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Introduction

Fiber optical parametric amplifiers (OPAs) exploit nonlinear optical properties of optical
fibers. Their operation is based on the third-order susceptibility x ® of the glasses making
up the fiber core. While this nonlinearity is relatively weak in silica-based glasses, the
small cross-sections, low loss, and large lengths available with silica-based fibers can
lead to sizeable effects, even with moderate pump powers. While silica-based fibers
are currently the most widely used, parametric amplification is also possible in any
other type of fibers, some of which have very high nonlinearity coefficients. Fiber OPAs
have important characteristics, which make them potentially interesting for a variety of
applications, as follows.

Gain bandwidth increasing with pump power

In principle, this provides a means for making amplifiers with a bandwidth of several
hundred nanometers, while using just one or two pumps. This could provide a substantial
bandwidth increase compared with the currently popular erbium-doped fiber amplifiers
(EDFAs) and Raman amplifiers (RAs), which have basic bandwidths of the order of tens
of nanometers.

Arbitrary center wavelength

The gain region(s) can be centered about any arbitrary wavelength .. The only constraint
is that the fiber must have a zero-dispersion wavelength (ZDW) X close to A.. This
feature is also available with RAs but not with doped-fiber amplifiers. It could be used
for providing gain in regions where practical amplifiers currently are not available.

Large gain

It is relatively easy to obtain a large gain. Continuous-wave (CW) and pulsed gains of
70 dB have been demonstrated in single devices. The fact that the gain exists only for
signals propagating in the same direction as the pump is an advantage, as it minimizes
the possibility that oscillations will occur between small reflections at the ends of the
OPA.

Wavelength conversion

If a signal is injected into a fiber OPA, an amplified signal emerges from the output
together with a new wavelength component, the idler. This feature can be used for
generating new wavelengths. If the signal is modulated, its modulation is transferred to
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the idler; this can be used for changing the optical frequency of a signal, which could
be a useful operation in communication systems. The conversion of unmodulated waves
can also be used for generating wavelengths in regions where suitable light sources are
lacking, in a variety of other applications.

An important point is that high signal-to-idler conversion efficiency can be obtained,
since it is almost as large as the signal gain and can therefore be as high as 70 dB, even for
CW operation. This feature is not available with other wavelength-conversion methods,
such as those using semiconductor optical amplifiers (SOAs) or y ®in materials such as
periodically poled lithium niobate (PPLN).

Spectral inversion

In fiber OPAs, wavelength conversion is accompanied by spectral inversion, which means
that the idler spectrum is symmetric to the signal spectrum with respect to the center fre-
quency. This property can be exploited in communication systems to combat potentially
detrimental effects such as dispersion.

Phase conjugation

This is another property of the idler: its phase is opposite to that of the original signal.
This can be used for counteracting some nonlinear effects that affect the phase of waves,
such as cross-phase modulation.

High-speed optical signal processing

Because the fiber nonlinearity is virtually instantaneous, high-speed modulation of the
pump will generally result in modulation of both the signal and the idler. For example,
if the pump is intensity modulated, so will be the signal and idler. This can be used for
(1) shaping or reshaping signal pulses (regeneration), (ii) demultiplexing high-speed
TDM signals, and (iii) optical sampling.

Low noise figure

Fiber OPAs can exhibit noise figures (NFs) below 4 dB, i.e. comparable with those of
EDFAs. In addition, when they are operated in a phase-sensitive manner their NFs fall
below 3 dB and approach 0 dB, which is of course the best that can be achieved with any
type of amplifier.

Unidirectional gain and spontaneous emission

The parametric gain of fiber OPAs is available only for signals co-propagating with the
pump; this makes it possible to obtain very high single-pass gains, as reflections are
not amplified. Likewise, the spontaneous emission associated with the amplification is
emitted only in the direction of the pump; this can be exploited for making efficient
amplified spontaneous emission (ASE) sources.

Compatibility with all-fiber devices
Silica-based fibers, and some others, can be fusion-spliced to common optical fibers
and can thus be incorporated into assemblies consisting of other fiber components or
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fiber-pigtailed components. Such all-fiber devices benefit from increased stability com-
pared with systems having discrete bulk-optic components.

High-power capability

Single-mode fiber lasers can now generate average output powers in excess of 1 kW.
This indicates that, if needed, fiber OPAs could in principle also operate with these high
pump powers. While such powers are excessive for telecommunication applications, they
would be well suited for wavelength conversion, which could generate several hundred
watts of average power at new wavelengths.

Distributed amplification
Just as in Raman amplification, parametric amplification can also be implemented along
transmission fibers instead of between them.

Quantum effects

The fact that a signal photon and an idler photon are emitted simultaneously leads to the
possibility of making sources of correlated photons; this could find applications in the
emerging area of quantum communication.

These characteristics of fiber OPAs, taken alone or in combination, indicate that they
could match or exceed the performance of other existing devices in various applications.
While it was recognized early on that parametric amplification in optical fibers is a poten-
tially important mechanism for amplifying optical waves for a variety of applications,
its practical development was almost halted for 15 years, while EDFAs and RAs were
being developed. The reason for this is that the considerable potential of fiber OPAs is
difficult to exploit, for a variety of reasons, in particular: (i) the lack of fibers with a high
nonlinearity coefficient y; (ii) the need for phase matching, difficult to maintain because
of longitudinal variations of the fiber ZDW A; (iii) the lack of suitable pump sources,
particularly for CW applications.

For these reasons, the early work with fiber OPAs was done with pulsed lasers, with
peak powers of up to 1 kW. By using such high powers, it was possible to obtain a high
gain in just a few meters of fiber. Also, a high pump power produces large amounts of
self-phase modulation (SPM) and cross-phase modulation (XPM), which relax the phase-
matching conditions and increase the gain bandwidth. Finally, with short fibers the effect
of longitudinal variations in A is reduced. With these conditions, it is thus possible to
obtain nearly ideal performance of fiber OPAs. Parametric amplification in optical fibers
was first observed this way by Stolen in 1975 [1]. Lin et al. obtained high gain in a
50-m-long communication fiber, sufficient to yield substantial ASE at the wavelengths
of peak gain [2]. Similar work was done by Washio et al. [3] and by Dianov et al. [4].

In the early work, the emphasis was on achieving wavelength conversion between
two widely spaced but fairly narrow spectral regions. The location of these regions with
respect to the pump was adjusted by one of two means. In communication fibers, by
tuning the pump wavelength A, in the vicinity of Ao, it is possible to obtain gain regions
located several hundred nanometers away from Ao; these can be moved by tuning A,.
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This is the method used in [2] and [3]. Alternatively, by using a polarization-maintaining
fiber (PMF) with a large birefringence, it is also possible to obtain large wavelength
shifts, owing to the role of birefringence in phase matching when the pump and signal
have orthogonal polarizations. In this case tuning is more difficult, because it must
be accomplished by changing the birefringence; this can be done by applying a stress
perpendicular to the fiber [5] or by heating the fiber [6]. By this method, gain regions
around 904 nm and 1292 nm were obtained with a pump at 1060 nm [5]. In spite of these
early accomplishments, in the mid-1980s fiber OPAs did not compare well with RAs
[7]. In addition, with the advent of the enormously successful EDFAs in the late 1980s,
there seemed to be little need for developing an alternate type of optical amplifier and,
as a result, research activity on fiber OPAs waned.

Nevertheless, the ability of phase-sensitive fiber OPAs to achieve a zero dB noise
figure, as well as to generate squeezed light, sparked activity on this type of OPA. In
1990, Marhic et al. and Bergman ef al. simultaneously reported the first demonstrations
of phase-sensitive amplification in nonlinear Sagnac interferometers [8, 9]. This work
was followed by some activity on phase-sensitive fiber OPAs, but their delicate nature
made application to mainstream communications problematic.

In 1996 Marhic et al. reconsidered phase-insensitive fiber parametric amplification
and showed that by tuning A, near X it is in principle possible to obtain gain regions
that are tens and even hundreds of nanometers wide, even with commonly available
communication fibers and reasonable pump powers (of the order of 1 W) [10]. Such
bandwidths exceeded those of the EDFAs and RAs that were currently used in optical
communication, and this indicated that fiber OPAs could play an important role as ampli-
fiers in future optical communication systems. Spurred in part by these prospects, as well
as by steady advances in the required components, the development of fiber OPAs was
resumed a few years ago and is now intensifying.

An important factor in this recent activity has been the fabrication of fibers specifically
designed to have a high y (of the order of 20 W—! km™!, i.e. about ten times larger
than that for typical communication fibers), as well as Ay values around 1.55 um. The
abbreviations HNLF (highly nonlinear fiber) or HNL-DSF (highly nonlinear dispersion-
shifted fiber) are often used to refer to such fibers. Having Ay &~ 1.55 um is very important
from a practical standpoint, as it allows the user to obtain good phase matching over
wide regions in the vicinity of 1550 nm, which is currently one of the most important
wavelengths in optical communication. The first highly nonlinear fibers of this type
were made in 1995 by Holmes ef al. at BT Laboratories in the UK [11]; several other
manufacturers now make similar fibers. These fibers have made it possible to bring the
performance of fiber OPAs much closer to their theoretical potential, particularly in terms
of bandwidth.

Experiments in this wavelength range have also been greatly facilitated by the avail-
ability of components developed for optical communication systems, such as tunable
lasers and EDFAs, which can be used to generate the narrow-linewidth high-power
pumps required for fiber OPAs. In particular, the output power of EDFAs has been
climbing steadily in recent years, while their prices have remained stable: today one can
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purchase a 3 W EDFA for the price of a 100 mW EDFA about five years ago. This
trend has allowed experimentalists to upgrade their equipment and move to steadily
higher pump powers, which are very important for developing high-performance fiber
OPAs.

In summary, with the increasing availability of suitable equipment, significant progress
has been made in recent years towards the realization of the potential of fiber OPAs.
Important demonstrations have been the following.

¢ A pulsed bandwidth of up to 400 nm Fiber OPAs with pulsed gain bandwidths
ranging from 200 nm to 400 nm have been demonstrated in recent years [12, 13]. This
work used a pulsed pump, with about 10 W peak power, which is too high for optical
communication applications.

* A CW bandwidth of 100 nm A 100 nm bandwidth was demonstrated with a single-
pump OPA using a 4 W pump [14]. The CW operation means that such devices are
compatible with applications in optical communication.

* A continuous gain of 70 dB [15] This was accomplished with a 2 W pump and
shows that, if necessary, fiber OPAs can exhibit gains as large or larger than can be
obtained with other types of fiber amplifiers, such as EDFAs or Raman amplifiers.
Similar gains have also been obtained with a pulsed pump [13].

* A noise figure of 3.7 dB [16] This result is important because it demonstrates that
fiber OPAs can have noise figures similar to those of EDFAs and Raman amplifiers.
¢ Polarization-independent operation [17, 18] As is the case for many other opti-
cal communication components and subsystems, it is desirable to have polarization
independence for fiber OPAs. This means that the gain should be independent of the
state of polarization (SOP) of the incident signal. Fiber OPAs (like Raman ampli-
fiers) in their simplest forms are strongly polarization dependent. However, by using
techniques such as polarization diversity [17, 18], it is possible greatly to reduce the

polarization dependence.

* High-speed optical processing applications Fiber OPAs have been used to demon-
strate a large variety of high-speed optical-processing applications, such as wavelength
conversion, the demultiplexing of time-division-multiplexed (TDM) signals, optical
sampling, signal regeneration, multiband processing, etc.

* Distributed parametric amplification Amplification in typical transmission fibers,
75 km long, has recently been achieved [19]. Also, phase-sensitive amplification was
obtained in a 60-km-long fiber [20]. These results indicate that potentially parametric
amplification in transmission fibers could compete with distributed Raman amplifica-
tion and could eventually provide transmision links having nearly ideal noise proper-
ties.

With the demonstration of these features, all of which are necessary for practical appli-
cations, it is now becoming apparent that fiber OPAs may begin to find applications
in optical communication, as well as in other fields. Thus it was felt that this was an
opportune time for a book on the subject, which would gather much of the knowledge
on the subject in one place as well as highlight some of the remaining challenges. Such a
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book could be of interest to engineers and researchers in related areas, graduate students
involved in research on fiber devices and communication systems, etc.

In this book we present the basic types of fiber OPA, review the theory of their oper-
ation, present the experimental state of the art, and conclude with speculations about
possible future directions for the field. In Chapter 2 we review the main properties of
single-mode fibers, as is necessary for an understanding of fiber OPAs. In Chapter 3
we present the main analytic scalar solutions known in the field: these range from sim-
ple exponential solutions, when loss and pump depletion are ignored, to various types
of special functions when such effects are introduced. The motivation for treating ana-
lytic solutions in such detail is based on the belief that they are essential tools for the
interpretation of numerical simulations and can provide results quickly where they are
directly applicable. In Chapter 4 we extend the formulation to the case where the waves
are in arbitrary SOPs and we see how to reuse the results of Chapter 3, with suitable
modifications. In Chapter 5 we introduce fiber dispersion and investigate how it governs
the shape of the gain spectra. We study in detail the limits of negligible pump depletion
and strong pump depletion and see how to optimize spectrum shapes for various appli-
cations. In Chapter 6 we discuss the nonlinear Schrédinger equation (NLSE), which is
an important tool for studying field propagation when closed-form solutions cannot be
used. We present the results of numerical simulations obtained by the split-step Fourier
method (SSFM) for realistic fibers with longitudinal variations in A and in residual
birefringence. In Chapter 7 we consider the case where the pump is pulsed. We show
how one can use quasi-steady-state solutions when the time variations are relatively slow
and the SSFM when they are fast. In Chapter 8 we explain how a fiber optical parametric
oscillator (OPO) is made from a fiber OPA by adding optical feedback. We study impor-
tant aspects such as the oscillation threshold, output power, and conversion efficiency. In
Chapter 9 we present in detail some quantum-mechanical aspects of fiber OPAs. Starting
from first principles we derive the theoretical 3 dB limit for the NF of fiber OPAs used
either as amplifiers or as wavelength converters; we also consider the case of degenerate
fiber OPAs, which have a 0 dB NF limit. In Chapter 10 we consider the requirements for
some key aspects of the pumps of fiber OPAs, specifically power, linewidth, and ampli-
tude stability. We investigate in detail the impact on OPA performance of some of these
aspects, including the conversion of pump frequency or intensity modulation into signal
intensity fluctuations and hence NF degradation. In Chapter 11 we present the results
of experiments that have been performed to verify some fundamental properties of fiber
OPAs, including the maximum gain, the gain bandwidth, and the noise figure. In Chapter
12 we discuss the potential application of fiber OPAs to various areas of optical technol-
ogy, including optical communication, high-speed optical signal processing, quantum
communication, and high-power wavelength conversion. In each area we present recent
results obtained by various research groups. In Chapter 13 an aspect of fiber OPAs that
is very important for fiber communication, namely crosstalk between signals in systems
using wavelength-division multiplexing (WDM)), is treated. We investigate the role of
key parameters such as dispersion, the number of pumps, etc. and discuss strategies for
minimizing this crosstalk. In Chapter 14 we present the topic of distributed parametric
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amplification (DPA). We treat it separately because this application involves amplifica-
tion in a long communication fiber rather than amplification in a discrete device placed
between such fibers, as in Chapter 12. Finally in Chapter 15 we put forward possible
research and development areas in which activity could be helpful for realizing the full
potential of fiber OPAs.
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2.1

Properties of single-mode
optical fibers

While parametric interactions between different transverse modes are possible in multi-
mode fibers [1], most of the recent work on fiber OPAs has been done with single-mode
fibers and there are good reasons for believing that they will continue to be the most
important medium for the foreseeable future. For this reason, in the rest of the book
we will deal almost exclusively with single-mode propagation and in this chapter will
concentrate exclusively on the properties of single-mode fibers that are essential to the
understanding of fiber OPAs.

A fiber supports the propagation of a single mode when the light wavelength is in
a certain range. On the long-wavelength side, a symmetric fiber can in principle sup-
port propagation at any such wavelength. In practice, however, losses due to material
absorption or bends will make propagation at long wavelengths increasingly difficult. On
the short-wavelength side, the fundamental mode can also propagate at any wavelength;
however, below the cutoff wavelength 1., a second mode can also propagate. When this
occurs, coupling between the two modes (induced by bends) results in reduced power in
the fundamental mode and therefore an increase in loss. In addition, the material may also
exhibit increased loss at short wavelengths. Fibers designed to operate over a particular
range of wavelengths are optimized by taking into account these two high-loss regions.

Mode profile

The fundamental mode profile in single-mode fibers is generally well approximated by
a circularly symmetric mode with a Gaussian profile. Thus the local irradiance (power
per unit area) /(r) is well described by

2r?
I(r)=Ilpexp| —— ), 2.1)
w
where r is the radial distance from the fiber axis and ry is the distance at which 7 drops
to 1/e? of its on-axis value, Iy. The quantity 2w is known as the mode field diameter

(MFD).
The total power P carried by the mode is given by

2 o0
P= f do / I(ryrdr = w12, (2.2)
0 0
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where 6 is the angle around the z-axis; P is the same as that for a beam of uniform
irradiance /[ and radius w.

Loss

All fibers attenuate the power of waves passing through them. There are several possible
causes for this attenuation: Rayleigh scattering by sub-wavelength density fluctuations;
scattering from the roughness of the core—cladding interface; scattering from the domain
walls in polycrystalline materials; absorption by dopants or impurities; multiphonon
absorption by lattice vibrations at long wavelengths.

At a particular wavelength the power attenuation is characterized by an attenuation
constant «. If P(z) denotes the power of the wave at a distance z along the fiber, its
evolution is governed by the differential equation

dP
E = —uz, (23)
with solution
P(z) = P(0) exp(—az), 2.4)

indicating an exponential decay. If SI units are used in Eq. (2.4), « is in nepers m~'.

In practice it is more common to use decibels (dB) than nepers. Then, if &’ denotes the
attenuation constant in dB m™!, we have, approximately, o’ = 4.3a.. The power P(z) can
be written alternatively as

P(z) = P(0) x 107%/10, (2.5)

Fiber attenuation always depends on wavelength, and the variation can be quite com-
plicated over wide wavelength ranges. For example silica, the most transparent fiber to
date, exhibits an attenuation as low as 0.15 dB km~! at 1550 nm but the value is much
higher above 2 um and below 200 nm.

