor, 254

Foundry

business model, 25

model, 430–433

Fourier transform, 362

Fowler–Nordheim tunneling, 407

FO-WLP. See Fan-out wafer-level package
(FO-WLP)

FPGA. See Field-programmable gate array

(FPGA)

Frequency race, 222

Front-end of line (FEOL), 170, 173, 264

Fuel cell, 394, 401–404, 410–411

cascades, 402, 411

Full-bridge rectifier, 406

Full-swing regenerator, 5

Full-swing signal, 240

Fully depleted silicon-on-insulator (FD SOI),

167, 194

Fundamental variance, 58, 64, 67

Future, 453

Future electron devices, 24

Fuzzy logic, 152

G

3G, 148

Gain, 169

Gaming, 251

Ganglion cells, 368, 369, 379, 381

Gate arrays, 62, 63

Gate dielectric, 167

General Instruments, 19

General-purpose microprocessors, 215

General-purpose processors, 278

Generic neuromorphic peripheries, 390

Gesture interface, 275

Gesturing, 278

GFLOPS, 277

3G/4G, 273

1 GHz barrier, 217

Gigafactories, 180, 187, 436, 437

Giga-scale, 20

MOS nano-ROM, 245

Global policies, 452

Global wire pitch, 132

Google, 201

GOPS, 277

Government, 291

GPS, 138

location, 275

GPU. See Graphics processing units (GPUs)

Gradient optimization, 335

Graphene, 133, 453

Graphics processing units (GPUs), 223

Graphics processor, 193, 221, 253, 257, 362, 447

“Green” movement, 190

Grid, 13

Gross product, 142, 143

Ground, 199

bounce, 71

GSM, 148, 449

800/1900, 138

Gummel number, 43, 87

Gummel–Poon transistor model, 43

Gyroscope, 298, 302

H

Hardware accelerators, 289

Hardware description languages (HDL), 204

Hardware/software co-design, 225

Hardware-software collaboration, 224–225

Harvest energy, 9

HD camera, 273

Index 463



HDL. See Hardware description languages

(HDL)

HDTV, 149

video cameras, 329

Head-mounted displays, 272

Health, 452

and care, 447, 448

Heart monitor, 451

Heart-monitoring, 448

Heat, 212

flow, 290

Heating, 425

Heterogeneous process, 452–453

Heterogeneous technologies, 251, 270

HiDRaLoN, 327

High-density 3D design, 269

High dynamic range, 8

sensors, 322–327

High-k, 167
High-level models, 191

High-level synthesis (HLS), 192, 204, 205

High-performance processing, 276

High-performance processors, 6

High school, 439–442

High-speed memory, 66

High-tech, 429, 430

High technology, 429

High-value-added share, 453

Hilsch, R., 15

H implantation, 68

HIPERLOGIC, 75, 76, 78

Hitachi, 25

HLS. See High-level synthesis (HLS)
Hoerni, J.A., 17

Holter tape, 154

Hot chips, 423

Hot-electron injection, 241

Hotspots, 210

HP, 64

HP Labs, 34

Human brain, 384–390

Human-interaction, 153

Humanoid, 152

Hybrid, 157

Hypoglycemia, 155

I

IBM, 81, 210

ICT. See Information and communication

technology (ICT)

IEDM. See International Electron-Devices
Meeting (IEDM)