Propagation constant and dispersion

Let us consider for now an ideal lossless fiber. If a monochromatic wave with frequency
v (angular frequency w = 2mv) propagates as a single mode along the fiber, the spatio-
temporal dependences of all its field components are harmonic functions of the distance
along the fiber z and the time ¢. For example, the dominant electric field component can
be written as

E(z,t) = E(0, 0)exp[i(Bz — wt)], (2.6)

where E(0, 0) is a complex phasor representing the initial amplitude and phase of the
wave. The real electric field is Re{E(z, t)}.

The quantity S is the propagation constant or wavevector and is a function of fre-
quency. From § one can calculate the effective index n.s = Bc/w, the phase velocity
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Vph = @/B = c/nefr, and the group velocity v, = dw/dB. Also important is B =
d"B/dw™, particularly for m = 1, 2, 3, 4. We note that vy = 1/8W.

When ng is not constant the mode is said to exhibit dispersion. This generally leads
to the distortion of a modulated signal as it propagate through the fiber, since its different
frequency components travel with different speeds. Distortion of the signal envelope
occurs if there is group velocity dispersion (GVD), i.e. if 82 # 0.

Fibers often exhibit a wavelength where 8 = 0 in a region of interest. It is called
the zero-dispersion wavelength, often denoted by ZDW or 1, and is of great importance
in optical communication, because signals with carrier wavelengths close to it may
experience little distortion as they propagate over even long distances.

The zero-dispersion wavelength A is also very important for some fiber nonlinearities.
A group of several waves traveling near Ay can maintain phase synchronism over long
distances, a condition that can lead to efficient nonlinear coupling and nonlinear energy
exchange between the waves.

As we will see in detail later on, the location of the pump(s) with respect to Aq is of
critical importance when it comes to optimizing the shape of the OPA gain spectrum.
The values of & and ™ near A are also very important in this respect.

While knowledge of B(w) is in principle sufficient to characterize fiber dispersion
completely, a number of related quantities are often used, which are given in terms of
wavelength rather than frequency. It is useful to know how to go quickly from one set of
quantities to the other. For this purpose, we present here some of the main relationships.

The starting point is that the free-space wavelength A is related to @ by

2rc
= — 2.7
0= @)
where c is the speed of light in vacuum. We then have
dw 2rc w
— == 2.8
dx A2 A 28

An interpretation of 8 is that if two pulses with carrier frequencies w; and w, separated
by a small Aw = w; — w;, are launched simultaneously into a fiber of length L, at the
output they will be separated in time by the group delay difference Az, which is given
by

L L

At = — — — = L[fN(w) — BV(@)] ~ LB (@) Aw. 2.9)

Vgl Vg2
The chromatic dispersion coefficient D is defined in such a way that At = DAA L, where
A is the wavelength spacing between the two carriers. From these two expressions for
At, we conclude that

Aw 2re )
D="BP=_""_"8@___g0, 2.10
B = - = -2 (2.10)
Another important quantity is the dispersion slope D, = d D/dA. It is generally useful to
know its value at 1. For single-mode fiber (SMF) it is of the order of 0.07 ps nm~2 km ™!

and for highly nonlinear fiber (HNLF) it is of the order of 0.02-0.03 ps nm~2 km™".
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The relation between D; and 8 is more complicated than that between D and f@:
itis

Dy = 5 (287 + wp®). @.11)

Hence D; depends on both 8 and B, except at Ao. From Egs. (2.8) and (2.9) we

obtain
22\’ 2
B = (%) <D,\ + XD) ) (2.12)

Finally, in OPA work it is often desired to calculate B@ from plots of D and D;,, which
are generally provided by manufacturers. It can be shown that [2]

,3(4) - _

dD
(6D + 61D + AZ—A> . (2.13)

2re)? dxr

This expression contains d D, /dA, which needs to be calculated from the data, as the
slope of the plot of D, at the desired wavelength. Equation (2.13) is useful when D, D;,
and d D, /d )., are accurately known at the wavelength of interest.

Often manufacturers provide only data at discrete wavelengths for D or for the time
delay 7. In that case it is more straightforward to use a polynomial fit for either of these
quantities than to use Eq. (2.13). (Whenever possible, it is better to use t than D, because
7T is obtained directly from the measurement apparatus whereas D is derived from 7 by
means of some numerical technique that may introduce uncertainty when higher-order
derivatives are calculated.)

When D is available, it should first be converted to ?, and B should be plotted
versus Aw = w — w;, Where w; is the reference frequency at which one wants to calculate
the higher-order derivatives. In the units commonly used, the conversion to ) is given
by
-32

61

where the units for each quantity are written after it in a square bracket. The conversion
from A to Aw is given by

BPm?s7!1 = — ! D[ps - nm~! km~'](A[nm])*, (2.14)

1 1
Aw[rads™!'] = 6r x 10" [ —— — ) (2.15)
A[nm] A, [nm]

Using a second-order polynomial fit for 8%)( Aw) one obtains a result of the form

BP(Aw) = a(Aw)* + bAw + c. (2.16)
‘We also have, however,

dp®
D(Aw) = =2aAw+b

B (Aw) dbw) X o+

and
dg®
BY(Aw) =

dbm) 2
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Hence 8™ is equal to twice the coefficient of (Aw)? in the second-order polynomial fit
of B,
Similarly, starting from 7 gives

o L L =L[,6(1)(a))—ﬂ(l)(wr)]- (2.17)

Vg(w) Vg(wr)

If we expand t/L in a power series of Aw and truncate it after the cubic term, we obtain
the approximation

/3(4)(6% )
6

V@)
2

=~ B(w)Aw + (Aw) + (Aw)’. (2.18)

L
A fourth-order polynomial fit of T/L versus Aw yields /L = a'(Aw)’ + b'(Aw)* +
¢’ Aw + d’, however. Hence we see that a’ = ™ /6, i.e. that 8@ is six times the coeffi-
cient of (Aw)? in the third-order polynomial fit of 7/L versus Aw.

To obtain B® in m*s~!, one should express /L in m s~' and Aw in rad s~' as in
Eq. (2.15).

On occasion it is of interest to calculate higher-order dispersion terms. Then the
polynomial fits must be extended to higher orders. In the general case we can approximate
t/L by its Taylor series expansion about w;, truncated after N terms, i.e.

N B @)

~ ) —r (Awy . (2.19)

N~

Jj=0

We can also use an N-term polynomial fit (of order N — 1) to approximate 7/L, i.e.

=

~ ) dl(Awy. (2.20)

~| =
-
JI§

Equating the respective powers of Aw on the right-hand sides of Egs. (2.19) and (2.20)
we obtain the set of relations

BY N (w,) = jla¥ ™!, j=0,1,...,N—1. (2.21)

So in this manner we obtain approximations for 8V (w,) through 8™ (w;). As an example,
to calculate 8®)(«w,), we need to do this using N > 6.

It is important to note that we have provided several ways to calculate a particular
B (w,) but that they all yield only approximations of the actual value. Deciding which
is the best approximation is a difficult task. In general, it is in fact good practice to use
N values no larger than m when calculating 8 (w,).

When calculating numerical values of S, it is common to give them either in SI
units, or in picoseconds and kilometers. The conversion between the two is given by

ﬁ(m)[psm kmfl] — 1012m+3[3(m)[sm m—l]. (222)

The numerical values for S are generally quite small in the SI system but they are
closer to 1 with the other choice of units.
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Longitudinal fluctuations of the zero-dispersion wavelength

So far we have assumed that the fiber dispersion properties do not change along the
fiber length. In reality it is known that, because of the limitations of the manufacturing
process, it is not possible to maintain the fiber core diameter perfectly constant along
the fiber’s length. Since the core diameter affects the waveguide dispersion, this causes
longitudinal dispersion fluctuations. One way to quantify this, particularly for dispersion-
shifted fibers (DSFs), is by measuring the variation in A as a function of distance, which
yields a function Ay(z). Measurements have been performed for a variety of fibers. For
DSF it has been found that Ay can vary by about 0.5 nm, on a length scale of the order of
500 m [3]. Highly nonlinear fibers (HNLFs) have a smaller core diameter, which is harder
to control; as a result, A fluctuations are relatively larger. Destructive measurements on
an HNLF sample have revealed a A variation of 20 nm over 1.7 km [4]; in other work a
4 nm variation was measured nondestructively in a 300-m-long fiber [5]; improvements
in fabrication techniques are reducing these numbers [6].

The impact of A¢(z) on a particular OPA depends a great deal on some other OPA
parameters. The pump power P, is particularly important, in several ways. If P, is large,
only a short fiber is needed to achieve a given gain; then the probability of encountering
large A variations is reduced. In addition, the nonlinear phase shifts that enter into the
phase matching are large and dominate the linear phase shifts, which are the only ones
affected by dispersion. Hence high P, values reduce the impact of A( variations in two
separate ways, which combine to make the effect of high P, significant. As a result, one
should be able to obtain near-theoretical performance with high-power pulses in short
fibers; this has indeed been shown to be the case [7].

Temperature dependence of the zero-dispersion wavelength

The zero-dispersion wavelength A also exhibits temperature dependence. Its rate of
change d\o/dT with temperature T is of the order of 0.03 nm °C~! for DSF [8] and
0.06 nm °C~! for HNL-DSF [9, 10]. Since OPA performance depends critically on the
fiber dispersion properties, it is clear that fiber OPAs will need to be protected from large
temperature variations in order to operate reliably in practical circumstances.

A possibly positive aspect of the dependence of Ay on temperature is that this could
in principle be used to control A¢(z). Starting from a fiber with a random distribution
Ap(2), the latter could be compensated and transformed into a deterministic, desirable,
distribution A(z) by producing the necessary temperature distribution along the fiber
[10]. In this manner it would in principle be possible to tailor the shape of the gain
spectrum. For example, one could obtain a flat-top gain spectrum with a one-pump OPA
instead of the uneven spectrum typically obtained when there are no A variations [11].

Exposure to ultraviolet (UV) light can also be used for the same purpose. It is well
known that UV irradiation of the GeO,-doped core of silica fibers leads to a change in
the refractive index. This is used extensively for writing fiber Bragg gratings (FBGs)
directly into fiber cores. In addition, UV exposure also shifts Ay: a 100 nm shift has been
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demonstrated [12]. Ultraviolet exposure has the advantage that the finished fiber does
not require the system needed for temperature control. On the negative side, if long fibers
(tens or hundreds of meters long) are needed then the exposure time could be quite long,
especially if exposure has to take place through the protective plastic coating.

Fiber birefringence

The OPA theory to be presented in Chapter 3 assumes that all waves remain in the same
linear state of polarization (SOP) over the entire fiber length. Depending on the type of
fiber used, this may or may not be a good approximation. Here we discuss this aspect of
fiber propagation and its potential impact on the performance of fiber OPAs.

Polarization-maintaining fibers

Polarization-maintaining fibers (PMFs) are fabricated in such a way that they exhibit
different refractive indices n, and n, for light linearly polarized along the x- and y-
directions, perpendicular to the direction of propagation. The birefringence is defined as
An = n, — n,,. Fibers with An as high as 10~ have been fabricated.

A length of PMF behaves as a birefringent waveplate. In particular, if light is launched
at the input in an SOP that is linear and parallel to either the x- or the y-axis, it retains
that SOP over the entire length. These SOPs are known as the eigenpolarizations. Thus
one way to ensure that all waves in a fiber OPA retain a common linear SOP over the
entire fiber is to use a PMF and to launch all waves with the proper SOP.

This last requirement is a practical difficulty in communication applications, because
communication fibers are not PMFs and do not preserve SOPs. Hence, at the end of a
communication link any SOP may emerge, and it may also evolve as a function of time.
Thus, to use a PMF-based OPA at the end of such a fiber, one would need to implement
an active polarization control system to track the emerging SOP and to transform it
into a linear SOP suitable to couple into the PMF. Such polarization-tracking systems
have been developed for other applications such as coherent detection; however, their
implementation is fairly complex and expensive and therefore might be difficult to justify
for each OPA.

We note that PMF's can also support the transmission of waves with different orthogo-
nal SOPs. This has been used for parametric amplification with an x-polarized pump and
y-polarized signal and idler [13]. In this case the theory of Chapter 3 must be modified,
as discussed in Chapter 4: y is divided by 3 for interactions between the orthogonal
components via cross-phase modulation (XPM) four-wave mixing (FWM) and AB is
modified by a term proportional to An. This last term may be substantial, and if so it can
be used to shift the gain maximum away from the pump; this can be useful for obtaining
wavelength conversion between distant wavelength ranges.

Non-polarization-maintaining fibers

Owing to the difficulty of using PMFs in communication applications, most recent work
with fiber OPAs has been performed with fibers that are not polarization maintaining.
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For example, commonly available communication fibers have been used for many OPA
experiments. Such fibers are designed with a circular geometry and thus ideally would
exhibit no preferred azimuthal variation and no associated linear birefringence. However,
the fabrication of fibers that actually behave in such an ideal manner is not possible at
present: practical fibers have slight departures from the ideal circular geometry, such
as slightly elliptical cores or stress due to bends, which induce the presence of linear
birefringence. Furthermore, both the orientation of the local polarization axes and An
vary randomly as a function of z. In typical fibers, An has a standard deviation of the
order of 107, This corresponds to a beat length of the order of 1 m, which implies
that any SOP, except the local eigenpolarizations, will change substantially over 1 m.
In addition, because of the randomness of orientation of the polarization axes, in a long
fiber any input SOP will eventually pass through all possible SOPs. This is generally
expressed by saying that the SOPs end up being uniformly distributed over the Poincaré
sphere, which is a common graphical means for representing SOPs [14].

Thus propagation in non-PMFs is far more complicated than in PMFs, as it is not
possible to assume that linear SOPs can exist over the entire fiber length. The analysis
of OPA performance in such circumstances is presented in Chapters 4 and 6.

In communication fibers, random birefringence manifests itself by what is known
as polarization-mode dispersion (PMD): an input pulse with an arbitrary SOP gives
rise to two pulses, each propagating along one of the principal axes. As a result, at the
output two pulses emerge, separated by a time delay 7. Because of the random nature
of the birefringence, it can be shown that 7 scales as the square root of the fiber length.
For this reason PMD values are usually given in units of ps km~!/2. Polarization-mode
dispersion values range from about 1 to 0.01 ps km~!/2, depending on the type of fiber
and the fabrication process.

It should also be noted that since the random birefringence is weak, it can readily
be modified by environmental factors such as temperature or mechanical stress. In long
installed communication fibers, time-dependent temperature and stress variations are
sufficient to cause the output SOP to vary randomly, on a subsecond time scale. For
typical OPA work in the laboratory relatively short fibers are used, and they are not
subject to strong environmental disturbances. Thus one generally finds that the output
SOPs do not drift significantly over several minutes. This generally allows enough time
for performing measurements before needing to readjust the SOPs.

While laboratory work is thus possible with non-PMFs this does not necessarily mean
that non-PMFs could be used in commercial OPAs, because for such a use the SOPs
would have to remain the same permanently. It is thus likely that for practical fiber
OPAs, PMFs (or perhaps spun fibers, see below) will need to be used.

Spun fibers

Non-polarization-maintaining fibers always exhibit a residual amount of random linear
birefringence, which causes the SOP of an input wave to vary in an unpredictable manner
along the fiber length. In some situations it may be desirable to maintain the input SOP
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over long lengths. One solution is to use a PMF. Then, if the input SOP is linear and
aligned with one of the principal axes, it remains in that state throughout the fiber.

Another possibility exists. If a non-PMF is spun about its axis at a rapid rate during
fiber drawing, the resulting twist of the material will induce circular birefringence. A
similar result can be obtained by taking a finished non-PMF and winding it on a spool
while spinning it; however, this leads to somewhat less birefringence than spinning during
drawing. In order to suppress linear birefringence to a negligible level in this manner,
it is necessary to spin the fiber at a rate of 10 turns per meter, or more. The resulting
circular birefringence is of the order of 1076 [15-18].

The polarization eigenstates of a spun fiber are circularly polarized. If an elliptical SOP
is launched at the input, the shape of the ellipse will be maintained during propagation
but it will rotate at a rate proportional to the circular birefringence.

Spun fiber would be a good medium for experimenting with OPAs using circularly
polarized pumps, which have advantages over linearly polarized pumps. To date, no
such experiments have been reported, probably owing to the difficulty of fabricating
spun fibers as compared with non-PMFs or even PMFs.

Nonlinearities
Third-order nonlinearity

(@ The nonlinear index 7,

The fiber nonlinearity that gives rise to parametric amplification in glass fibers is associ-
ated with the third-order susceptibility x®. It is also known as the Kerr nonlinearity. A
simple way to introduce it is via the nonlinear refractive index n,. It can be shown that in
a medium with a third-order susceptibility the presence of a strong light wave (a pump)
with irradiance / modifies its refractive index according to the relation

n=ny+nyl, (2.23)

where n is the weak-field refractive index and 7 is the index in the presence of the strong
wave.

Equation (2.23) indicates that, since » is a dimensionless quantity, n, should have
the dimensions of reciprocal irradiance, or m?> W~! in the SI system. The reader should
beware of several different definitions for n,. One definition uses / /2 instead of 7, because
1 is taken as the peak value of the power per unit area, rather than the average value, as
in Eq. (2.23). Other definitions use the square of the electric field (peak or r.m.s.) rather
than the irradiance, which gives n; units of m? V2,

Since a change in refractive index implies a change in propagation constant and
therefore a change in phase due to propagation, the presence of the pump modifies the
phase of other waves passing through the same region (cross-phase modulation, or XPM)
and also the pump’s own phase (self-phase modulation, or SPM). By combining XPM or
SPM with phase-sensitive devices such as interferometers, one can implement a variety
of functions, for example all-optical switching, modulation, etc.
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In glass fibers n, is primarily due to the anharmonic motion of bound electrons respond-
ingto an applied field. Since electrons are very light, they respond very quickly to changes
in field strength: their response time is on the femtosecond time scale, i.e. about one period
for visible light. As a result, the irradiance /7 in Eq. (2.23) can actually be considered to
be instantaneous. Then, if the pump consists of two monochromatic terms with frequen-
cies w; and w,, I will contain terms with frequencies +w; + w,. If another wave, with
frequency ws, is passed through the same region, it experiences time-dependent phase
modulation due to the pump. As a result, it can be shown that this wave now contains
new frequency components, at +w; £ w, £ ws3. These new frequencies are said to arise
from four-wave mixing (FWM), since four frequencies are involved, the original three,
and a new one. (Note that in the older literature the term three-wave mixing was used to
describe the same thing, in reference to the three initial waves only.)