IEEE Std 1801–2009, 208

I2L, 41

Illuminance, 317, 318, 323, 324, 326

Image processing, 150

Image resolution of lenses, 320

Image sensors, 265

Imaging, 8

IMEC, 28

Imitate biology, 335

Immunity, 66

Impact ionization, 327

Impedance-based converter design, 409

Impedance matching, 404, 408

Implantation, 376, 377

of oxygen, 68

Inductive, 371, 379

coupling, 135, 244, 246, 264

spiral loops, 136

transceivers, 136

Industrial, 152

Inertial sensors, 294, 301, 305

Infinite retention time(s), 245

Inflection point, 195, 198, 423

for simple scaling, 317

Information and communication technology

(ICT), 142, 156

Information on single electrons, 3

Injuries, 448

Inkjet nozzles, 294, 296

Innovation

ecosystem, 446

potential, 423

Input impedance, 16, 404, 405, 408–410

Input port, 14

Insertion, 453

Instruction-fetch/branch (IFB), 219

Instruction set, 356–357

Instructions-per-cycle (IPC), 222

Insulated gate, 16

FETs, 16

Integrated circuit, 16

3D-integrated process, 5

3D integration, 2

Intel, 195, 201

Intelligence, 384, 390

Intelligent memory, 387

Intelligent nanosystems, 452

Intelligent vision system, 79

Interconnection fabrics, 280

Interconnects, 6, 131–140, 170–173

technologies, 274

International electron-devices meeting

(IEDM), 444, 445

464 Index



International solid-state-circuits conference

(ISSCC), 444, 445

International Technology Roadmap for

Semiconductors (ITRS), 4, 23, 28,

29, 47, 132, 161–173, 193, 204,

205, 230

International working groups, 162

The Internet bubble, 142

Internet connections, 216

Internet of Things, 275

Inter-neurons, 385–386

Inter-processor communication, 278

Intestines, 154

Intrinsic frequency limit, 42

Intrinsic gain, 67

Intrinsic voltage gain, 169

Inverter, 18, 19, 64, 135

pair, 135

Investment in facilities, 430

Ion-beam doping, 454

Ion-beam lithography (IBL), 30

Ionic charge, 386

Ion implantation, 60, 63

IPC. See Instructions-per-cycle (IPC)
ISO 9000:2000, 151
ISO 90001, 151
Isolation cells, 209

ISSCC. See International solid-state-circuits
conference (ISSCC)

ITRS. See International Technology Roadmap

for Semiconductors (ITRS)

J

JESSI. See Joint European Submicron Silicon

(JESSI)

JFETs. See Junction FETs (JFETs)

Joint European Submicron Silicon

(JESSI), 27

JND. See Just noticeable difference (JND)
Junction FETs (JFETs), 16

Just noticeable difference (JND), 318

K

KGD. See Known-good die (KGD)

Kilby, 17

Kinetic energy transducer, 395

4k � 2k, 149

Knee current, 44

Known-good die (KGD), 84, 244, 271

Known-good tested chips, 210

L

Lane-keeping, 157

Language

skills, 448

understanding, 384

Large-scale integration, 20

Laser recrystallization, 68

Latch-up, 413

Latency, 223, 274

LCA. See Life-cycle analysis (LCA)
Lead sulfide, 15

Lead-time, 163, 224

Leakage, 53, 237

current, 195, 286

Learn by plasticity, 383

Learning, 334, 335

Lego, 19, 20

blocks, 45

Lens, 176, 177

Level shifters, 209

Liability, 84, 157, 271, 436

Libraries, 147

Life-cycle analysis (LCA), 422

Life-cycle assessment, 434, 436

Life-cycle energy, 422, 423, 448

Light energy, 290

Light-section method, 328

Lilienfeld, J., 15

Linear charge-integration, 320

Linearity, 412, 413

Linear strategy, 434

Line capacitances, 134

Line delays, 134

Lithium ion technology, 255

Lithography, 304

Load adaptation, 404, 408

Load point, 405

Local memories, 236

LOCMOS, 63

Logarithmic photosensor, 373

Logarithmic response to illuminance, 323

Logarithmic sensor data, 327

Long-line bandwidth, 426

Low-dropout voltage regulator, 410

Low-k dielectrics, 134
Low-voltage differential signaling (LVDS),

75, 136, 166, 169, 239

Low voltage rectifier, 404

Low-voltage standby, 66

LPDDR2, 258

LTE, 274

Luminance, 322, 326, 327

LVDS. See Low-voltage differential signaling
(LVDS)