In fiber OPAs, the basic mechanism that leads to amplification is FWM. In addition,
since strong pumps are generally used, pump-induced SPM and XPM effects cannot
be neglected; they play an important role in determining the growth rate as well as the
gain-spectrum shape.

(b) The fiber nonlinearity coefficient
Just like the refractive index #, the nonlinear index 7, is a property of an optical material.
It does not depend on the structure of the optical device. To calculate the effect of n; in
the presence of an optical beam, one must obtain the irradiance from a knowledge of the
total power in the beam and of the beam profile and cross-section.

When working with optical fibers, it is more convenient to deal with the fiber nonlin-
earity coefficient y, defined as

_ony 2rny
r= cAesr B Aeff)t’

(2.24)

y contains information about the material, through 7, and about the fiber mode, through
its effective area 4. (The justification for this will be given in Chapter 3.) For a Gaussian
mode, Ao = 2rw?, i.e. it is twice the area of a uniform beam with the same on-axis
irradiance as the Gaussian mode and the same total power. The coefficient y has the
dimensions of 1/(power x length). The usefulness of y can be seen as follows: in terms
of y the self-phase shift experienced by a wave of power P traveling along a length L of
fiber is simply

Gspm = yPL. (2.25)

Equation (2.25) shows that to obtain a large phase shift with a given power and fiber
length, one needs to use a large value of y. Equation (2.24) then shows that one should
therefore use a fiber with a large n, as well as a small 4. A small 4 value increases
[ for a given amount of power. Similar reasons hold for the desirability of increasing all
the possible third-order nonlinear interactions.

This presentation of the third-order nonlinearity is a simplified introduction to the
subject. In Chapter 3 we will investigate it at a deeper level, starting from basic
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electromagnetic propagation equations that include contributions due to the third-order
susceptibility x 3.

Stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) is a high-gain nonlinear process that needs to
be suppressed for fiber OPAs to operate properly. It involves an interaction between
photons and phonons (acoustic waves). An incident optical wave (pump) is initially
reflected by thermally excited acoustic waves. The incident and reflected optical waves
form an interference pattern, which in turn reinforces the acoustic wave by means of
electrostriction. This process leads to simultaneous growth of the acoustic wave and the
reflected wave until a steady-state situation is reached. One defines a threshold Py, for
SBS as the pump power beyond which the transmitted power is clamped at a constant
level and the balance is reflected. If left unchecked, SBS can reflect virtually all the pump
power required for driving an OPA, thus preventing its operation.

Several techniques have been demonstrated for reducing or suppressing SBS. By
using air gaps along the fiber, as might be implemented with connectors, one can prevent
acoustic waves from propagating over the entire fiber length, thereby increasing Py,.
Alternatively, placing optical isolators along the fiber impedes the propagation of the
reflected optical wave, with a similar effect.

Other techniques are based on the fact that the SBS gain has a narrow bandwidth
(Avg ~ 50 MHz) and that pump frequency components falling outside that bandwidth
do not generate SBS gain. As a result the Brillouin gain is decreased and Py, is increased.
Quantitatively, this can be expressed by the relation

’ 8B

& = m, (2.26)

where gi; (gp) is the Brillouin gain with (without) line broadening and Av is the broadened
linewidth. Thus, if one uses a pump with a linewidth Av = 5 GHz, Py, is raised by a
factor 100. This is an effective and flexible means for suppressing SBS, and it has been
used in virtually all OPA experiments using CW pumps. An important consideration for
OPAs is that one should avoid intensity modulation (IM) when broadening the pump,
because pump intensity fluctuations will lead to temporal gain fluctuations and thus
to degradation of the signal and idler quality. Hence, in OPA work, pump spectrum
broadening is accomplished by means of phase or frequency dithering, which are not
accompanied by IM. Various modulation schemes have been used to shape the CW pump
spectrum. These include: sinusoidal phase or frequency modulation; summing several
harmonic tones; pseudo-random bit sequence (PRBS) phase modulation.

It should also be noted that SBS can be suppressed by using a pulsed pump with a
low duty cycle. The spectral width of such a pump is inversely proportional to the pulse
width; hence, by using short pulses one can have very wide spectra and so increase Py,.
For example, 1 ns pulses will have a spectral width of the order of 1 GHz, much larger
than the SBS linewidth. Of course, the use of such pulses is not suitable for CW OPA
operation. However, it is sometimes convenient for achieving high pump powers during
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a short time, which can be useful for demonstrating feature such as a wide OPA gain
spectrum or a high OPA gain.

Another approach exploits the fact that stress shifts the location of the Brillouin peak.
Thus one can design a stress distribution along a fiber that will effectively broaden the
overall gain SBS spectrum for the fiber and reduce the peak SBS gain. Broadening by
several hundred megahertz has been achieved in this manner, resulting in a significant
increase in Py,.

Finally, we note that it is also possible to design the fiber core in such a way that the
overlap between between optical and acoustic waves will be reduced. An increase in Py,
by as much as 6 dB has been obtained in this manner.

Of all these SBS-suppression techniques, the advantage of the static techniques is
that they do not require modulators and RF drivers to work. On the negative side, how-
ever, they may be difficult to implement and the changes that they introduce may be
irreversible. Also, some of the effects used may have other undesirable consequences;
for example, stress also modifies the fiber refractive index as well as its zero-dispersion
wavelength.

By contrast, the active method, namely broadening of the pump spectrum by pump
frequency or phase modulation, has the advantages of being compatible with any type of
fiber and of leaving the fibre unchanged. For this reason it is widely used in experimental
work.

Stimulated Raman scattering

Raman gain in fibers is described in Section 3.6. While the physical origin of stimulated
Raman scattering (SRS) is quite different from that of parametric gain, from a mathe-
matical standpoint SRS can be introduced into the basic OPA equations in a fairly simple
manner, by adding an imaginary part to x® with suitable frequency dependence.

The parametric gain coefficient g in a well-phased-matched fiber OPA is about 23
times larger than the corresponding Raman gain coefficient. As a result, it can be shown
that, for a broadband fiber OPA in which the gain bandwidth overlaps the Raman peak(s)
due to the pump(s), the Raman contribution introduces only a minor distortion of the
parametric gain spectrum. This has been shown theoretically and verified experimen-
tally [2]. Hence the theory of Chapter 3 can be expected to provide a good first-order
approximation for the gain spectrum of well-phase-matched OPAs, even when SRS is
not included.

Inregions where the parametric gain is weak compared with the Raman gain the reverse
situation holds, and one may consider the Raman gain alone as a first approximation.
This would for example be the case with a narrowband one-pump fiber OPA, with a
half-gain bandwidth of say 30 nm near the pump. In that case we would expect to see
the Raman gain peak at about 100 nm from the pump, i.e. not overlapping appreciably
with the parametric gain spectrum.

In situations where the Raman and parametric gain contributions are comparable, it
is necessary to keep both in the model to calculate the combined gain accurately. This is
done in subsection 3.6.4.
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For two-pump OPAs, the Raman interaction between the pumps needs to be taken
into account if it leads to significant variation in pump power. In this case it is no longer
possible to obtain a closed-form solution to the signal and idler equations.

Two-photon absorption

Just as the real part of the refractive index is modified by the passage of an intense light
wave through a fiber, so is its imaginary part, which corresponds to absorption. This is
mathematically described by an equation similar to Eq. (2.23), wherein the refractive
indices are replaced by absorption coefficients. The form of this equation indicates that
the increase in absorption can be attributed to the annihilation of pairs of photons, hence
the name two-photon absorption (TPA).

To date TPA has played essentially no role in fiber OPA work. The reason is that
in silica-based fibers nonlinear phase shifts of the order of 7 can easily be obtained at
irradiances that correspond to negligible TPA. Only if one uses very high irradiances
in short fibers should one be concerned with the possible impact of TPA. For example,
no effects attributable to TPA were observed in a tapered silica fiber for pulses with 1
kW of peak power passing through a tapered silica fiber with a 1 pm diameter, i.e. for
irradiances as high as 100 GW ¢m~2 [19]. For highly-nonlinear materials such as lead
glass [20] or semiconductors [21], however, TPA can occur at much lower irradiances.

Types of fiber used for OPA work

The development of fiber-optic components for the telecommunications industry has
made available a wide range of affordable components that can also be used for other
applications, such as experimentation with fiber OPAs. In particular, silica-based fibers
designed for optical communication links have some very attractive properties: they have
aminimum loss as low as 0.15 dB km~! at 1550 nm and can exhibit losses lower than 0.3
dB km~! over the entire 1200-1700 nm range. With such low losses, experimentation
with fibers that are tens of kilometers long can be done at a reasonable cost.
Communication fibers have a relatively simple step-index design, shown in Fig. 2.1(a).
They consist of a circular core with refractive index n,, and radius a of the order of a
few microns, surrounded by a cladding with refractive index n that is slightly smaller

than ng,. As a result, they have a small numerical aperture N4 = ,/n2, — ngl. In order
to support a single mode, they are usually designed so that the normalized frequency
V = (NA)aw/c is of the order of 2. The resulting fundamental mode then has a mode
field diameter (MFD) of the order of 2a.

The most interesting communication fibers for OPA work are dispersion-shifted fibers
(DSFs), which exhibit a ZDW located in the C-band (1535-60 nm) or close to it. In a
typical design, the cladding is made of silica and the core is silica doped with a small
amount (1%) of germania (germanium dioxide). A drawback of these fibers is that their
y value is of the order of 2 W' km™!, which is low. As a result, it is difficult to obtain
large gain bandwidths for OPAs made from such fibers.
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Fig. 2.1 Types of single-mode fiber: (a) step-index fiber; (b) highly nonlinear fiber (HNLF);
(c) extruded fiber; (d) tapered fiber (the core is not shown as its diameter is very small);
(e) nanowire; (f) microstructured fiber.

Highly nonlinear step-index fibers

In order to increase the y values of DSFs, fiber manufacturers have developed a version
with a smaller core size, Fig. 2.1(b) [22]. In order to maintain single-mode operation in
the C-band, they have increased the numerical aperture (NA) by increasing the germania
content of the core, up to about 3%. The combination of smaller core and increased
germania content leads to an increase in y by about an order of magnitude: y values
of the order of 25 W~! km~! have been reported. The losses are higher than for DSFs
but are still reasonably low at about 0.5 dB km™'. Such fibers are sometimes referred to
as highly nonlinear DSFs (HNL-DSFs) or simply highly nonlinear fibers (HNLFs). The
latter terminology has the disadvantage that it can be, and occasionally is, used to refer
to other types of fiber with large values of y.

The introduction of such fibers has facilitated a number of experiments, particularly
demonstrations of wideband and high-gain amplifiers. They are now often the preferred
medium for OPA research in the C-band.

An interesting variation on the step-index design is obtained by using a core material
that consists mostly of germania, and a silica cladding [23]. Since germania has a larger
n, value than silica, y can be larger than for the more conventional GeO,-doped silica
fibers: fibers with y = 45 W~! km~! have been made [23].
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Another interesting aspect of these fibers is that the core material, obtained by blending
GeO; and SiO;, can in principle exhibit a zero-dispersion wavelength located anywhere
between 1.74 um (pure GeO,) and 1.27 um (pure SiO;). On the negative side, the losses
in these fibers are substantial, of the order of 20 dB km™' at 1.85 um for 75% GeO, in
the core; the losses are primarily due to Rayleigh scattering.

Extruded fibers

Since y o ny/Ae, in order to obtain a fiber with a large y value: (i) one can use a
material with a large n, value; (ii) one can use a guiding structure capable of supporting
a mode with a small A.¢ value.

For (i) highly nonlinear materials are needed that are suitable for making fibers by
preferably more than one technique. It is also desirable that the material should exhibit
low loss, but the higher #; is, the higher the « value that can be tolerated. For OPA work,
the location of the material’s ZDW is also important, although it can be shifted to some
extent by suitable design of the waveguide.

For (ii) one has to design a waveguide that can provide a small 4. Above we discussed
the step-index-fiber approach, which requires two different materials, one for the core
and one for the cladding. Sometimes, when working with high-n, materials, it is difficult
to find a suitable cladding material. In that case the only choice is to use air as a cladding,
i.e. to make a single-material fiber [24]. One technique that has successfully been used
recently is extrusion. In this approach the material is softened by heating and then pushed
through a suitably shaped nozzle. It emerges as a fiber whose cross-section is a faithful
replica of that of the nozzle. A design well suited for making fibers with small 4.¢ values
has a very small core supported in air by a few thin blades extending to an outer cylinder
that provides mechanical support for the whole structure, Fig. 2.1(c).

With this approach, 4.s values of the order of just a few square microns have been
achieved. By using high-n, materials, values of y in excess of 1000 have been obtained.

Note that, for extruded fibers, even though the core diameter is very small it may still
support more than one mode, because the modes are well confined by the large index dif-
ference between the core material and the air cladding (i.e. Vis large because NA is large).

Tapered fibers

Another approach to obtaining a small-diameter core with an air cladding is to make
a so-called tapered fiber [19]. A common way of making such fibers is to start from
a typical communication fiber, with a cladding diameter of 125 pum, and to heat it up
past the softening point by moving a flame back and forth along a length of the order of
10 cm. Then, by slowly pulling the cold fiber ends, the central part of the fiber becomes
elongated and its diameter shrinks. By this method it is possible to obtain fibers about
10 cm long having a diameter as small as 1 um. It should be noted that when the cladding
has reached that diameter, whatever remains of the original core plays essentially no part
in confining the light: confinement occurs because of the large index difference between
the cladding and the surrounding air, Fig. 2.1(d).
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An interesting aspect of these fibers is that as a result of the fabrication process there
is at each end of the small-core region a transition region where the cladding diameter
increases gradually from 1 um to 125 wm. Such a region constitutes a so-called fiber
taper [25], an important component in fiber technology. Fiber tapers have the important
property that when they are many wavelengths long, and are very gradual, they can
transform fiber modes adiabatically, with very low loss. What this means is that, if a
single mode is traveling in the core of the original fiber, after passing through a taper
most of its energy has been automatically redistributed so that it is now in the mode of
the 1-pum-diameter region. This reasoning works equally well in the opposite direction,
for an up-taper. So altogether tapered fibers have the remarkable property that coupling
in and out of a 1-pm-diameter region is not particularly difficult, because all one needs
to do is couple in and out of the large taper ends, which are just standard fibers.

Tapered fibers can in principle be made out of any material that can be pulled into fibers.
In particular, one could make tapered fibers out of high-n, materials. The combination of
high n, and small 4.4 that can be obtained in this manner would lead to large y values.

In spite of their advantages, tapered fibers have not been used extensively in nonlinear
optics, because of two limitations: (i) their length is limited to a few tens of centimeters;
(i) the glass is exposed to air and so the quality of the interface may deteriorate owing
to environmental factors.

For OPA work, there is an additional difficulty, namely the need to have accurate
control of the ZDW. Because of the small core size, however, the ZDW is very sensitive
to core-radius variations, and the fabrication technique may not lend itself to making
very uniform regions, with a well-defined diameter.

Because of the short lengths available, tapered fibers require high pump powers to
display significant nonlinear effects. For this reason, nonlinear work with tapered fibers
has been done exclusively with femtosecond lasers generating pulses with high peak
power but with moderate average power [19, 26].

Nanowires

It is interesting to note that glass fibers with even smaller diameters have been made.
The starting point is a tapered fiber, with a diameter of the order of 1 pum. It is then
softened by heating, and its tip is pulled and wrapped around a small mandrel. The
result is a fiber with a diameter as small as 60 nm, several centimeters long, a so-called
nanowire, Fig. 2.1(e) [27]. Some very interesting experiments have been performed with
nanowires, which feature coupling in and out through the ends, evanescent coupling
between parallel nanowires, etc.

From the point of view of nonlinear optics, however, such fibers are not as attractive
as tapered fibers, because actually only a small fraction of the power travels in the glass;
most of the power travels in the air, as an evanescent wave. Hence the y values of such
fibers would be smaller that for a tapered fiber made from the same material. In addition,
the coupling efficiency and available length are also less than those for tapered fibers, and
dispersion control appears to be very limited. So altogether it appears that nanowires,
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in spite of their intriguing properties, are probably not good candidates for OPA work
unless perhaps in conjunction with some other devices.

Microstructured fibers

In recent years much work has been done to develop new classes of fibers that have
an array of holes around the core for confining the light, instead of a uniform low-
index cladding as in conventional step-index fibers. This is illustrated in Fig. 2.1(f). One
advantage is that such fibers can be made from a single material. They have a variety of
names such as holey fibers (HFs), microstructured fibers, Bragg fibers, photonic bandgap
fibers, or photonic crystal fibers (PCFs), which refer either to their physical structure or
to the regime in which they operate. By changing the size, shape, and spatial distribution
ofthe holes, in principle one can tailor most fiber properties. For fiber OPAs, the potential
for achieving a small mode-field diameter (and hence for increasing y) and for tailoring
the dispersion are particularly attractive. Recently, HFs with y ~ 20 W~! km~! and
Ao & 1550 nm have become commercially available [28]; they can be used for OPA
work in the C-band. Presently, their dispersion properties are not as good as those of
conventional HNL-DSFs.

One advantage of HFs compared with step-index HNL-DSFs is that for fibers made
from silica (which exhibits zero dispersion at 1.27 pum) it is possible to use the strong
waveguide dispersion to shift the fiber 1y to below 1.27 yum and in fact well into the
visible region, i.e. below 700 nm [29, 30]. This is in contrast with HNL-DSFs based on
the classical step-index design, for which the fiber Ay can only be above 1.27 um. Thus
HFs may provide the only possible solution at the present time for making fiber OPAs
that require Ay below 1.27 pm.

Another advantage of HFs is that they can also be endlessly single-mode, i.e. as the
wavelength become shorter and shorter, the light continues to propagate in the funda-
mental mode and higher-order modes are not allowed to propagate. This is in contrast
with step-index fibers, for which the second mode has a finite cutoff wavelength, below
which it can propagate together with the fundamental mode. Endlessly single-mode fibers
might present advantages over conventional fibers for making OPAs with very wideband
characteristics, such as a broad gain bandwidth, extending over several hundred nanome-
ters, or two narrow gain peaks several hundred nanometers apart [7]. In such situations,
if the second mode could propagate on the short-wavelength side it would cause loss for
the fundamental mode and could significantly alter the OPA’s performance.