Index 465



M

Machine–machine Interface, 284

Magnetic flux, 247

Magnetic RAM (MRAM), 246

Magnetic-tunneling junction (MTJ), 246

Main computer, 279

Mainframes, 222

Mainstream, 423

Makers, 452–453

Managing energy, 279

Manchester carry chain, 75

Mandatory, 157

Man–machine interfaces, 279

Manpower, 11, 436, 437, 453

Manufacturer model, 430, 431

Manufacturing tolerances, 58

Many-core CNN architecture, 343–355

MAPPER, 181

Market(s), 141–158, 430, 434–437

forces, 452

segments, 141

shares, 436

Maskless, 245

electron-beam lithography, 387

nano-patterning, 183

Masks, 176

Maturity, 272

Maximum available current, 50

Maximum velocity, 168

MCM. See Multi-chip module (MCM)

MEB. See Multiple-electron-beam (MEB)

Mechanical vibration, 290

Media protection, 299

Media-rich mobile electronics, 75

Medical, 152

electronics, 153

monitoring, 290

Megaprojects, 25

Memories, 6

connectivity, 282

density, 231

energy, 8

neurons, 386

Memristor, 247

MEMS. SeeMicro-electro-mechanical systems

(MEMS)

Metal gate, 167

Metal–1 half-pitch, 165

Metallurgical channel, 51

Metric, 226

M1 half pitch, 132

Micro-electro-mechanical systems (MEMS), 8,

181, 272, 293–313, 436

energy harvesters, 312

everywhere, 312–313

history, 295

market, 295–297

microphones, 297, 312

Micro-fuel cells, 294, 312

Microlenses (MLs), 321

Micro-machining, 295

Micro-mirrors, 294

Microprocessor(s), 21, 45, 193

Microsurgery, 154

Milestones, 50

Military, 145

Millennium, 142

MIL-STD–883, 151
Miniature cameras, 328, 329

Minimalistic design, 105–108, 113

Minimally invasive, 154

Minimum energy, 3, 5

consumption, 414

Minimum supply voltage, 3, 65, 234, 412,

414–416

MIPS, 279

MITI, 21

Mixed-signal, 63

full-custom CNN, 337

MLC. See Multi-level-cell (MLC)

mmWave, 274

Mobile

communication, 63

companion(s), 9, 10, 273, 451

handset, 273

medical, 272

phones, 145, 251

Mobility, 42, 48, 133, 141, 441, 447, 448,

452, 454

Modem link, 274

Molecular-beam epitaxy (MBE), 74

Monocrystalline silicon, 294, 298

Moore, G., 20, 21, 221

Moore’s law, 20, 229

More than Moore, 210

effect, 331

MOS ICs, 41

MOSIS, 25

MOSTEK, 20, 60

Motor neurons, 386

Motorola, 64

Mouse, 389, 390

brain, 384

Movement extraction, 362

MPEG, 362

MPEG4, 277, 278

466 Index



MP3 players, 150

MTJ. See Magnetic-tunneling junction (MTJ)

Multi-bit per cell, 247

Multi-bit storage per transistor, 229

Multi-chip, 210

Multi-chip module (MCM), 79, 217

Multi-chip package, 135

Multi-core application processors, 279

Multi-core chips, 215

Multi-core processors, 6, 200–203

Multi-layer feed-forward network, 334

Multi-level-cell (MLC), 242

flash, 387

NAND Flash density, 243, 244

Multi-level CNN, 362

Multi-level flash, 8

Multi-level implementation, 359–360

Multimedia-centric, 286

Multimedia processing, 274

Multi-mode design, 202

Multi-phase clocking, 247

Multiple-electron-beam (MEB), 180–185

direct write, 4

lithography, 176

Multiple exposure, 322

Multiple input, 279

Multiplier(s), 6, 75, 76, 338, 343, 349–351

mW/MIPS, 285

N

NANDs, 70, 72

array, 240, 241

flash, 239, 240

Nanocarbon, 133

Nano CMOS, 64

Nanoelectronics, 30–33

Nanoimprinting, 178

Nanolithography, 4

Nano-roadmap, 3

Nanotransistor, 56, 59

National Highway Traffic Safety

Administration (NHTSA), 300

Natural bit-rate compression, 323

Natural senses, 323

Near-field range, 136

Near-Infrared spectrometer, 155

NEC, 60

Negative voltage converter, 407–408

NEMS, 183

Netbooks, 46

Network of facilities, 434

Neumann, 332

Neural controller, 27, 28

Neural-network event-recorder, 154

Neural networks, 10, 26–30, 331–363

Neural signal processing, 79

Neurology, 154

Neuromorphic, 389–391

computing, 387

machine, 389

networks, 150

Neuron(s), 2, 10, 27, 28, 333, 334, 368,

384–390

Neutral base, 87

New media applications, 333, 361–363

Next-generation-lithography (NGL),

30, 176, 178

Next-Generation-Mobile, 273–291

NGL. See Next-generation-lithography (NGL)

NHTSA. See National Highway Traffic Safety

Administration (NHTSA)

NMOS, 61

select-transistor, 237

transistor, 17

Nm radiation, 178

Noise, 3, 13, 197, 211

margin (NM), 65, 75, 234

performance, 294, 305–307

shaping, 110, 121

shaping techniques, 305

transfer function, 118

Non-invasive, 155

Non-volatile memory, 241

Non-volatile synapse weight, 387

Notebooks, 145

Noyce, R.N., 17, 41

NPN

nanotransistor, 86

transistor, 41

N-type dopants, 45

Nucleus (soma), 384, 385, 387

Numerical aperture (NA), 176

NVidia, 205

NV memories, 454

O

OECF. See Optoelectronic conversion
function (OECF)

Office automation, 251

Offset drift, 305, 307–308

On-Chip Interconnects, 132–135

One-Laptop-per-Child (OLPC), 147

One transistor per bit, 237

ON/OFF current ratios, 57, 236

Index 467



OpenCL, 215, 223

Open SystemC Initiative (OSCI), 191

Operating performance, 423–425

Operating system, 215

Operations per second per milliwatt, 166

Optical coherence tomography, 376

Optical connections, 281

Optical interconnect, 136

Optical lithography, 176

Optical patterning, 176

Optic nerve, 380, 381

Optoelectronic conversion function (OECF),

322, 324–326, 429

Organic information processing, 454

ORTC. See Overall roadmap technology

characteristics (ORTC)

OSAT. See Outsourced assembly and test

(OSAT)

OSCI. See Open SystemC Initiative (OSCI)

Output conductance, 56

Output port, 14

Output resistance Rout, 14

Outsourced assembly and test (OSAT), 268

Overall roadmap technology characteristics

(ORTC), 163

Overlay tolerance, 171

Overload-proof, 309

Oversampling, 110

Oxide insulator, 17

Oxide isolation, 41, 67

P

Pacemaker, 154

Package design, 191

Package-on-package (POP), 257

Packaging, 210–211

Parallel architectures, 274

Parallel computation, 280

Parallelism, 215, 222, 383

Parallel-plate capacitor, 47

Pattern-recognition, 384

PCB. See Printed-circuit board (PCB)

PDN. See Power-distribution networks (PDNs)