The large number of degrees of freedom available with these fibers indicates that
dispersion could be tailored by appropriate design. So far a number of design strategies
have been proposed for flattening the chromatic dispersion curve of HFs [31-36], and
some have been demonstrated [37-39].

A complication arises with HFs designed to have a small 4. The coefficient y has a
fairly strong dependence on wavelength, because as the wavelength increases the mode
has more overlap with air holes, which do not contribute to the nonlinearity. It has been
calculated that, for a certain type of PCF, y varies by 12.5% over a 60 nm wavelength
range [40]. Considering that in some OPA applications the wavelength range can be as
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large as 400 nm, it appears that y could vary considerably from one end of the gain
spectrum to the other. While this may not prevent OPAs from providing a reasonable
performance, it will have an impact on the shape of the gain spectrum, which will differ
from that obtained by assuming that y is constant over the entire range, as is currently
done in most analytic solutions and even in numerical simulations. In such a situation it
might be desirable to modify the basic model to include the wavelength dependence of
y, in order to obtain good agreement between theory and experiment.

Coupling to small-core fibers

In many practical situations (particularly for communication work) it is desirable to use
communication-type single-mode fibers wherever possible, since they are commonly
available and inexpensive. Also many types of standard components are compatible with
them (couplers, connectors, isolators) and come equipped with pigtails that are also made
from such fibers.

For this reason, fiber OPA work with DSFs is straightforward since the OPA fiber itself
is of the same type as the rest of the system. As a result the OPA can be spliced into a
system with very low insertion loss, of the order of 0.1 dB per splice.

Using a step-index HNLF is not quite as straightforward as using a DSF, because the
HNLF has an MFD that is smaller by a factor 2—3 than that of a communication fiber. If
a connector is used to butt-couple these two fibers, with no adjustment of the MFDs, the
MFD mismatch leads to a loss that can be as large as 10 dB and is generally unacceptable.
The mode mismatch can be alleviated in two ways.

1. Thermally expanded core (TEC) This refers to a method that uses heat to cause
the germania in a fiber core to diffuse slowly into the surrounding cladding, thereby
increasing the MFD. (Note that the TEC method does not modify the cladding diame-
ter.) By using this method at the end of an HNL-DSF, one can in principle enlarge the
mode of the latter until it matches that of a DSF. Inside the HNL-DSF the core shape
changes slowly over a distance that may be from millimeters to centimeters, deter-
mined by the structure of the heating system, and the mode makes a slow transition
from the HNL-DSF mode to that of the DSF. Hence such a section is called a mode
transformer. When the transition takes place over a distance large compared with the
wavelength, it is said to be adiabatic. An adiabatic transition can be almost perfect, in
the sense that it transforms the shape of the mode with very little loss. Then splicing
between a DSF and an HNL-DSF with TEC is essentially the same as between two
DSFs and results in low loss. So overall the TEC method can in principle provide
a low-loss connection between a DSF and an HNL-DSF. Note that this method can
provide low loss even when a connector is used, if a good mode match is achieved.

On the negative side, the TEC method is not simple to implement in most laborato-
ries. To alleviate this, several companies offer to manufacture to order TEC fibers for
customers, who need only to specify the two MFDs that need to be matched; the com-
pany then provides a suitable mode transformer. This approach may be convenient
for manufacturing commercial products.
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2. Fusion splice For those who do not wish to deal with TEC, an alternative seems to
work just as well for typical fibers. It simply relies on making a fusion splice between
the two dissimilar fibers without TEC preparation at all. It has been found in practice
that by suitable setting of the discharge parameters, one can end up with a splice loss
as low as 0.05 dB. To accomplish this, however, it is necessary to monitor the power of
a reference laser transmitted through the splice. Using a basic discharge current and
duration, one keeps repeating the same discharge. With some practice, one finds that
the loss keeps decreasing, perhaps at a fairly slow rate, and eventually reaches a low
level. It may take up to 50 discharges to accomplish this, but in general it can be done.
While this procedure has not been thoroughly investigated, the general consensus is
that the repeated discharges in effect create a TEC core in both fibers and eventually
make the MFDs in the two fibers essentially the same at the junction, thereby leading
to very low mode-mismatch loss.

The couplings described above, between a DSF and a step-index HNL-DSF, are
relatively straightforward because the two fibers are not very dissimilar. They are basically
made from the same silica material and are both of step-index type; hence they differ
primarily through the core dimensions. The fact they are both made from silica means
that they can easily be spliced to each other. The step-index structure makes it possible
for the core to diffuse into the cladding and therefore to equalize the MFDs.

With other types of nonlinear fiber, one or more of these two basic features is or are lost,
which makes low-loss coupling much more difficult. First, if the nonlinear fiber is not
made from silica then fusion splicing to a silica-based fiber is all but impossible, owing to
differences in softening point (an exception is BiO, fibers). Second, if the fiber structure
is not of the step-index type then neither mode-matching method described above is
feasible and so one must find another method; this is true for the various extruded fibers
and HFs discussed above.

Microscope objective lenses can be used for coupling into small-core fibers; generally,
however, the coupling efficiency is not very high. Another approach, more compatible
with coupling to communication fibers, is to use an auxiliary piece of fiber, a mode
transformer made either by TEC or by tapering. If TEC is used, one can start from a
small-core fiber such as HNL-DSF and expand its MFD on one side to match that of the
communication fiber. The small MFD on the other side will then be a better match for that
of the highly nonlinear fiber. Since splicing is not possible, one must align the two small
cores very accurately. If the fibers used all have a common diameter, such as 125 pum,
accurate alignment by means of a V-groove may be possible.

By using this technique, a coupling loss of just 0.5 dB has been obtained for coupling
from a communication fiber to an extruded TeO, fiber with core diameter 2 pm.

References

1. “Efficient conversion of light over a wide spectral range by four-photon mixing in a multimode
graded-index fiber,” Hill, K. O., Johnson, D. C., Kawasaki, B. S. Appl. Opt.; 1981; vol. 20,
pp- 1075-9.



28

Properties of single-mode optical fibers

10.

12.

13.

14.
15.

16.

17.

18.

. “200-nm-bandwidth fiber optical amplifier combining parametric and Raman gain,” Ho,

M.-C., Uesaka, K., Marhic, M. E., Akasaka, Y., Kazovsky, L. G. J Lightwave Technol.;
2001; vol. 19, pp. 977-81.

. “Nondestructive position-resolved measurement of the zero-dispersion wavelength in an opti-

cal fiber,” Eiselt, M., Jopson, R. M., Stolen, R. H. J Lightwave Technol.; 1997; vol. 15,
pp. 135-43.

. “Recent advances in the design and experimental implementation of fiber optical parametric

amplifiers,” Marhic, M. E., Wong, K. K., Kalogerakis, G., Kazovsky, L. G. In Proc. Conf.
on Passive Components and Fiber-based Devices, APOC 2004, Beijing, China; Proc. SPIE;
vol. 5623, pp. 691-704.

. “Zero-dispersion wavelength mapping in short single-mode optical fibers using paramet-

ric amplification,” Mussot, A., Lantz, E., Durecu-Legrand, A., Simonneau, C., Bayart, D.,
Sylvestre, T., Maillotte, H. IEEE Photon. Technol. Lett.; 2006; vol. 18, pp. 22—4.

. “Broadband wavelength conversion over 193-nm by HNL-DSF improving higher-order disper-

sion performance,” Hirano, M., Nakanishi, T., Okuno, T., Onishi, M. In Proc. 31st European
Conf. on Optical Communication, September 2005, Glasgow, UK; vol. 6, pp. 43—4.

. “Wide-band tuning of the gain spectra of one-pump fiber optical parametric amplifiers,”

Marhic, M. E., Wong, K. K. Y., Kazovsky, L. G. I[EEE J. Selected Topics in Quantum Electron.;
2004; vol. 10, pp. 1133-41.

. “Shifts in zero dispersion wavelength due to pressure, temperature and strain in dispersion

shifted single-mode fibres,” Byron, K. C., Bedgood, M. A., Finney, A., McGauran, C., Savory,
S., Watson, L. Electron. Lett.; 1992; vol. 28, pp. 1712—4.

. “Increase of the SBS threshold in a short highly nonlinear fiber by applying a temperature dis-

tribution,” Hansryd, J., Dross, F., Westlund, M., Andrekson, P. A., Knudsen, S. N. J. Lightwave
Technol.; 2001; vol. 19, pp. 1691-7.

“Temperature control of the gain spectrum of fiber optical parametric amplifiers,” Wong,
K. K. Y., Marhic, M. E., Kazovsky, L. G. Optics Express; 2005; vol. 13, pp. 4666—73.

. “Broadband and flat parametric amplifiers with a multisection dispersion-tailored nonlinear

fiber arrangement,” Provino, L., Mussot, A., Lantz, E., Sylvestre, T., Maillotte, H. J. Opt. Soc.
Amer. B; 2003; vol. 20, pp. 1532-7.

“UV processing of highly nonlinear fibers for enhanced supercontinuum generation,” West-
brook, P. S., Nicholson, J. W., Feder, K., Yablon, A. D. In Proc. Optical Fiber Communication
Conf., February 2004, Los Angeles CA; postdeadline paper PDP27.

“Phase matching in birefringent fibers,” Stolen, R. H., Bosch, M. A., Lin, C. Opt. Lett.; 1981;
vol. 6, pp. 213-5.

Principles of Optics, Born, M., Wolf, E. Pergamon, Oxford, 1970.

“Polarization optics of twisted single-mode fibers,” Ulrich, R., Simon, A. Appl. Opt.; 1979;
vol. 18, pp. 2241-51.

“80 Gb/s to 10 Gb/s polarization-insensitive demultiplexing with circularly polarized spun
fiber in a two-wavelength nonlinear optical loop mirror,” Lou, J. W., Jepsen, K. S., Nolan,
D. A., Tarcza, S. H., Bouton, W. J., Evans, A. F.,, Islam, M. N. IEEE Photon. Technol. Lett.;
2000; vol. 12, pp. 1701-3.

“Simplified phenomenological model for randomly birefringent strongly spun fibers,” Gal-
tarossa, A., Palmieri, L., Schenato, L. Opt. Lett.; 2006; vol. 31, pp. 2275-7.
“Polarization-insensitive asymmetric four-wave mixing using circularly polarized pumps
in a twisted fiber,” Tanemura, T., Katoh, K., Kikuchi, K. Optics Express; 2005; vol. 13,
pp. 7497-505.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

References 29

“Enhanced self-phase modulation in tapered fibers,” Dumais, P., Gonthier, F., Lacroix,
S., Bures, J., Villeneuve, A., Wigley, P. G. J., Stegeman, G. I. Opt. Lett.; 1993; vol. 18,
pp- 1996-8.

“Two-photon absorption as a limitation to all-optical switching,” Mizrahi, V., DeLong, K. W.,
Stegeman, G. L., Staifi, M. A., Andrejco, M. J. Opt. Lett.; 1989; vol. 14, pp. 1140-2.

“Large nonlinear phase shifts in low-loss Al,Ga,_,As waveguides near half-gap,” Ho, S. T,
Soccolich, C. E., Islam, M. N., Hobson, W. S., Levi, A. . J., Slusher, R. E. Applied Phys. Lett.;
1991; vol. 59, pp. 2558-60.

“Highly nonlinear optical fiber for all optical processing applications,” Holmes, M. J.,
Williams, D. L., Manning, R. J. I[EEE Photon. Technol. Lett.; 1995; vol. 7, pp. 1045-7.
“Four-wave mixing with large Stokes shifts in heavily Ge-doped silica fibers,” Yatsenko,
Y. P, Pryamikov, A. D., Mashinsky, V. M., Likhachev, M. E., Mavritsky, A. O., Dianov,
E. M., Guryanov, A. N., Khopin, V. E, Salgansky, M. Y. Opt. Lett.; 2005; vol. 30,
pp- 19324,

“The fabrication and modelling of non-silica microstructured optical fibres,” Hewak, D. W.,
West, Y. D., Broderick, N. G. R., Monro, T. M., Richardson, D. J. In Proc. Optical Fiber
Communication Conf., Technical Digest, March 2001, Anaheim CA; vol. 2, pp. TuC4-1-3.
“Launching into single mode optical fibre waveguide,” Stern, J. R., Dyott, R. B. In Proc. Conf.
on Trunk Telecommunications by Guided Waves, September 1970, London UK; pp. 191-96.
“Soliton self-frequency shift in a short tapered air—silica microstructure fiber,” Liu, X., Xu,
C., Knox, W. H., Chandalia, J. K., Eggleton, B. J., Kosinski, S. G., Windeler, R. S. Opt. Lett.;
2001; vol. 26, pp. 358-60.

“Subwavelength-diameter silica wires for low-loss optical wave guiding,” Tong, L., Gattass,
R.R., Ashcom, J. B, He, S., Lou, J., Shen, M., Maxwell, 1., Mazur, E. Nature; 2003; vol. 426,
pp- 816-9.

www.crystal-fibre.com.

“Visible continuum generation in air—silica microstructure optical fibers with anomalous dis-
persion at 800 nm,” Ranka, J. K., Windeler, R. S., Stentz, A. J. Opt. Lett.; 2000; vol. 25,
pp- 25-7.

“Anomalous dispersion in photonic crystal fiber,” Knight, J. C., Arriaga, J., Birks, T. A.,
Ortigosa-Blanch, A., Wadsworth, W. J., Russell, P. S. J IEEE Photon. Technol. Lett., 2000;
vol. 12, pp. 807-9.

“Designing the properties of dispersion-flattened photonic crystal fibers,” Ferrando, A., Sil-
vestre, E., Andres, P. Optics Express; 2001; vol. 9, pp. 687-97.

“Designing a photonic crystal fibre with flattened chromatic dispersion,” Ferrando, A., Sil-
vestre, E., Miret, J. J., Monsoriu, J. A., Andres, M. V., Russell, P. S. Electron. Lett.; 1999;
vol. 35, pp. 325-7.

“Nearly zero ultraflattened dispersion in photonic crystal fibers,” Ferrando, A., Silvestre, E.,
Miret, J. J., Andres, P. Opt. Lett.; 2000; vol. 25, pp. 790-2.

“A novel ultraflattened dispersion photonic crystal fiber,” Wu, T. L., Chao, C. H. IEEE Photon.
Technol. Lett.; 2005; vol. 17, pp. 67-9.

“An efficient approach for calculating the dispersions of photonic-crystal fibers: design of the
nearly zero ultra-flattened dispersion,” Wu, T. L., Chao, C. H. J. Lightwave Technol.; 2005;
pp- 2055-61.

“Chromatic dispersion control in photonic crystal fibers: application to ultra-flattened dis-
persion,” Saitoh, K., Koshiba, M., Hasegawa, T., Sasaoka, E. Optics Express; 2003; vol. 11,
pp. 843-52.



30

Properties of single-mode optical fibers

37.

38.

39.

40.

“Demonstration of ultra-flattened dispersion in photonic crystal fibers,” Reeves, W., Knight,
J., Russell, P, Roberts, P. Optics Express; 2002; vol. 10, pp. 609—13.

“Dispersion-flattened photonic crystal fibers at 1550 nm,” Reeves, W., Knight, J., Russell, P,
Roberts, P., Mangan, B. In Proc. Optical Fiber Communication Conf. Technical Digest, March
2003, Atlanta GA; vol. 2, pp. 696-7.

“Fully dispersion controlled triangular-core nonlinear photonic crystal fiber,” Hansen, K. P,
Folkenberg, J. R., Peucheret, C., Bjarklev, A. In Proc. Optical Fiber Communication Conf.,
Postdeadline Papers, March 2003, Atlanta GA; vol. 3, pp. PD2-1-3.

“Impact of the wavelength dependence of the mode field on the nonlinearity coefficient of
PCFs,” Hainberger, R., Watanabe, S. IEEE Photon. Technol. Lett.; 2005; vol. 17, pp. 70-2.



3.1

3.2

Scalar OPA theory

Introduction

In this chapter we introduce the basic types of fiber optical parametric amplifier (OPA)
and simple models to study their characteristics. We will confine ourselves to situations
in which all the waves are launched into the fiber with the same linear state of polar-
ization (SOP) and remain in that state along the entire fiber. This allows us to consider
a single component of the electric field and hence to write scalar equations for it. We
first set up the basic OPA equations starting from Maxwell’s equations for the case of
nonlinear polarization. In the process we derive an expression for the fiber nonlinearity
coefficient y in terms of the waveguide properties and those of the interacting modes. We
then proceed with the solution of the OPA equations in a variety of situations for which
exact solutions are known. The solutions in the absence of loss and pump depletion are
relatively simple, being expressible in terms of exponentials, or alternatively in terms
of sinh and cosh functions. They are used extensively in practice as a first approxima-
tion to calculating the gain spectra of various fiber OPAs. Solutions in other regimes
are more complicated; some involve Bessel functions, others involve Jacobian elliptic
functions, etc. While it is more difficult to grasp their properties, they can be useful com-
putational tools for obtaining accurate results when the exponential solutions are not
applicable.

We have made an attempt to present a fairly exhaustive list of known solutions, in
order to provide a compact source for such solutions for researchers who need to evaluate
OPA performance. We have also presented complete derivations, so that the interested
reader can follow them step by step and thereby gain physical and mathematical insight
into the origin of the solutions. Those who do not have the time or the inclination to
follow the proofs can of course skip the details and go directly to the final results. The
most commonly used formulas have been placed in Appendix 5 for easy reference.

Types of fiber OPA

We begin by introducing the various types of fiber OPA and related devices. We also
describe some of their fundamental properties resulting from energy conservation, as
well as the quantum features of four-wave mixing (FWM) interactions.
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Fig. 3.1 Frequency assignments for a two-pump OPA.
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Fig. 3.2 Frequency assignments for a one-pump OPA.

Two-pump and one-pump OPAs

We first consider a two-pump fiber OPA. At the fiber input we introduce pumps, with
angular frequencies w; and w,, and a signal at ;. Generally the pumps have much higher
power than the signal, and this is represented by the lengths of the vertical arrows in
Fig. 3.1. At the fiber output, a new wave emerges along with the first three. It is called
the idler, and its frequency wjy is such that

w1 + Wy = w3 + w4, (3.1

i.e. w4 and w3 are symmetric with respect to the center frequency w, = (w; + w,)/2 =
(w3 + w4)/2, which is halfway between the two pump frequencies.

(In reality, many other frequency components are also generated in this process, but
in a suitably designed OPA they should be much smaller because of phase mismatch; we
will thus neglect them as a first approximation, to simplify our model.)

If we let the pump frequency spacing go to zero, Fig. 3.1 is replaced by Fig. 3.2.

The pump frequency now coincides with the center frequency w,, halfway between
signal and idler, i.e. w3 + w4 = 2w, = 2.

(This notation for the four frequencies is now fairly standard in the field, and we will
adhere to it throughout most of the book. In some situations we will use other conventions,
but we will make it clear when we do.)
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Photon interpretation: Manley—Rowe relations

If we multiply both sides of Eq. (3.1) by &/2m, where & is Planck’s constant, and let
v = wy/27 be the optical frequency of the kth wave, k = 1-4, we obtain Av| + hv, =
hvs + hvy. Since vy is the energy of one photon of the kth wave, we can interpret
this relation as expressing the conservation of photon energy and photon number: each
nonlinear interaction is such that each pump loses one photon and the signal and idler
each gain one photon. (For a one-pump OPA the conclusion is similar except that the
pump loses photons in pairs.)

This conclusion, arrived here by a simple argument, can in fact be shown to be correct
by studying OPAs at the quantum-mechanical level (see Chapter 9). This simple photon
description has some immediate consequences: since the signal and idler simultaneously
gain photons, it follows that, for OPAs with a large gain, the signal and idler waves will
have virtually identical temporal photon distributions. Hence, OPAs can generate pairs of
waves that are virtually identical copies of each other (except for differing wavelengths),
down to the level of individual photons. This remarkable property can be exploited for
a variety of interesting classical and quantum-mechanical effects (see Chapter 9).

Another important consequence of this photon energy conservation rule is that it
introduces basic relations between the rates at which the various waves grow or decay.
Let us consider a fiber in which the loss and Raman gain can be neglected, so that the
only way in which the three waves can exchange energy is via the mechanism described
above. Let Pi(z), k = 1-4, denote the power of the kth wave at a distance z from the fiber
input. Then the photon picture implies that we must have the equations

dP, _dP,  dP;  dP

i el e 3.2)
By combination and integration, this yields the relations
P3(2) = Pa(z) = P3(0) — P4(0), (3.3)
Pi(z) = P(z) = P1(0) — P»(0), (3.4)
Pi(2) + P3(z) = P1(0) + P3(0), (3.5)
Py(z) + Pa(z) = P2(0) + P4(0), (3.6)
Pi(2) + Py(z) = P1(0) + P4(0), (3.7
Py(2) + P3(z) = P2(0) + P3(0), (3-8)

which reveal the existence of six related invariants for propagation along the fiber. Rela-
tions of this type are known as Manley—Rowe relations [1] and play an important role in
many areas of nonlinear optics.

It is important to note that Eq. (3.1) must hold regardless of the local properties
of the fiber, such as dispersion and birefringence. Therefore Eq. (3.1), as well as its
consequences, Egs. (3.3)—(3.8), must hold in any type of fiber, even those exhibiting
random longitudinal variations of dispersion and birefringence.
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Fig. 3.3 Frequency assignments for wavelength exchange.

Wavelength exchange

An interesting variation on the two-pump OPA arrangement is obtained by switching the
roles (that is the relative magnitudes) of the waves at w, and w3, as shown in Fig. 3.3:
the second pump is now at w3, while the signal is at w,. Now we have one pump and the
signal symmetric with respect to wg, and the other pump and the idler also symmetric with
respect to w.. Because this change does not alter the relative values of the frequencies
themselves, Eq. (3.1) is still valid.

In terms of photon energies, we now have kv, 4+ hv; = hv, + hvy. This can be inter-
preted by saying that the pumps exchange photons between themselves, and so do the
signal and idler. As a result, the signal and idler cannot receive energy from the pumps
leading to gain. The most that can happen is that all the signal (idler) photons end up at
the idler (signal), i.e. that there is an exchange of photons between signal and idler.

From a communication standpoint, this arrangement has the remarkable property that
if the signal and idler are present at the input and are modulated by different signals,
at the output the modulation can be exchanged between the two wavelengths. For this
reason, when this phenomenon occurs we refer to it as wavelength exchange. Actually
this term does not capture the richness of the phenomenon because the powers of the
signal and idler are also exchanged, along with their actual quantum states. Perhaps it
would be better to refer to this arrangement as “photon exchange.”

(For simplicity, at times we will classify wavelength exchange under the general
heading of optical parametric amplification in the rest of the text, although this does not
mean that it amplifies with a gain greater than unity.)

Degenerate OPAs

The case of a fully degenerate OPA is obtained by considering a one-pump OPA and
letting the signal and idler frequencies become equal to the pump frequency. Since all
the waves are now indistinguishable in the nonlinear fiber, it is necessary to introduce
some other means to combine them before they pass through the fiber and to separate
them afterwards. This is generally done by using some type of interferometer, where the
signal and pump can be fed into different fiber inputs; the output waves can be similarly
separated.
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By definition, degenerate OPAs have little or no bandwidth and so can only have a
limited role in optical communication. They can be used, however, for manipulating
quantum states of light; in particular they can generate “squeezed” states, which are
finding applications in high-precision interferometric sensing.

Polarization aspects

So far we have used the frequency assignments of pump(s), signal, and idler to classify
parametric processes in fibers into four basic categories.

However, light propagating in fibers is also characterized by its state of polarization.
In principle the three or four waves that interact may have distinct SOPs, which will
influence device performance. Thus within each of the four basic classes there will be a
number of OPA types, characterized by different SOPs for the waves. The simplest, and
probably the most useful, type of OPA is one in which all waves are in the same state
of linear polarization, everywhere along the fiber. For these reasons, we will consider
such a system as we begin our detailed investigations of the OPA equations. After that
we will investigate types of OPA that correspond to different SOPs for the waves and
compare their properties with those of linearly polarized OPAs; this will be done in the
next chapter.

Derivation of the OPA equations and y

We start with Maxwell’s equations in a non-magnetic material,

VxE o (3.9)
X = — 5 .
Mo 97
- 9E -
Vox H =g+, (3.10)

where E and H are the electric and magnetic field vectors, J is the current density vector,
given by J = 0 P/dt, and P is the polarization density vector.
Taking the curl of Eq. (3.9) and making use of the identity

VxVxE=VV-E)—VE=-VE
in a charge-free medium, which we assume, we obtain
vio LPE_ | 0P (3.11)
2o T M0 '

We now make the assumption that the vectors E and P are parallel to a fixed direc-
tion everywhere; therefore we only need to consider their scalar components along that
direction, which we denote by E and P.

The polarization density P is related to E by

P =g (xVE+ xPE?), (3.12)
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where x ™, m = 1, 3, is the mth-order susceptibility; x () governs the linear properties
of the medium, i.e. the dispersion, while x® is responsible for the third-order nonlinear
effects on which fiber OPAs are based. For now we can think of x® as being a constant,
i.e. independent of frequency.

Let us first consider the case x> = 0. When E consists of a single frequency compo-
nent at w, i.e. when

E(x,y,z,t) = Eg(x, y,z)e”"",

Eq. (3.11) leads to Helmholtz’ equation
5 ) 82 32 82 5
VES+KES:<w+W+E)ES+KESZO’ (3.13)
where K = nw/c is the (local) propagation constant (wavevector) and n = /1 + x (D is
the refractive index at w. Note that, in a fiber, » must be a function of transverse position
as this is necessary to confine the mode.
For a cylindrical waveguide, such as the fibers in which we are interested,  is a function
only of the transverse coordinates x and y and not of the distance z along the fiber. In this
case the solutions of Eq. (3.13), which are the fiber modes, are of the form

Ey(x,y,2) = ¥(x, ), (3.14)

where S is the longitudinal propagation constant; ¥ (x, y) represents the transverse mode
profile and is the solution of
P E V- =0 (3.15)
ax2  9y? o '
The dependence of 8 on w is obtained by solving Eq. (3.15) in detail. The complete
mode field dependence on space and time is then

E(x,y,z,t) = ¥(x, y)efoier, (3.16)

We now consider the case where x # 0 and E consists of four frequency components,
which satisfy Eq. (3.1). We write the total real electric field as

1< o
E=3 D [Bi(@)(x, y)ePi fccl, (3.17)
k=1

where By(z) is the slowly varying envelope of the mode at w; and is the main quantity of
interest in the following. By contrast, ¥;(x, y) is known and therefore we will eventually
remove it from our calculations. The equations for the By (z) are obtained by substituting
Eq. (3.17) into Eq. (3.11) and keeping only those terms on both sides that are at the
frequency wy. As an example, for B;(z) we obtain

(Vz + KIZ) [I/lele(iﬁ'Z_iw't)]
3)((3)0)%

=-—z {[¥iB\B} +2 (V3B B; + ¥3 By B + Y B4B}) | ¥ ByeP=='

+ 203 Y By By Bye! PRzt (3.18)
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where we have assumed for simplicity that x ® is independent of frequency. This can be
rewritten as
dB 1 3 X (3)61)1
dz = 8ciy

{[¥iB1 B} +2 (V3 BaBs + V3 Bs B; + ¥i B4 B}) | Y1 B,
+ 2934 By B3 Bye' 2P} (3.19)
where 717 = Bic/w; is the mode’s effective index of refraction, and

AB =B+ Bs—B1— P (3.20)

is the propagation constant (wavevector) mismatch.
To arrive at this form, we have assumed that

‘dzBl dB,

28, 421
<L 2B 7

k]

dz?

which can be shown to be equivalent to the statement that the envelope of the wave
varies very little over one wavelength. This is the slowly varying envelope approximation
(SVEA), which is well satisfied in many cases of practical interest.

We now want to eliminate the x and y dependences from Eq. (3.19), to obtain an
equation for 4; that depends only on z. To do this we select the light propagating in the
lowest-order (or other desired) transverse mode, by making use of the orthogonality of
the transverse modes. In lossless waveguides these modes are orthogonal, in the sense
that

//ﬂmmeTWW=O it B # B (3.21)

where E9 and H"® are respectively the transverse electric and magnetic fields asso-
ciated with transverse modes @ and b, and 8, and S, are the corresponding longitudinal
propagation constants [2]. This form should be used in the most general case, where the
field has two transverse components and the magnetic components are not simply related
to the electric components. This could for example be the case for fibers designed to
have a fundamental mode with mode field diameter (MFD) of the order of 1 um. We
will perform a detailed calculation involving arbitrary polarization states in Chapter 4.

For now, however, we will assume that we are dealing with larger MFDs, for which the
transverse electric field can be assumed to be primarily linearly polarized along the x-axis
while the magnetic field is linearly polarized along the y-axis. In this case Maxwell’s
equations show that

H, = —iEx. (3.22)
W

Hence the orthogonality condition (3.21) is now equivalent to

/ / EC (D) dxdy = f / Y@ (Y ) dxdy = 0. (3.23)

Thus if we multiply both sides of Eq. (3.19) by ¥/{(x, »), integrate with respect to x and
y, and divide by D = [ [y | dxdy we can eliminate x and y and select on both sides
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the complex field amplitude field for the transverse mode of interest. This procedure
transforms Eq. (3.19) into

.d B, * * * *
i = [81111B1 B} + 2 (81212B2B5 + 81313B3 B + 81414 B4B}) | By

+ 281234 By B3 Bye' P2, (3.24)
where
30, [ [xOVYivYmdxdy
Sjim = ——= (3.25)
8cn D;
and
D, =//|wj|2dxdy. (3.26)

When studying the nonlinear optics of guided waves, it is customary to introduce scaled
mode field amplitudes A4; such that 4, A} = P, the average power in the mode at wy.
Imposing this condition introduces changes in the coefficients in Eq. (3.24), which can
be calculated as follows.

The irradiance (power per unit area) at x and y for the field in the mode at wy is
I, = cegn(E ,f), where the angle brackets represent a time average and 7 is the effective
refractive index for mode k. Since

E = [ Biyeiie—iont 4 c.c.]z

[23]{3;1/[“/[; + B[gw]%GZiﬂszZiwkt + (Bljl//]j)z efziﬂkz+2iwkt]’ (3.27)

NN

we find that
(ER) = 3 B Bi vy (3.28)

and

Pk:/f]kdxdyz %CgoﬁkBkB;/‘/kaI/f]jdxdy
= %CsoﬁkaBkB;:
= A} (3.29)

2
By = Ay | ———. 3.30
k k 080171ka ( )

Substituting into Eq. (3.24) we find that

dAl * * * *
i = (V114147 + 2 (vi2124245 + yi3i343.4% 4 Viaiada4;) ] 41

Hence we have

+ 2103445 A3 A4’ P, (3.31)
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where

3/,L()a)j ffXG)l/fflﬁ;flﬂllﬁdedy
4 \Jniiiyig D; DDy Dy

Vikim = (3.32)

If x® has a significant frequency dependence, i.e. if x© = x®(—w;; —wk, w1, wp) [3],
then the coefficients yju,, are all different. Even if x® is independent of frequency, if the
frequencies are sufficiently different that their mode profiles are different then the yju,
are still different.

When the frequency spacings are not very large, however, it is often a good approx-
imation to assume that x @ is independent of frequency and that all four mode profiles
are essentially the same. If in addition x® depends only weakly on position, it can be
pulled out of the integral. Then all the yj,, have the same value, which can be written as

~ 3pewx®

, 3.33
812 Aer (333)

where w is a nominal or average value for the angular frequency; A is the effective
area, defined as

_USwrw dxay]’
J [ @ryydxdy

As discussed in Chapter 2, 4 is generally of the same order as the area of the core.

It can be shown that this expression for y is equivalent to that given in [4], provided
that an appropriate choice is made for the nonlinear index #; in [4]. The parameter most
commonly used to describe nonlinear effects in fibers is y. For work with fiber OPAs,
it is convenient to express y in W~! km~!. Typical communication fibers have y =~
2 W~! km~! and HNL-DSFs have y ~ 20 W~! km~'.

Assuming a single value for all the y;y;, greatly simplifies the form of equations such
as Eq. (3.31), and therefore this assumption is made most of the time. However, one
should bear in mind that when investigating OPAs or wavelength converters operating
over very wide wavelength ranges, it may lead to inaccurate results.

At any rate, when a single value of y can be used it can be shown that for a two-pump
OPA the propagation equations for the slowly varying envelopes A4, of the four waves
are of the form

eff

dA 4 ‘
=iy [|APA+2 Y 1A P A+ 24, A 4G | =14, (334)
dz forad

The three terms on the right-hand side of Eq. (3.34) respectively correspond to:

1. the interaction of one wave with itself, which leads to self-phase modulation (SPM);

2. the interaction between two waves, which leads to cross-phase modulation (XPM);

3. the interaction between four distinct waves, i.e. non-degenerate four-wave mixing
(FWM).
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The integers k, /, m, and n are such that in Eq. (3.34):

fore = 1,ifl = lor2thenk =3 -1, m = 3,n = 4, (3.35)
fore = —1,ifl = 3ordthenk =7—-1Lm = 1,n = 2.

As before, AB = B3 + B4 — B1 — Ba.

One-pump OPA

For a one-pump OPA, we remove the second pump and consider the interactions between
only three distinct waves. Their frequencies satisfy w; + ws = 2w;. Following the same
procedure as above, it can be shown that Eq. (3.34) is now replaced by

dA 4 .
—— =iy | AP A+ 2 AP A+ 2454547 | (3.36)
dz 771

dA[ . 4 * —1ABz
=i AP A +2 ) AP A+ (A Afe 2 |
z JA=1

=34, k=7-1, (3.37)

with AB = B3 + B4 — 2B;. The first two terms of Egs. (3.36) and (3.37) are similar to
those in Eq. (3.34). The third term of Eq. (3.36) corresponds to nondegenerate FWM,
but that in Eq. (3.37) corresponds to degenerate FWM.

Scaling laws

Above, we have used the variables 4y, AB, and z, as they lead to results that are directly
interpretable in terms of the actual system parameters. In physics, however, it is often
useful to use dimensionless variables as these can bring out the similarities between
different systems. We can do this for fiber OPAs by introducing the new dimensionless
variables [5]

A
NS
where Py is the total power of the signal, pump(s), and idler. With these, Eq. (3.34) for
a two-pump OPA becomes

_ A8

k= 1-4, ¢ =vyPyz, S = ,
’ yPo

ay = (3.38)

d ,
di; =i (2= laxl?) @i + 2iananaje™s, k= 1-4, (3.39)
where we have used the fact that Z;:l lax|* = 1. A similar set of equations would hold
for a one-pump OPA, and so the following will hold for either type of OPA.

Equation (3.39) is a function only of the dimensionless variables a;, ¢, and S. Let us
assume that a particular solution exists, of the form

ar = fir(S, 0), k= 1-4. (3.40)

We can show that this dimensionless solution can in principle correspond to an infinite
family of physical realizations, represented by the original dimensional variables A, AS,



3.4 Scaling laws 41

and z. To see this, we consider two OPAs, respectively denoted by unprimed and primed
quantities, and assume that the following relations exist:

A A (3.41)
a = —F— = , .
NN
A AB’
S=—£= ,/;,, (3.42)
Yo V' Iy
{=yPz=y Pyz. (3.43)

Clearly, if the unprimed quantities correspond to a solution of Eq. (3.43) then so do the
primed quantities. We will say that two OPAs satisfying these conditions are similar.

An important consequence of Eq. (3.39) is that similar OPAs have exactly the same
gain, at the respective distances z and Z'. If we define the signal field gain as /3(z) =
as(S, ¢)/as3(S, 0) = A3(S, ¢)/A45(S, 0), and similarly for the idler field gain, it can be
shown that

M) =hyZ)  and  hy(z) = h(). (3.44)

Since this is true for any z, two equivalent OPAs have exactly the same gain profile along
the fibers, within a linear scaling factor of the distance along the fiber. In particular, they
have the same output gain provided that the fiber lengths L and L’ satisfy Eq. (3.43), or
L'/L =y Po/(y'Py).

It should be noted that this conclusion is valid even if pump depletion occurs. In this
case, however, the input signal levels are not arbitrary but themselves should be scaled
according to Eq. (3.41). Nevertheless, when pump depletion is negligible, i.e. when we
are in the linear-gain region, the gain is independent of signal input power; therefore the
gain profiles can be similar, regardless of the input signal levels.