Perceptron, 11, 26–27

Per-column analog/digital (A/D) converters,

320

Perkin-Elmer, 25

Permanent embedded ROM, 245

Permanent magnets, 399

Permanent ROM (read-only memory),

245–246

Personal robot, 152

Personal robots, 152, 452

PetaFLOP-class, 447

Petritz, R.L., 20

Phase-Change Memory (PCM), 246

Phosphenes, 368, 376

Photodetector, 136

Photometric continuous sensor, 326

Photometric flux density, 317

Photoreceptor, 367–369

Photosensitive resists, 176

Physical chemistry, 386

Physiology, 154, 375–376

Piezoelectric, 290

transducer, 409

Pinch-off, 50

Pipelined CNN, 339–342

Pixel(s), 338–342, 349, 356–358, 371,

373–375, 379, 380

area, 316, 321

operations, 332, 355–357, 359

retina contact, 375–376

size, 316, 319, 321

Placement and routing, 63

Planar manufacturing process, 17, 18

Planar structure, 17

Platform, 198

power, 191

PMOS, 61

transistor, 17

PN junction, 16

depletion layers, 51

Pohl, R.W., 15

Policy makers, 453

Poly gate (red) and source/drain (yellow),

45, 46

Polysilicon, 45

POP. See Package-on-package (POP)
Porous electrode, 375

Porous Si, 84

Post-exponential growth era, 215

Postsynaptic output, 386

Potassium bromide, 15

Potential barrier, 51, 241

Power-aware, 192, 206–208

Power budgets, 195–197

Power compiler®, 198

Power consumption, 273

Power density, 85, 87, 223, 272

Power-distribution networks (PDNs), 211

Power does not scale, 194–197

Power efficiency, 1, 7, 212, 276, 285–290, 387

of multipliers, 77, 79

per bit, 234

468 Index



Power gain, 13, 43

Power-gating, 192, 199

Power integrity, 192

Power management, 207, 261, 394, 404–412

techniques, 192

Power multiplexing, 405, 406

Power, Performance, and Area (PPA), 191

Power-saving, 201

Power switches, 209

Power under test, 209

Power wall, 332

PPA. See Power, Performance, and Area (PPA)

Pressure sensors, 297, 298, 300, 308–310, 312

Printed-circuit board (PCB), 135, 211, 431,

435, 436

design, 191

footprint, 256

Process variabilities, 415

Production ramp-up, 162, 163

Professional segments, 150–151

Programmability, 332, 338

features, 216

Programming energies, 454

Programming models, 215

Programming speed, 245

Programming voltage, 241

Program of implementation, 447

Projection, 275

PROMETHEUS, 156

Prostheses, 367, 376

Prosthetics, 154

P-type doping, 45

Public interest, 155

Public research policy, 155

Public-safety interests, 157

Pulse-density-coded signal, 386

Punch-through current, 244

P-well, 18

Q

QCIF, 277, 278

QML. See Qualified manufacturing lines

(QML)

QMS. See Quality-management systems

(QMSs)

QS 9000, 151
Quad, 65

Qualified manufacturing lines (QMLs), 24, 151

Quality, 84

chains, 151

of life, 285

Quality-management systems (QMSs), 150

Quantizer, 124–127

Quantum dot, 29

Quantum efficiency, 317, 318

Quantum-nano devices, 1

R

RADC, 24

Radiation, 220

Radical, 10–11

innovations, 154

Radio (World War I), 15

Radio-frequency (RF) transceiver, 261

Random-access memory (RAM), 45

Range maps, 327, 328

Ranking of engineering programs, 442

Ratio design, 74

RCA, 19, 20

R&D. See Research and development (R&D)

Read-only memory (ROM), 245–246

Real-time, 335, 362

Real-world environments, 389

Recapitulation, 386

Receivers, 6, 131–140

Recovering, 425

Recovery, 220–221

Recrystallize, 68

recrystallized Si, 69

recrystallizing Si, 23

Rectification, 398, 404, 406–407

Redundancy, 82

Reflectance, 326

Reflective-mirror optics, 178

Reflectivity, 179

Refocusing, 12, 452

Refresh, 237

Regeneration amplifier, 61

Regenerator, 5, 64, 453

Register transfer level (RTL), 192, 205

Reinforcement, 386

Reliability, 84, 197, 220–221, 272

Rent’s rule, 20

Repetition rate, 386

Requirements, 141–158

Requirements-driven research, 11, 446–449

Research, 439–449

strategy, 449

Research and development (R&D) quota,

430, 436

Reset, 320, 324, 326

Reshaping, 453

Resistive RAM (RRAM), 246

Resist sensitivity, 187

Index 469



Resolution, 8, 176, 177, 316, 319, 320, 322,

323, 326–328

limit, 307

Resolution-enhancement techniques (RETs),

176

Resolution-scaling factor, 176

Resonant vibration, 396

transducers, 396

Resting potential, 386

Retention

registers, 208, 209

time(s), 243

Reticle

flatness, 179

life, 179

magnification, 178

parameters, 176, 177

Retina, 367–381

Retinal implants, 9, 154, 367–381

Retinitis pigmentosa (RP), 367–369, 371,

379, 381

Retinomorphic, 150

RETs. See Resolution-enhancement techniques

(RETs)