There are a number of ways in which Egs. (3.42) and (3.43) can be satisfied mathe-
matically. To see this, we rewrite these two equations as

A Pz
F_rh _z (3.45)
A YRy z

For two different fibers, with different (positive) ratios y/y’ and AB/AB’ at a given
frequency, we can always adjust pump powers and fiber lengths so that Eq. (3.45) is
satisfied. This can be interpreted as follows: if we choose Py/Pj so that Eq. (3.41) is
satisfied then the gain profiles along the two will be the same if the distances along the
fibers are themselves scaled according to Eq. (3.45). Since only the ratio P/ P, is fixed
by Eq. (3.45), we can find many operating conditions that will correspond to such similar
field distributions in the fibers.

While these scaling laws are of theoretical interest, they are not particularly interesting
in practice, for the following reason. If two different fibers are compared, the first equality
of Eq. (3.45) will generally be satisfied by pairs of frequency spacings Aws and Awy
with no simple relation between them, because of the different dispersion properties of
the fibers. Under these circumstances the scaling laws will be useful only for obtaining
identical gain profiles as a function of z at a given frequency, not for obtaining related
spectral shapes in the frequency domain at fixed z.
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In Chapter 5 we will show that under certain circumstances it is also possible to find
OPAs that have similar gain spectra, i.e. gain spectra that are actually identical within a
suitable scaling of the frequency axis.

It should be noted that the above scaling laws are not applicable unless the four
waves considered in Section 3.2 are the only ones involved in the nonlinear interaction.
In practice these four waves will normally generate additional waves by FWM. If such
waves are not negligible, the set of FWM equations has to be enlarged beyond the original
four and correspondingly additional AB’s must be introduced. These new AS’s will be
different from the original ones and therefore it is unlikely that proper scaling of all AB’s
with pump power can be achieved simultaneously; this makes it virtually impossible to
find two OPAs with similar gain spectra.

Solution of the two-pump OPA equations

In this section we proceed with the solution of the four basic OPA equations arrived at
in the preceding section. We will first consider the general case where pump depletion
is allowed, which leads to solutions in terms of Jacobian elliptic functions. We then
proceed with the simpler case where pump depletion is negligible, which leads to simpler
solutions, in terms of exponential functions. We will also consider the case of loss,
wavelength exchange, and a six-wave model useful under particular circumstances.

Pump depletion

We will assume that the pump powers may vary with distance owing to depletion. Since
it is then possible that the signal and idler powers will become comparable with the
pump powers, it is not possible to neglect any terms in Eq. (3.34). We have the set of
propagation equations

4
—i—— = AP A2 Y AP A+ 24, A, AP = 1-4, (3.46)
JA=1
where Z = yz. The solution of this set of equations was obtained by Chen and Snyder [6],
following closely the formalism developed in [1]. Here we present a shortened version
ofthis solution. It is simplified by our use of y, and our assumption that it is independent of
frequency. In addition, throughout the derivation we will use as unknowns the powers of
the waves, instead of their square roots as is customary in this field [6, 1]. We also do not
normalize the powers. This has several advantages: (i) the powers have a straightforward
physical meaning; (ii) we can keep track of the dimensions of various terms; (iii) since
powers are generally the quantities of interest in practice, and are always calculated at
the end of the derivation, it may be preferable to use them throughout rather than to
introduce temporary intermediate variables; (iv) we save on notation and conversions;
(v) the derivation is slightly shorter; (vi) programming of the solution on a computer
is also clarified and shortened by avoiding the use of multiple related variables and
conversion between them.
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Let us define 6 as the phase of 4y, so that 4; = /P, ¢/% Multiplying Eq. (3.46) by
A7, we obtain
.dA;

—zﬁA}k = P2Py — P)) + 2/ P P,Ps Pse’®®, 1 =1-4, (3.47)

where 6 = ABz 4 03 + 64 — 6, — 6,. Equation (3.47) leads to
dA; dA; dP , i
2 g —A*=—=2 PPPP[SQ_ il
az T gz T g TV anhheT e
= —48\/ P1P2P3P4sin0 (348)
or
dP, dP, dps dPy )
— =—=—-——=——=—-4,/P P, 5P, 0. 3.49
dz ~dz ~ dz 4z 172l T s (3.49)
Equation (3.49) implies that the powers of the four waves are of the form
Py =Pi0)—x, P=P0)—x,

3.50
P = P3(0) +x, Py = P4(0) +x, ( )

i.e. that they all go up or down by x. This is the same conclusion as was reached in

subsection 3.2.2 by looking at the interaction in terms of individual photons. Because of

its fundamental role, we will use x as one of the unknowns in solving the equations.
From Eq. (3.47) we also obtain

d Ay dA
i ( L A] — —1A7> = 2P](2P0 - P]) + 4\/ P1P2P3P4 COS@,

dz dz
I =1-4, (3.51)
which leads to
do, 2
ﬁ =2P()— P]"FF\/ P1P2P3P4COSQ. (352)
[}
Then
do AB

— = ——+4+P+P—-—P—P
77 y+l+2 3 4

+2y/P PP Py (Py + P — Pt — P cos 6. (3.53)

We also have

9 _d0dx _ 49 ) JbipyPyPysing (3.54)
dZ ~dxdz _ax v 1RRASRT ‘

and hence

do d(cos
o = —4/PP PP (st ), (3.55)
X

Substituting in Eq. (3.53) and using the fact that d P;/dx = —e leads to

A d
—‘8+P1+P2—P3—P4+4 d—(\/P1P2P3P4COSQ):0. (356)
14 X
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Now substituting Eq. (3.50) into Eq. (3.56), and integrating both sides with respect to x,
we obtain

A
<—'B + APO) x —2x% + 4,/ Py P,P;Pscosb = K>, (3.57)
14

where APy = Pyg + Py — P30 — Pao and Py is the initial power of the /th wave. The def-
inition of the constant K is slightly different from that of Cin [3]. Since it is independent
of x, K, can be evaluated at x = 0, which yields

K5 = 4/ P1o P P30 Pao c0s(630 + 040 — 010 — 60), (3.58)

where 6y is the initial phase of the /th wave. We can now eliminate 6 in Eq. (3.49) by
using Eq. (3.57) to obtain an equation relating only x and Z. We have
dx

= 4y/P Py P;Pysin® = 4y/ P PPy Py(1 — cos?0) = 2\/h(x),  (3.59)

where /(x) is a fourth-order polynomial in x:

h(x) = 4(P1o — x)(Pao — x)(P30 + x)(Pao + x)

[ (5 an)cae]
— K== +AP ) x+2x2]| . (3.60)
4 4

This can be rewritten as

dx

dZ = .

2/ h(x)
The solution x(Z) of Eq. (3.61) is known to be expressible in terms of Jacobian elliptic
functions [7]. It is obtained in terms of the four roots of /(x), listed in increasing order,
i.e. ) < 12 < n3 < na. Note that if there is no idler at the input then P4y = Oandx = 0
is a root of A(x).

Since the coefficient of x* in 4(x) is CZ = 3, x oscillates between 1, and n3. Specifically,

(3.61)

-1
X(Z)=n1+(nz—m)[1—nsn2<ZJZrZO,k>} , (3.62)

C

where sn denotes a Jacobian elliptic function,

Z7' = 1Col [(n3 — n)(na — m2)]"2,
— P —
p=LB"" gz F <sin—‘ [4"7’72} k) (3.63)
n = n(Pso — 11)

and F(¢, k) is a standard elliptical integral [7].

Complete pump depletion

As an application, let us see whether it is possible to obtain complete pump depletion with
a two-pump fiber OPA. This means that, at a certain distance, we would like the entire
pump power to be transferred to the signal and idler (in equal amounts, as per described
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in subsection 3.2.2). Then necessarily (Pjo + P»)/2 must be a root of #(x) = 0; hence

Py — P, Py — P P P,
16 10 20 20 10 Py + 10 + P
2 2 2

P+ P A 2
:< 1o+ 20) <P10+P20_7ﬂ_Ap0> , (3.64)

2

Since the left-hand side and the right-hand side have opposite signs, Eq. (3.64) can
be satisfied only if they both vanish. For the left-hand side this implies that Py = P,
which is easy to achieve. For the right-hand side also to vanish, we must have A = yPs;
whether this can be achieved in practice depends on fiber dispersion, signal and pump
wavelengths, etc.

Ifthese conditions are satisfied, we find that n; = n4 = Pjo. Also, k = 1, whichimplies
that sn becomes tanh; then x(Z) is no longer periodic but approaches Pjy asymptotically.
Thus, while complete depletion is in principle possible, mathematically it is achieved
only at an infinite distance. In this case we find that {n, 13, n4} = {—4P30/3, P10, Pio}
and that x can be written as

4pP5, 3P 2 -
7y = 230y o 20 )
x(2) 3 { |: 3P + 4Py tanh (Z (B P+ 4P30)P10)

This expression is useful in that it shows that if Z is a few times larger than Z, =
1// (3 Py + 4 P30) Py, nearly complete depletion can be obtained.

An example that could be of interest for high-power wavelength conversion has the
following parameters: y = 20 W~ km~!, Pjg = P,y = 2 W, and P3y = 1 W. This corre-
spondstoz, = Z./y ~ 11 m. So we expect that nearly complete pump depletion can be
obtained after a few tens of meters. Figure 3.4 shows the graph of x(z) = P4(z) for this
case. We see that indeed the idler power becomes very close to the initial power of one
pump after 50 m. In fact, if a somewhat smaller conversion efficiency is acceptable then
one can use an even shorter fiber: for example, 90% conversion efficiency is achieved in
about 26 m.

Cubic Cardano solution

We assume that P4y = 0. Then g(x) = h(x)/x is a third-order polynomial. It can be
written in the form g(x) = ax® + bx* + cx + d, where

a=3,

A
b =3(Py — Pio — Py) + 7ﬁ

1/A 2
¢ = 4(PioPro — PioP3o — PaoP3o) — 1 <7'3 + Pio+ Py — P3o> ,

d = 4Py Py Py. (3.65)
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Fig. 3.4 Plot of idler power versus distance. The idler power saturates when it reaches nearly
50% of the total initial pump power.
Letting b’ = b/a,c’ =c/a,d =d/a,andy = x + w = x — b’ /3, we obtain
gx) =1(y) = a(y’ +3py — 29), (3.66)

where

p= %(3w2 +2b'w + <) and ¢ = —%(w3 +bwr 4w+ d). (3.67)
The three roots of /(y) = 0 are then given by Cardano’s formula [8]

» » _ A
yi=-7+A yz,s:ﬁ(lilﬁ)_§(1¢“/§)’ (3.68)

where

A= +Vr o).

The threeroots of g(x) = Oare givenbyx; = y; — b'/3,x; =y, — b'/3,x3 = y; — b’ /3.
Finally, {n;, 3, n4} is obtained by listing x|, x;, x3 in increasing order.
Of interest are the following.

1. Two of the roots, 13 and 14, coincide when p* + g% = 0. It can be shown mathemat-
ically that this corresponds to A = Afy, i.e. to a AB value suitable for maximum
pump depletion. This makes physical sense because 13 reaches its maximum value
when it equals 714, which must correspond to maximum pump depletion.
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2. When the OPA is well optimized for gain flatness, the sn function is very close to 1 and
therefore P, ~ n3. This can be a very useful approximation, because the obtaining 73
involves only elementary functions and avoids the calculation of sn altogether.

No pump depletion

It is often desirable to operate fiber OPAs in a regime where the signal and idler are kept
small compared with the pumps, in order to ensure nearly constant gain as a function
of signal level. This also avoids pump depletion and therefore possible cross-gain mod-
ulation (XGM) in WDM systems. In this regime, it is thus appropriate to assume that
the pumps are not depleted and that their powers remain constant. We will study this
case by going back to the basic equations, simplifying them, and solving the new set of
equations. This is simpler than trying to take the limit of the Jacobian elliptic solution. (In
addition, the solution given in subsection 3.5.1 does not have a closed form for phases,
but the linearized solution does.)

(@) Pump equations

To set up the pump equations, we assume that the signal and idler remain much smaller
than the pumps. Hence the pump powers are not depleted and we let Pi(z) = Pr(0) = Py,
k = 1, 2. The pumps interact only through the first two terms of Eq. (3.34), i.e. through
SPM and XPM. We obtain

dA
d—" =iy(Py +2P) Ay = ipr e, k=1,2, 1=3—Fk, (3.69)
z

where py = y (P + 2P)). The solution of Eq. (3.69) is

Au(2) = A0)e?,  k=1,2. (3.70)

(b) Signal and idler equations
Signal and idler SPM and XPM between the signal and idler are neglected. Then the
equations begin with two XPM terms due to the two pumps, which are similar to the
second term on the right-hand side of Eq. (3.69). In addition, there is an FWM term
coupling signal and idler.

The equations for 4; take the form

dA .
d—" = iy(2P) + 2P) Ay + 2iy Ay Ay Are 12
z

= 2iy (P + Py) Ay + irg Aje! PP tbe
= ipeAi + irge' P 47, (3.71)

where

P =2y(P1 + P) =2y P, qr = p1 + p2 — AB,
ro=2y 1 (0)A(0), k=34, [=T7—k (3.72)
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The total pump power is Py = P; + P, and ry is the amplitude of the FWM coupling
coefficient between the four waves. Since 3 = r4, we simply denote both by 7.

It is useful to note for future reference that py, k = 1—4, is areal, positive, linear function
of the pump powers. It has an important physical interpretation as the rate of increase of
the phase shift due to the pump SPM and/or XPM experienced by the kth wave. It has
the dimensions of a propagation constant, and we can expect that it should add to (or
subtract from) the linear propagation constant ;.

Equation (3.71) has the same form as Eq. (A1.5) in Appendix 1, and so we can use
the general solution provided there directly. To do so we calculate k;, = pi + pj — g =
P3 + pa — p1 — p2 + AP, which has the same value for £ = 3 and 4; hence we simply
denote it by «. The quantity can be interpreted as the total propagation constant or
wavevector mismatch, k = AB + AP, by introducing ABny = p3 + psa — p1 — p2 =
y Py, as the nonlinear wavevector mismatch.

Following Appendix 1, we then make the change of variable

ck=Akexp[i(§—pk)z], k=3,4, [=7—Fk (3.73)
This leads to an equation for Cy:
d*c
LG =0, k=34 (3.74)
dz?
where g is the parametric gain coefficient and is given by
22 (K
P =r (2) . (3.75)

The output fields are then obtained as linear combinations of e8* and e%*. Making use
of the initial conditions, we find that

Ci(z) = Ay(0) cosh(gz) + é [%Ak(o) + rA;‘(O)] sinh(gz),
k=3,4, I=7—k. (3.76)

This result is similar to that first arrived at in [9] for a one-pump OPA.

Let us now consider the important case where there is no idler at the input, i.e.
A4(0) = 0. In this case the power gain is independent of the initial phases of the pumps
and the signal. One may then assume for simplicity that all initial phases are equal to
zero, so that 4;(0) = /Py, k = 1, 2; r is then real. We will make this assumption for the
rest of this subsection. Then the signal and idler gains are respectively

y

hs(z) = Azg - |:cosh(gz) n izK—g sinh(gz):| exp [i <p3 . g) z], (3.77)
y

ha(z) = Ag% - ig sinh(gz) exp i (ps - %) z) (3.78)

Introducing the signal-to-idler power conversion efficiency Gi(z) = |h4(z)|* and the sig-
nal power gain G(z) = |h3(z)|%, we have
2

Gi(z) = ’g sinh(gz) (3.79)




3.5.4

3.5 Solution of the two-pump OPA equations 49

and
Gs(z) = Gi(z) + 1. (3.80)

Equation (3.80) is simply a consequence of the fact that the signal and idler simulta-
neously gain photons (subsection 3.2.2.). We note that, since gn.x = 7, the maximum
values of G; and G always have the simple forms

Gi.max(z) = |sinh(rz)|? and Gs.max(z) = |cosh(rz)[*. (3.81)

When the gain is large, we have approximately G max(2) ~ Gimax(z) & e /4. Express-
ing the gains in decibels, we have G&5 (z) ~ G{® _ (z) ~ 17.2(y /P Pz) — 6. For a
given total pump power Py = P + P, the gains are a maximum for P| = P, = Py/2;
then

G® ()~ GE ()~ 8.640 — 6, (3.82)

s, max i,max

where ® = y Pyz is a measure of the pump nonlinear phase shift. This is a convenient
expression, which allows us to estimate quickly the maximum gain of a fiber OPA.
We note that the gain is a function only of the product y Pyz; hence we can trade fiber
nonlinearity, length, and pump power to obtain a particular gain. As an example, if & = 3
then the maximum gain is approximately 20 dB; this could be achieved with a 1-km-long
dispersion-shifted fiber (DSF) with y ~ 2 W~! km~! and a 1 W pump or, equivalently,
with a 100-m-long HNL-DSF with y ~ 20 W~! km~! and the same pump power.

Equations (3.75), (3.79), and (3.80) show that the small-signal gain spectrum of a
fiber OPA depends only on three quantities, namely », ABnL, and AB. The wavevector
mismatch AS is determined by the dispersion of the type of fiber used and plays a crucial
role in determining the shape of the gain spectrum; its effect will be studied in Chapter 5.
The nonlinear wavevector mismatch ABnp determines at which wavelengths « vanishes,
and hence where maximum gain can be achieved. The latter is solely determined by r; »
and ABnp can be calculated without any knowledge of fiber dispersion since they depend
only on the pump powers and y.

We now consider the accuracy of the results obtained by neglecting pump depletion.
Figure 3.5 shows plots of the idler output power of a two-pump OPA versus distance,
calculated with and without pump depletion. The parameters used are the same as those
for Fig. 3.4. We see that when the idler power reaches about 1 W, i.e. 50% of the input
power of one pump, the model without pump depletion gives an idler power less than
10% larger than that predicted by the more accurate model including pump depletion.
Hence the model that does not include pump depletion is in fact accurate over a large
range of pump depletion, the accuracy being excellent at low idler output powers.

No pump depletion, loss

When the fiber loss in an OPA is fairly large, the normal expressions for OPA gain, which
are obtained by neglecting fiber loss, become inapplicable. One must then go back to
first principles to derive gain expressions applicable in the case of lossy fibers. Here we
present a derivation that provides a solution for either one- or two-pump OPAs.
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Fig. 3.5 Plots of idler power versus distance, with pump depletion either included (broken line)
or not included (solid line).