Re-write circuitry, 247

Re-writing, 237

RF. See Radio-frequency (RF) transceiver

RF energy, 290

RF power, 137, 138

Rich media, 216–220

RISC, 147, 219

Roadmap, 1

Roadmap (1995), 27

Road traffic, 156

Robot electronics, 153

Robot–human interaction, 153

Robotics market, 153

Robust ASIC, 293

Rockwell, 21

Rolling shutters, 320

Room-temperature process, 63

Roughness, 179

Router, 138

RTL. See Register transfer level (RTL)

S

Safe-distance, 448

Safe personal mobility, 156

Safety and availability, 305

Safety applications, 294

Safety-critical tasks, 151

Sah, C.T., 17

Sapphire, 20

Satellite-communication, 426

Saving lives, 448

Scalability, 169, 245

Scaling, 22, 56, 395, 398, 405, 412–416

laws, 22, 43–45

trends, 223–224

Scan chain(s), 209

Scenes, 384

Schematic capture, 204

Sclera, 371, 375, 377

Seamless connectivity, 283–284

Sea-of-gates, 62

Searchability, 216

Secondary-electron detection, 181

Security protocols, 285

SE device chain, 86, 454

Seeding program, 156

Selected transistor, 240

Selective, 454

epitaxial lateral overgrowth, 69

growth (self-assembly), 89

Selectively doped Si crystal growth, 89

Selector, 70

Self-sustained technology, 452

Self-test, 294, 304, 305

SEMATECH, 27, 178

Semiconductor, 15–16

market, 142–145

Semi-global wire pitch, 132

Sensing axes, 302

Sensitivity, 8

standards ASA and DIN, 318

Sensors, 6, 8

cluster, 300–308

neurons, 385

Sequoia, 226

Server, 137, 201

farms, 201, 423

SET. See Single-electron transistor (SET)

Share content, 216

Sharing, 273

Sharp, 21

Sheet-beam illumination, 328

Shockley, 15, 49

Short-channel transistor, 54

Short string, 238

Shot noise, 318, 324, 326

Shrink factor, 162

Si carrier, 79, 80

Side-loading, 279

Si dioxide, 45

SiGe, 168

470 Index



Sigmoid transfer functions, 334, 335

Signal evaluation, 300, 304–305

Signal regenerator, 67

Signal-to-noise ratio (SNR), 305, 323, 324,

326, 412

Signal transfer function, 118

Signal-transmission, 386

Silicon brains, 11, 148, 383–391

Silicon compact disk, 150

Silicon interposer, 262, 263

Silicon-on-insulator (SOI), 67–69

Silicon open source, 433

SIMD FPU. See Single-Instruction
Multiple-Data Floating-Point Units

(SIMD FPUs)

SIMOX, 68

Single electrons, 453

Single-electron transistor (SET), 3, 29, 57, 85,

169, 247

Single-Instruction Multiple-Data Floating-

Point Units (SIMD FPUs), 226

Single-photon avalanche diode (SPAD), 327

Single photons, 327

Sinker, 71

SiON, 241

Si p-n junction diode, 317

Si retina, 26

Si tiles, 156

Slew-rate, 240

Smart cameras, 361

Smart cut, 68

Smart-mobile-companion, 275

(4G) Smart phones, 147

Smart-power, 80

SmartReflex, 287

Smart-sensor, 80

SMP (symmetric multi-processing), 253

Sn droplet, 178

SNR. See Signal-to-noise ratio (SNR)

Social interactions, 273

SOCs. See Systems-on-chip (SOCs)

Soft-error rate, 221

Software, 191, 223

exploitation, 227

SOI, 19, 45

Solid-state analogue, 15

Solid-state drives (SSDs), 8, 150, 229

Sony, 223

SOS, 68

Source, 17

Source-follower transistor, 319

SPAD. See Single-photon avalanche diode

(SPAD)

Special-purpose processors, 215

Specialty engines, 223

Spectral sensitivity, 317

Spectrum, 138, 139

Speed-up, 387

Spike density, 386

Spin, 8

of the electron, 454

Spin-torque-transfer (STT), 246

Spintronics, 454

Sputnik, 11, 439, 440, 443

SRAM. See Static random-access memory

(SRAM)

SRC, 24

SSDs. See Solid-state drives (SSDs)
Stacked DRAM, 82

Stacked NMOS, 70

Stacked wafers, 32

Stacking, 210

CMOS technology, 362

devices, 136

of wafers, 81

transistors, 69

Stack wafers, 362

Standard(s), 251, 436

chips, 435, 436

definition, 329

deviation, 58, 318, 327

Standardization, 272

Standard logic cells, 63

Standards, 251

Standby, 67

current, 67

lifetimes, 199

power, 230

Start-up, 305

Static power, 193, 199

Static random-access memory (SRAM), 8, 64,

66, 88, 230–236, 289

Stencil masks, 181

Stereo, 327–328

cameras, 327

Stimulation, 368–370, 373–377, 381

Strained Si, 168

Strategies, 452

String, 238

of NMOS transistors, 240

Strong injection, 44

Strontium bismuth tantalite (SBT), 238

STS. See Suprachoroidal transretinal (STS)
STT. See Spin-torque-transfer (STT)
Sturdy delta-sigma ADC, 122

Subchoroidal, 371

Index 471



Subretinal, 369–373, 375–380

implant, 371, 372, 376–380

Subscribers, 141

Substrate, 18

bias, 200

Subthreshold, 195

current, 53

design, 412

leakage, 238

Super capacitor, 404

Supercomputers, 137, 145, 146, 215–228, 451

Supercomputing, 362

Superprocessors, 215–228

Supplant CMOS, 193

Supply chain, 268–271

Supply voltage, 101–104, 199

Suprachoroidal transretinal (STS), 371

Surface micromachining, 297–298, 301,

302, 308

Surgery, 155

Surgical procedure, 371, 375–377

Surround gate structures, 86

Surround-gate transistors, 167

Sustainable, 422, 425, 427

expansion, 426

nanoelectronics, 452

Switching activity, 209

Switching energy CVDD2, 230

Switching speed, 47

Switching time, 42

SyNAPSE, 148, 389–390, 447

Synapse, 2, 26, 27, 248, 384–390, 454

barriers, 384

weight, 386, 387

Synaptic gap, 386

Synaptic operations, 389, 390

Synchronous electric charge extraction, 409

Synchronous switch harvesting, 409

Synergistic Processing Elements, 223

System drivers, 165–167

System-level design, 191

System requirements, 452

Systems-on-chip (SOCs), 6, 63, 81, 256,

285, 436

T

Tablet, 257

PC, 147

Technology-cycle, 162, 163

Technology scaling, 101–105, 285

Technology transfer, 443

Temperature range, 212

1� Templates, 178

Terabit memories, 229–248

Terabit/s, 281

Tera events/s, 387

TeraFLOPS, 146, 277

Terahertz, 45

Testability, 33

Test flow, 270

Test-generation, 208

Testing, 208–210

for mechanical, 299

Test patterns, 209

Test strategies, 251, 436

Texas Instruments, 20

Thermal analysis, 211, 212

Thermal-budget, 63

Thermal integrity, 255

Thermal issues, 210

Thermal limits, 280–282

Thermal noise, 101–104

Thermal oxidation, 45

Thermal processing, 425

The sixth Sense, 275

Thin-film graphene, 453

Thin wafer films, 422

Third dimension, 23–26

III-V materials, 169

Thresholds overlap, 244

Threshold voltage, 50, 61, 222, 285

Throughput, 178

computing, 215

Through-silicon vias (TSVs), 32, 78, 210, 229,

244, 251, 282

TSV-first, 173

TSV-last, 173

TSV-middle, 173

TI, 64

Tigers, 27

Time-encoding, 125–127

Time-integral of voltage, 247

Time-interleaving, 110–111

Time-of-flight (TOF), 328

Time-to-volume, 251

Tire pressure, 312

TLM 2.0, 191

TOF. See Time–of–flight (TOF)

Token for a memory bit, 454

Tone mapping, 326

TOP500, 146, 226

Top–10 chip manufacturers, 432

Top-down R&D, 449

Topography, 46

Torus, 156

Toshiba, 223

Total quality management (TQM), 436

472 Index



TQM. See Total quality management (TQM)