The basic equations for one- and two-pump fiber OPAs are obtained by consider-
ing FWM interactions between three or four waves, respectively. We assume that the
pump(s) are not depleted by the interaction but suffer only exponential attenuation due
to distributed loss. The initial system of equations then reduces to two coupled equations
for the signal and the idler. Eliminating one unknown leads to a second-order ordinary
differential equation (ODE), which can be solved in terms of confluent hypergeometric
functions [10].

We assume that the fiber nonlinearity and attenuation coefficients, y and «, are fre-
quency independent. For simplicity we take Pjy = Py for the two-pump case (the solu-
tion is slightly more complicated as the pump powers are arbitrary). Then, for either one-
or two-pump OPAs, the FWM equations for the signal (k = 3) and the idler (k = 4) are
of the form

dz

dA :
_kzipAk+irexp(i/ qd%‘) Aj, k=3,4, I=7—-%k (3.83)
£=0

where A, represents a complex slowly varying envelope, z is the distance along the fiber,
and the asterisk indicates complex conjugation. The quantities p, g, and r are given by

p=ia/2+2yPe, g=ia—AB+(l+n,)yPee ™,
r =2y PP, (3.84)

where Py and Py are the initial pump powers, Py = Pio + Pa, np is the number of
pumps, and A is the wavevector mismatch. These expressions are applicable for either
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one- or two-pump OPAs, provided that the convention Pjg = Py = Py/2 is used for
one-pump OPAs.
Following Appendix 1, we let

Ay = Crexp [ / <p - 5) dg:} . (3.85)
£=0 2
This leads to
d*Cy 5
12§ @C=0. (3.86)
where g2(z) = r?e 2% — k?/4 +ik'/2, k = p + p* — q, and the prime stands for a

derivative with respect to z. It is found that g?(z) is of the form g2(z) = ue 2% +ve % +
w, where

u= V2[4P10P20 - 36— np)ng],
) (3.87)
v =—03—ny,)ABy P2, w=1(a+iAB).
The initial conditions for Cj, are
Ci(0) = A44(0),
Ci(0) = 5(0)4x(0)/2 + r 4)(0).

Letting x = e™**, we obtain

x dv 2

dx? x dx a? o«

x  a’x
Now letting C = Y;/i/x yields

2

&2C,  1dC
by — Tk (” i W)Ckzo, k=34 (3.88)

d*Y, u v 1 w) 1
— - = — -——= )= | =0. 3.89
dx? +[ o? a2x+<4 a2>x2} k (3:89)
Writing x = Z/Zy, where Zy = Z(0) is a constant, gives
Ve [ LA S N A (3.90)
dz? 272 o220z  \4 &) 727" '
Making the substitutions
2 1/2
Zo= V" o S ou=" (3.91)
o o’ Zy o
we finally obtain
d*y; 1« 1 5\ 1
—_— ——+ = - — — | Y =0, 3.92
s (5-) 5 (392)

which is Whittaker’s equation [7].

Two independent solutions are the Whittaker confluent hypergeometric functions
M, (Z) and M, ,(Z). We must then have Yy(Z) = Uy M, . (Z) + Vi W, . (Z), where
Uy and V;, are constants to be determined from the initial conditions, which are

Yi(Zo) = Cr(0)

1[1 1
Yz = [Eck@ - ;C;;<0>] : (3.93)
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The solution for the idler field (k = 4) is relatively simple if no idler is present at the
input. Then the equations for U, and V4 are

Ya(Zo) = UsM, [ (Z0) + VaWy 1((Zo) = 0, (3.94)
Y{(Zo) = UsM,. ,(Zo) + VaW], ,(Zo) = —;WAz‘(m. (3.95)
The solution is
r W (Z
Vo= st Wv&;t((zoo))’
r M, (Z
Vo= B0 Ww:((z(:)))

where Wwnit(Zy) is the Wronskian of the Whittaker functions M, ,(Z) and M, ,(Z) at
Z(), i.e.

Wwnil(Zo) = Mie, i (Zo)Wy. ,(Zo) — Wi 1 (Zo)M,, ,(Zo).

It can be shown that Wwpit(Zo) = —I'(b)/'(a), wherea = 1/2+u —x and b =1+
2. We can then write

r T(a)
Yi(Z) = — —= | W W (2IM,c ( (Z0) — Wiy (Z))M, 1 (Z2) ] A5(0). 3.96
4(2) «Zo F(b)[ w( DM, 1 (Zo) w(Zo)M,, (2)] 435(0).  (3.96)
The idler power gain (or conversion efficiency) can now be calculated as
G — AT
Gi(z) = |— = "
45(0) A3(0)
_ e | D@ DM Z0) - W Z0M, (Z)]2 (3.97)
- OlZ() F(b) K K, u\ &0 K, u\ &0 K, . .

An alternative expression can be obtained in terms of the Kummer functions M and U
[7]. Itis
r I'(a)

Gi(z) =™ |~ I

e—(Z+Zo+otbz)/2 2371

2

x [U(a, b, Z)M(a, b, Zo) — U(a, b, Zo)M(a, b, Z)]| . (3.98)

The advantage of this form for G;j is that it is expressed only in terms of M and U,
which are confluent hypergeometric functions available in mathematical programs such
as Mathematica [11] or Matlab [12]. By using the relationship between M and U, one
can also write an expression for G; entirely in terms of M (this is advantageous for taking
certain limits, since the properties of M are better known than those of U). This yields
Gy = |77 "
a sin(mb) I'(b)I'(d)

2
x [M(c,d, Z)M(a, b, Zo)x®~""* — M(c, d, Zo)M(a, b, Z)x"+"/?]

(3.99)
wherec = 1 +a—-bandd = 2 — b.
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The expression for 43(z) is more complicated than that for 44(z). However, the signal
power gain Gy(z) = |43(z)/A3(0)|? can be obtained simply from G;(z), since it can be
shown from Eq. (3.83) that G(z) = Gi(z) + e **.

The advantage of these closed-form solutions is that they can be used for rapidly
obtaining the shape of the gain spectrum under specified experimental conditions. This
permits a rapid optimization in terms of pump power, gain bandwidth, etc.

Wavelength exchange

Two-pump optical parametric amplification and wavelength exchange are simply partic-
ular cases of four-wave mixing that involve only two pairs of waves, the frequencies of
each pair being symmetric to those of the other pair with respect to the center frequency
.. Therefore the general formalism of subsection 3.5.1 is applicable to both two-pump
OPA and wavelength exchange. A distinction between the two cases occurs only when
specific assignments are given to pump, signal, and idler frequencies, i.e. when we spec-
ify which two input waves (the pumps) are considered to be much larger than the other
two (the signal and idler). Therefore all the mathematical derivations up to Eq. (3.68)
are common to both situations.

To be able to reuse the notation of subsection 3.5.1 we leave the frequency symmetries
the same, as in Fig. 3.1. But we let w; and w3 correspond to the pumps, w; to the signal,
and wy to the idler. (Note that this departs from our usual notation for the frequencies.)

We can now use the results of subsection 3.5.1 to justify the statements that we made
about wavelength exchange in subsection 3.2.3. Equation (3.50) gives

Py(2) + Pi(z) = Po(0) + P4(0) and Pi(z) + P3(z) = Py(0) + P5(0). (3.100)

This states that the total pump power does not change along the fiber and neither does
the sum of the signal power and idler power. This can be interpreted by saying that there
is no exchange of power between the two pumps as a whole, and between the signal and
idler as a whole. Hence the two pumps exchange power only between themselves, and
so do the signal and idler.

To demonstrate that all the power from the signal can move to the idler wavelength,
we must show that complete depletion of the signal can take place. We assume that there
is no idler power at the input, i.e. that P49 = 0. Then necessarily Py must be a root of
h(x) = 0. This leads to the phase-matching condition

AB = y(Pso — Pio — 3Pa). (3.101)

In practice, we can easily arrange to have equal pump powers, i.e. P3g = Pj(. Further-
more, in communication applications the signal power is generally small, and therefore
it can be considered as negligible in Eq. (3.101). Under these circumstances, Eq. (3.101)
simply reduces to A & 0, which implies that /inear phase matching is sufficient to
obtain a complete transfer of signal power to the idler.

In general the sn functions are periodic, with half-wave symmetry, and so total power
transfer will take place after half a period.
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If the signal and idler are launched simultaneously then in this model it is difficult to
separate the power transferred from the signal from the original idler power and thus to
justify the notion of an exchange between signal and idler.

Therefore, to do this we proceed to the situation where the pump powers are much
larger than those of the signal and idler, which allows us to assume that pump depletion
is negligible and to proceed as in subsection 3.5.3.

The pumps are affected only by SPM and XPM, and their fields can be written as

A1(z) = Aroexp [iy (Pro + 2P30)z], (3.102)
A3(z) = Azoexp [iy (P30 + 2P1o)z]. (3.103)

The signal and idler equations are then

dA .
d—22 = iy(Pio+ Po)Ay + 2iy A3 Ay Afe' -
=iy Ppody + 2iy AsgAjgAsexp [i (AB + y Pio — ¥ P3o) z],
9 (3.104)
d—z4 = iy(Pio+ Pyo)Aq +2iy A Ay Ae 2

=iy Puods+2iy AigAsoA; exp[—i (AB + y Pio — y P3o) z],

where Pyy = Pjo + P3 is the total pump power, and AB = B3 + B4 — Bi — B». These
equations have the form of Eq. (A1.5) in Appendix 1, with coefficients p, = ps = y Py,
ry =2y Ajy Az, ¥4 = 2y A5y A10, and g2 = —q4 = AP + ¥ Pio — ¥ P3o. From these we
find the parametric gain coefficients through their squares,

2
@ =gl =g =4y’ PPy — [AB+v (Pio— Py)] /4. (3.105)

If we assume that Pjg = Py and AB = 0, we simply have g =iy P,y. As shown in
Appendix 1, the complex amplitudes of signal and idler (to within phase factors) are
then related by a unitary transfer matrix, i.e. we have

I:Az(z)i| _ |: cos(y Pyoz)  sin(y Pyz) ] |:A2(0):| ‘

Aa(2) —sin(y Pyz) cos(y Ppoz) | | 44(0) (3.106)

As a result, at the distance Lex = /(2y Ppo) we have A2(Lex) = A4(0) and A4(Lex) =
—A,(0), which shows that the two initial fields are exchanged and so are the corre-
sponding powers. This now provides full justification for the exchange terminology used
for naming this phenomenon [13]. Additional insights into its physical nature will be
provided in Chapter 9.

Six-wave model

In the preceding we restricted our attention to the interaction between four waves only,
namely, the two pumps, the signal, and the idler. In practice this can be well approximated
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Fig. 3.6 Frequency assignments for a two-pump OPA, with two sidebands around each pump.
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by placing the pumps and the signal appropriately with respect to each other and to the
ZDW. Under these circumstances, these four waves carry most of the power over the
entire fiber and other waves arising from four-wave mixing are poorly phase matched
and remain at negligible levels.

Under certain circumstances, however, some of these other waves may be well phase
matched and so may reach levels comparable with the signal and the idler. In such
situations one must take these waves into account to obtain an adequate description of
the situation. An example of such a situation occurs with a two-pump OPA when the
signal is close in frequency to one of the pumps, as shown in Fig. 3.6. Then two new
waves appear, located at ws and wg. Their origin can be understood as follows.

Since the signal is close to pump 1, efficient four-wave mixing (FWM) between these
two waves generates the wave at ws, which is symmetric to the signal with respect to the
pump, i.e. we have w3 + ws = 2w;. Similarly, since idler 1 is close to pump 2, efficient
FWM between these two waves generates the wave at wg, which is symmetric to idler 1
with respect to pump 2, i.e. we have ws + ws = 2w;.

Since w3 + wy = 2w, = w; + w, we also have ws + wg = 2w,, which shows that the
two new idlers are themselves coupled by the two-pump OPA process. Furthermore, we
also have ws — wswg — w3 = wy — wy, which indicates that the signal and the third idler
are coupled by a wavelength-exchange type of interaction, as are the first and second
idlers. Because of all these tight couplings when the signal is close to a pump, the signal
and the three idlers can grow together, with gains that are similar.

The six waves are coupled by the following system of equations:

dA | |
_ld—Zl = (2P0 — PI)AI + 2A3A4A;elAﬁ34lzz +2A5A6A361Aﬂ56122
+2A2A3AzeiAﬂ23”’z + 2A2A5AzeiAﬂzs14z +2A3A5ATeiAﬂ35“Z,
dA , |
_ld—Z2 = (2P0 — ]32)142 + 2A3A4A>lkelAﬂ34122 +2A5A6ATelAﬂ5mzz

+ 241 Ag A5 NP7 24y Ay A% M 4 D 4y Ag Ayl AP
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—i% = (2P — P3)As + 241 Ay A}’ P57 4 47 ALel Bt
+ 24, AgA3e' M7 4 2 A5 Ao Al Ao,

—i% = (2P — Pa)As + 241 Ay A3 P45 - 43 Afel Mz
+ 24, A5 A M5 4 2 A5 Ag Afe! AP,

—i% = 2Py — Ps)As + 24, Ay Aje’Pse? 4 42 ghel b
+ 241 Ag A5 AP 4 2 43 Ay AT AP,

—i% = 2Py — Ps)Ag + 241 Ay A%e P67 - g3 gyel Misz

+ 24y Ay A7 M7 2 43 4y At APriser,

(3.107)

where AByimn = Br + Br — Bm — Bn- From these equations we can derive equations for

the powers:

dPl . * g% i AB34122 - * g% i ABsgaz . * g% 1 AB23162

o = 2 Ay A AGAT P DA A AT AT 4 21y A AG AT P
+2i Ay As A} AT/ 8P317 12 A3 A5(AT) e MP17 e

dP : : ,

d—Zz = 20 Ay Ay A A5/ 8P007 4 i A5 Ag AT A5 M50 27 Ay A A A3e! APron?
+2i A1 Ag AL A5 8P157 121 Ay Ag(AS) e NP7 coc.

dP , 4

d_Z3 — 2iA1A2AIA§elAﬁ1234Z _’_I'A%A;A;‘elAﬁll}Sz
+2i Ay A A5 A5e/ 2P 2 A5 Ag AL A% M7 4 cc,

dP. : .

d_Z“ = 2i Ay Ay A5 AL NP 4 AT AE A AP
+2i Ay As AT A5 P59 21 As Ag A% A AP 4 coc,

dP. . _

d—ZS = 2iA) Ay AL AL NP7 4 43 45 AL MPssE
+2i A1 Ag A A5 BP157 12 A3 Ay A Ake'APse® e,

dP, . .

d_ZG — 2iA1A2A§AzelAﬂ125"Z —i—iA%AZAzelAﬁzmz

+2i Ay A3 A A5 AP 12 A3 Ag AL AL NP7 4 coc.

From these expressions it can be shown that

d d
—(PiL+Ps+ Ps)=— (P + P+ Ps) =0,
dz dz

(3.108)

(3.109)

which indicates that the total power of each pump and its associated sidebands remains

constant.

In addition, we have the following relationship between the powers of the sidebands:

d d
E(P3—P5)=E(P4—P6)-

(3.110)
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We also note that combining Eqgs. (3.109) and (3.110) leads to
d d d d
—(P1+2P)=—(P,+2Py) and —(P)+2Ps)=—(P,+2PF).
dz dz dz dz

Most of the eight distinct wavevector mismatches in Eq. (3.107) cannot be expressed as
even functions of w3 — w,, and therefore the signal gain spectrum generally will not be
symmetric about w,. This is in contrast with the gain spectra predicted by the four-wave
model, which are always symmetric. The asymmetries here will be most pronounced
near the pumps, where the two extra idlers have amplitudes comparable with those of
the signal and the first idler. This can readily be observed in Fig. 5.9.

We now consider only the small-signal case, because there is no known solution for
the case of pump depletion. When the pumps are much stronger than the sidebands we
can assume that their propagation is independent of the sidebands. Hence the pump fields
are calculated in exactly the same way as for a two-pump OPA with undepleted pumps,
Eq. (3.69). The pump amplitudes remain constant, and they experience phase shifts ¢
due to SPM and XPM. Specifically, we have

A(z) = Aroexp [iy(Pro + 2Pi0)z] = Aro exp(iep),

(3.111)
k=12, I=3—-k
The four sidebands are then governed by the remaining four equations, in which we
substitute the pump fields. It is also legitimate to neglect the last term in each of these
equations, as they involve only sideband fields and are thus very small compared with
the other terms.
The resulting equations have been studied in detail [14, 15], and it is known that
solutions can be found by assuming that the sidebands grow exponentially, i.e. that

Ai(z) = Ar(0) exp™*, k = 3—6, (3.112)

where the 1, are unknown propagation constants (wavevectors). This leads to a fourth-
order polynomial equation, which in general does not have simple closed-form solutions
and must be solved numerically.