Traffic technology, 156

Training, 386

Transaction level modeling, 191

Transceiver energy, 426

Transceivers, 433, 436

Transconductance, 44, 49, 56, 58, 168

Transconductor efficiency, 104

Transfer characteristics, 64, 234, 235

Transformer coil, 136

Transistor, 16

column, 89

Transit time, 48

Transmitters, 6, 131–140

Transport modes, 133

Trench etching, 304

Trend lines, 164, 166

Trimming, 305, 310

TRUE and COMPLEMENT, 239

TSMC, 25, 197, 205

TSVs. See Through-silicon vias (TSVs)

TTL, 41

Tube, 13

Turning points, 452

U

Ubiquitous high-performance computing, 146,

447

UL. See Underwriters Laboratories (UL)
ULP ICs, 290

Ultimate cell area, 245

Ultra-high-bandwidth 4G, 251

Ultra-low-energy architectures, 425

Ultra-low-power, 147

sensors, 285

Ultra-low-voltage, 288

Ultra-thin-wafer handling, 269

UMTS, 148

UMTS/3G, 138

Understanding, 332, 335, 361

Underwriters Laboratories (UL), 151

Unit-size, 61, 62, 75

Universities, 291

University programs, 440–444

UPF, 207

Urbanization, 448

Users, 451

V

Vacuum cavity, 308–310

Vacuum tubes, 13–15, 194

Value chains, 271, 435, 436

Vapor deposition, 45

Variable shaped beam, 181

Variance, 5, 58, 165, 236, 453

of the dark-current, 318

VDC. See Vehicle dynamics control (VDC)

Vector processors, 226

Vector scan, 181

Vehicle dynamics control (VDC), 300, 308

Velocity limit, 49

Velocity saturation, 49

Verification, 192, 206

Verilog, 204

Vertical isolation, 20

Very-large-scale integration (VLSI), 20

VHDL, 25, 204

VHSIC, 24

Via-first process, 264

Via-last process, 265

Via-middle process, 264

Vias, 32, 83, 85

Vibration, 394–401, 404

harvester, 394

Video, 8

bandwidth, 447

codec, 280

extraction, 362

traffic, 426

Virtual retinal displays (VRDs), 272

Vision-in-the-loop, 362

Visual information, 316, 330

Vitreous body, 369, 376

VLSI Lab, 22

Voice codecs, 323

Voltage-controlled oscillator, 124–125

Voltage-divider, 237

Voltage gain, 3, 19, 43, 57, 58, 61

Voltage scaling, 197

Voltage spikes, 220

Volume wiring density, 137

Von Neumann, 26

VRDs. See Virtual retinal displays (VRDs)

W

Wafer bonding, 68

Wafer capacity, 430, 431

Wafer manufacturing, 422

Wafer-scale brain, 388

Wafer-scale integration, 387–389

Wafers/month, 431

Wafer thinning, 78

Wanlass, 17

Index 473



Warranty, 436

Water-cooling, 425

Wave computing, 361

Waveguides, 136

Weak inversion, 414

Web-based services, 426

Weight, 333–335, 338

Weighting, 333

White saturation, 322, 326

Wideband vibration, 396

Wide-IO, 254

DRAM, 257–260

WiFi, 138, 274

Wintel, 147

Wire bonding, 256

Wireless energy scenarios, 425, 426

Wireless multimedia, 251–272

Wireless transceivers, 137–140

Wireless video, 138

WLAN, 138

Workstation-on-the-go, 279

World economy, 142, 143

Worst-case, 64, 65

X

X-ray, 176

lithography, 25

Y

Yaw rate, 296, 299–308

Year 2020, 194

Yield, 20

loss, 269

Y2K effect, 30

Z

Zero-leakage standby, 289–290

474 Index



Titles in this Series

Quantum Mechanics and Gravity

By Mendel Sachs

Quantum-Classical Correspondence

Dynamical Quantization and the Classical Limit

By Josef Bolitschek

Knowledge and the World: Challenges Beyond the Science Wars

Ed. by M. Carrier, J. Roggenhofer, G. Küppers and P. Blanchard
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