Some simple solutions have been found for particular limiting cases [14, 15]. Here
we will limit ourselves to the case where the signal is very close to the pump, and there-
fore all the nonlinear interactions are well phase matched. Thus all the exponentials in
Eq. (3.107) are replaced by unity, and we obtain

—i% = 2Py A3 + 24, Ax A} + AT A% 424, Ag 45,
. dA4 * 2 4% *
—i—> = 2PyAs + 2414245 + A5 A + 24, A5 A7,

dA

dA
—id—; = 2P)Ag + 2A1 Ay A% + A3 A% 4+ 24, A5 A% (3.113)
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Substituting the expressions for the pump fields we obtain

dA A |
_id—; = 2Py A3 + 2A10Ap A3 )+ A A5

+2A10A§0Aﬁei(‘pl_‘”2),

dA | |
_ld_Z4 =2PyA4s+ 2A10A20A§el(‘ﬂl+¢2) + A%OAZeZNpZ
+2AT0A20A5ei("’2_“"),
'—dAS * ol (@1+92) 2 g*.2ig
—1 17 = 2PyAs +2A10A20A66 —+ A]0A3e
+2A10A§0A4e"(‘/’1*<ﬂ2)’
—dA6 =2PyA 2A10A-0 A% i(p1+¢2) AZ A* 2igy
—igz = 2hdet 2dodndse + Ajodse

+ 247 Azg A3’ @9, (3.114)

The exponentials can be eliminated by making the changes of variable 43 = B3e'?',
Ay = B4€e'?, As = Bse'¥', and Ag = Bge'#. Upon complex conjugating the second and
third equations, we obtain

B3 AIOATO 2A410A420 A%O 2A10A§0 B3
A Bi| | 24idy  —Awdy, 24043, 45 || B
dz | B¥ 4 —A4*2 —2A%, Ay — Ao A —2A4% A% B*
5 10 10 10 10420 5
Bg ZATOAZ() A%O 2410420 AZOA;O By
B
B*
=N 4 3.115
BS* 9 ( )
Bs

which has the form d B/dz = NB, where B is the column vector in Eq. (3.115). Since
N is a constant matrix, the solution is

W Z')m 3(0). (3.116)

m

B(z) = exp(Nz) B(0) = i

m=1

It can be shown that N2> = 0. Therefore Eq. (3.116) reduces to
B(z) = (I + N2)B(0). (3.117)

This shows that in this situation the OPA has a field gain that is linear in z (and a power
gain that is quadratic in z), for all four sidebands. This is in contrast with the four-wave
model for a two-pump OPA, which generally predicts an exponential gain near the pumps.
This linear gain is similar to that which exists near the pump in a one-pump OPA.
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Let us now assume for simplicity that the two pumps have zero initial phases, so that
Ao = A/ Pio and A9 = +/ P>y. Then N can be rewritten as

Py 2/ P1o Py Py 2/ P1o Py
N=iy —24/ P1o Py — Py —24/ P19 Py — Py (.118)
— Py —24/ P19 Pyy —Pio —2/PoPy | .

2/ Pio Py Py 24/Pio Py Py

In the common situation where only a signal at w; is present at the input, we obtain
B3(z) = (1 + iy P1oz) B3(0),
Bu(2) = 2iy /P10 Pz B3(0),

. (3.119)
Bs(z) = iy Pz B5(0),
Bg(z) = 2iy / Pio P20z B3(0).
From Eq. (3.119) we obtain the expressions for the power gains:
Py/Py = 1+ (y Pioz)’, Py/ Py = 2y~ PioPyz)’, (3.120)

Ps/ Py = (y P1oz)%, Ps/ Py = (2y+/ PioPrz)*.

These relations show that the sidebands of the first pump grow at equal rates, and that
this rate is the same as if the second pump were absent. The sidebands of the second
pump also grow at equal rates, but these growth rates are generally different for the two
pumps. We also have P; — Ps = P3g and Py — Ps = 0, so that Eq. (3.110) is satisfied.

The different growth rates of the pump sidebands can also be understood as follows.
The signal and pump 1 together can be viewed as pump 1 with intensity modulation (IM).
As the waves propagate, this IM does not change but generates imaginary sidebands for
the two pumps, which can be interpreted as SPM for pump 1 and XPM for pump 2. The
factor 2 in the second and fourth lines of Eq. (3.119) corresponds to the ratio of the XPM
and the SPM for parallel linear SOPs.

From Eq. (3.119) we can also write the expressions for the By as

By = Aso +iyz(Piolio + 2v/ PioPao o). (3.121)
By = Ago +iyz(Paliy + 2/ PioPol}y), (3.122)
Bs = Aso + iyz(Piol}y + 2/ Pio P 3y), (3.123)
Bs = Ago + iyz(Paol + 2y/ PioPaolio), (3.124)

where I1g = A30 + A%, and Iy = A}, + Aeo are constants. We note that B3 + B = I
and B4 + B{ = Iy; this shows that, for each pump, the sum of one sideband amplitude
and the complex conjugate of the other sideband amplitude is an invariant.

An interesting consequence is that if initially pump 1 has frequency modulation (FM)
and pump 2 has no modulation then 439 + 4%, = /0 = 0and B3 + B = I}y = 0, which
implies that pump 1 can have only FM at any point along the fiber. Pump 2 acquires no
modulation at all.
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Also, if initially pump 1 has amplitude modulation (AM) and pump 2 has no modula-
tion then pump 1 keeps the same AM but acquires growing phase modulation (PM), by
SPM. Pump 2 acquires FM only by means of XPM. So, all these results are in agreement
with our expectations concerning SPM and XPM.

The presence of the low-gain regions near the pumps restricts somewhat the range
over which the gain spectra predicted by the four-wave model are applicable. When the
pump spacing is large, the impact is rather limited [16]. However, for smaller spacings
the gain dips can be significant. Their widths are similar to those of the one-pump
OPA gain spectra associated with each pump. Examples of these spectra are shown in
Chapter 5.

We note that the idlers at w, and ws are complex conjugates of the signal. However, the
idler at wg is proportional to the signal itself; this can be used for obtaining wavelength
conversion without phase conjugation or spectral inversion.

A number of interesting phenomena occur when the pump spacing becomes even
smaller. Then significant FWM can take place between the two pumps, which can create
one or more pairs of additional pumps. All these pumps then divide the spectrum into
bands of equal width. If a signal is introduced in one of these bands then one idler is
created in the same band and two in all other bands. This type of arrangement can therefore
be used for generating multiple copies of a signal, or multicasting [17]. Of course, the
six-wave model is no longer sufficient to analyze this situation, the complexity of which
indicates that it is probably best to use the nonlinear Schrédinger equation (NLSE) to
investigate it (see Chapter 6).

Theory for one-pump OPA
Pump depletion

Pump depletion in one-pump OPAs was first investigated by Chen and Snyder [6]. Cap-
pellini and Trillo then investigated the stability of the solutions [5]. The treatment pre-
sented here parallels that of subsection 3.5.1. We thus refer the reader to that subsection
for further details. The starting point is three equations obtained in Section 3.3:

d4 4 :
i = AP A+ 2Y AP A+ 24545470, (3.125)
k=3
dA 2 . 2 2 iABZ
—i—— = AP A2 Y AP+ (AP ApeT A,
dzZ et
1=3,4, k=7-1, (3.126)

where AB = B3 + B4 — 281. Multiplying Eq. (3.125) by 47 and Eq. (3.126) by A;
leads to

dA .

—id—ZlA’f = Py(2P) — Py) + 2P,/ Ps Pse”, (3.127)
dA .

—id—ZlA}" = P2Py— P)+ P\\/PsPye ™,  1=3,4, (3.128)
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where 0 = ABZ/y + 63 + 64 — 26, and Py = P, + P; + P,. Equations (3.127) and
(3.128) lead to

dP dPs dPy )
—=-2—=-2—=—-4P\/P;P. 0. 3.129
iz iz iz 1y £3fa sm (3.129)
Equation (3.129) implies that the powers of the three waves have the forms P, = P;(0) —
2x, P3 = P3(0) 4+ x, and Py = P4(0) + x; thus when the pump releases two photons, the
signal and the idler each gain one photon.
Equation (3.127) also yields

dAr dA d
i ( Ly, — —IA’I‘) - 2P1% — 2Pi(2Py — P) + 4P,y/P; Py cosf. (3.130)
z

dzZ dzZ
Hence
do,
ﬁ =2P0—P1+2\/P3P4 cosf. (3131)
Similarly, we obtain
de P,
2Py — P+ /PPy cosh,  [=3,4. (3.132)
dzZ P,
Then
do d AB
— = —(03+64—20 —
17 dZ( 3+ 64 1)+ y
AB

= +2P = Py — Py + Piy/ PPy (P + P —4P ) cosh.  (3.133)

We also have

de  dodx do . d(cos )
@ _dvax Y, PP sing = —2P PP . (3.134
dZ dxdz dxo lvo3masm BT (3.134)

Substituting in Eq. (3.133), and using the facts that dP;/dx = —2 and dP;/dx =
dPy/dx = 1 leads to

A d
i +2P — Py —P4~|—2d—(P1,/P3P4 cosf) = 0. (3.135)
y X
Integrating both sides with respect to x, we obtain
A
<—'B +AP()))C —3x2+4\/P1P2P3P4 cos 6 :Kl, (3136)
14

where APy = 2Pjy — P3o — Pso and K| is a constant given by

K1 = 2P1g/ P3oPao cos(639 + 010 — 2610)- (3.137)
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Eliminating 6 in Eq. (3.129) by using Eq. (3.136), we obtain

dx

77 2P/ P3Py sinf = 2P1\/P3P4(1 —cos?f) = 2\/h(x), (3.138)

where
h(x) = (Pio — 2x)*(P30 + x)(Pao + x)

[0 (5 van) o]
—— K== 4+ APy | x +3x7] . (3.139)
4 14

We find that C2 = 7/4. The solution for x(Z) then proceeds as in subsection 3.5.1, but
with the constants

APy =2Pyo — P30 — Py,
Ky = 2P1ovy/ P30 Pao c08(830 + 010 — 2010),
Co =17)2.
Equations (3.62) and (3.63) can be used as before but with appropriate values for the
roots of /(x).
Let us consider the possibility of obtaining complete pump depletion with a one-pump

fiber OPA. Then necessarily Pjy/2 must be a root of #(x) = 0. Let us also assume that
there is no idler at the input, so that K; = 0. Then we must have

AB 3
—|\ — +2Pi0o— Py )+ 5P0=0,
y 2
or AB = y(Pso — Pio/2).

With no idler at the input, x = 0 must be a root of 4(x), and so g(x) = A(x)/x is a
third-order polynomial of the form g(x) = ax® + bx* + cx + d, where

7 5 3AB
= -, b=—-—P;— P -,
a= 5 130 10+2 ”
1 /A ?
C=P120—4P1()P3()_Z<7ﬁ+2P10_P30> s d=P120P30.

The roots of g(x) can then be found by means of the Cardano solution, as in subsection
3.5.2.

No pump depletion
We now neglect the XPM and FWM due to the signal and idler in Eq. (3.125), which
then reduces to
d4; . .
—:l}/PlAlzlplAl, (3140)
dz

where p; = y P;. Equation (3.140) has the solution

A1(z) = A1(0)eP. (3.141)
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Similarly, neglecting the signal and idler SPM and XPM in Eq. (3.126) leads to

dA
d—" = ip Ay +ir Al expiQpr — AB)z,  k=3,4, I=T—k (3.142)
z
pr =2y Py, qr = 2p1 — AB, re = y[41(0)]%, (3.143)
k=34, 1=7—k,

where AB = B3 + B4 — 2.

We note that Eq. (3.142) has the same form as Eq. (3.71) for the two-pump OPA,
provided that we let p, = p; and B, = B;. It follows that the solution of two-pump OPA
equations presented in Egs. (3.71)—(3.82) holds for a one-pump OPA as well, with the
appropriate expressions for r and AS.

For a one-pump OPA we have gn,x = v P; and ABn. = 2y Py, while for a two-pump
OPA with P = P, = P;/2 we have gn.x = ¥ Py and ABnp = y Py. Hence a one-pump
OPA and a two-pump OPA with the same total pump power have the same maximum
gain, but it is obtained for different values of A = —AfBnL.

Although they have the same maximum gain for equal pump power, one- and two-
pump OPAs generally have different gain spectra, owing to their different expressions
for ABnL and ABS. The shape of their respective gain spectra will be studied in detail in
Chapter 5.

Loss, no pump depletion

In subsection 3.5.4. we calculated the gain in the presence of fiber loss for both the
one- and two-pump cases. In the case of a one-pump OPA it can be shown that u = 0,
Zy = 0, and « is infinite. Then M(a, b, Z) can be expressed in terms of modified Bessel
functions 7 by taking suitable limits [7].

An alternative approach, which directly leads to the Bessel functions J, is obtained by
going back to Eq. (3.83) and letting n, = 1 as well as P19 = Py = Po/2 [18]. Then

p= i% + 2y Pye™ %%, q =ia+2yPee™™ — AB,
r=1yP, Kk = —ia+ AB + 2y Pye™*. (3.144)
Equation (3.87) then reduces to u = 0, v = —ABy Py, and w = (a + i AB)? /4, so that
2Xz) = (@ +iAB)* /4 — ABy Pye ™. (3.145)
Making the change of variable

7= 2 (ABy Poe™)' 2,

Equation (3.86) becomes

d>Di(Z dDi(Z
z? d;g ) 1z d"; )+(Z2—v2)Dk(Z)=O, (3.146)
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where Di(Z) = Ci(z) and v = 1 + i AB/a. Equation (3.146) is Bessel’s equation [7],
hence Dy(Z) must have the form Dy(Z) = UJ,(Z) + ViJ_,(Z) where Uy and V are
constants to be determined from the initial conditions, which are Dy(Zy) = Cy(0) =
A(0) and

2 2
Di(Zo) = —a—ZOBck(O) +rc,*(0)] - —a—ZOBAk(O) +rA}k(0):|. (3.147)

The solution for the idler field (k = 4) is relatively simple if no idler is present at the
input, i.e. A4(0) = 0. Then the equations for U, and V4 are

Dy(Zy) = Uy (Zy) + Vad_,(Zy) = 0, (3.148)
2r
Dy(Zo) = UsJ)(Zo) + VaJ' [(Zo) = —EAEF(O)- (3.149)
0
The solution is
2r J_,(Z
Uy = A3(0) ——~ W(Zo)
C(ZO WBess(ZO)
2r J(Zy)
Vy=— 3( )
aZy WBess(ZO)

where Wgess(Z)) is the Wronskian of the Bessel functions J,(Z) and J_,(Z) at Z, i.e.

, , 2sin(wv)
WBess(ZO) = Jv(ZO)J—u(ZO) - J—V(ZO)JV(ZO) = _TZO (3150)
We can then write
iy P
Du(Z) = — L [J(Zo)I(Z) = T (Z) D] A50),  (315D)
a sin(rv)
z _"_ _"_ *
A4(2) = Dy(Z) exp [ / (%) ds}
£=0
_iny B iNBz . I —e™
" asin(rv) xp| Tz 2 o
) [J(Z0)I-o(Z) = J-(Z0)J(Z)] 43(0). (3.152)
The idler power gain (or conversion efficiency) can then be calculated as
As2)
G =
S
my Py ?
= 727 | P [J(Z0)J_u(2) — J-(Z0)Ju(2)]] - (3.153)
o sin(v)

To calculate the signal gain directly, it is necessary to go back to Eq. (3.147) and write
down the initial conditions for the signal, which are more complicated than for the idler,
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since the signal is present at the input. They are

Ds(Zp) = C5(0) = 43(0), (3.154)

2 [vtie r (v + i£)45(0)
3(Zo) Z [ > 3(0) + . 4(0)} Ze , (3.155)

where ¢ = 2y Pjo/«. Hence the equations for Us and V3 are

D3(Zy) = U3 J,(Zo) + V3J_,(Zy) = A3(0), (3.156)

1£)A3(0
Di(Zy) = UsJy(Zo) + V3J. (Zo) = —w. (3.157)

0

The solution of these equations leads to the signal power gain
2

A
Gi(z) = Ajg);
2
A 20z L . ,
TeinGeyy | L0+ 10 (Z0) + Z0J(Z0)] Ju2)

— [ +ie)J,(Zo) + € ZoJ)(Z0)] J-o(Z)*].  (3.158)

Expressing the derivatives of Bessel functions in terms of Bessel functions leads to the
alternative form
2

Gi(z) =72 |[ieJ-u(Zo) = ZoJ-+1(Z0)]Ju(Z)

2 sin(mrv)

—[ieJu(Z0) + ZoJv1(Z0)]|J_(Z)[*. (3.159)
As in the two-pump case, G3 and G4 must satisfy the relation
G3(z) = G4(z) + 7. (3.160)

Substituting Egs. (3.153) and (3.159) into Eq. (3.160) leads to a non-trivial identity
between Bessel functions.

Raman gain, no pump depletion

Until now we considered that the fiber nonlinearity governing parametric interactions
is purely electronic in origin and that it can be described by a single real constant y. This
is only an approximation, because in fibers stimulated Raman scattering (SRS) is always
present to some extent. Here we are going to include SRS in the basic OPA equations
and see under what circumstances it significantly modifies the gain expressions that we
obtained previously.

Stimulated Raman scattering is characterized by the third-order susceptibility Xl(z3)(9)’
where Q2 = w3 — w; and w; and w3 are the pump and signal frequencies; respectively;
X1(13)(Q) is proportional to the Fourier transform f(¢) of the time-domain response in
SRS which is normalized in such a way that f_oooo f()dt = 1[19]. In silica fibers f(¢)
has a width of the order of tens of femtoseconds, which leads to a Raman gain spectrum
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several terahertz wide (tens of nanometers). When f'(¢) is real, X1(13 )(Q) has Hermitian
symmetry, i.e. x5 (—2) = [x ()]

The part of the nonlinearity that is purely electronic in origin is described by x; it
can be assumed to be constant, because the electronic response in the time domain is
nearly instantaneous. It is convenient to define the ratio of these two susceptibilities as

X(Q)

8(Q) =
"

(3.161)

A number of authors have investigated aspects of the interaction between the parametric
gain and the Raman gain, using different basic equations [9, 20-25]. Here we are going
to follow the model of [21], which has recently been used for studying the Raman
contribution to the OPA noise figure [23]. Assuming that the pump is not affected by the
signal and idler, the pump equation is

dA

d—zl = iy [1 + 8(0)] P4, (3.162)

where y, is the fiber nonlinearity coefficient, which accounts only for the electronic
nonlinearity. The solution is

Ai(z) = A1(0) exp {iye [1 + 8(0)]Proz}. (3.163)

When the pump signal is traveling in isolation its power cannot change, and this implies
that §(0) must be real.

It is important to note that Eq. (3.163) indicates that the pump experiences only
SPM, with effective nonlinearity coefficient y = y,[1 + 8(0)]. In practice, the fiber
nonlinearity coefficient is measured by performing SPM or XPM measurements, which
necessarily yields y as the result, not y.. In fact measuring y. alone is not a simple
matter.

The signal and idler equations are

dd; .
—= ive[2 + 8(0) + 8(2)] P10 43
+ive[1 + 8(Q)]Pio 4 exp[i(—AB + 2y Py)z], (3.164)
dA
d—z“ = iye[2 + 8(0) + 8(—=2)] Pio A4

Five[l + (=) P1oA3 expli(—AB + 2y Pro)z], (3.165)

where Ap is the usual wavevector mismatch. Equations (3.164) and (3.165) constitute a
particular case of the general set of coupled equations studied in Appendix 1 for which
the coefficients are given by

p3 = vel2+6(0) + 8(2)] Pro, (3.166)
g3 = 2yPio — AB, (3.167)
r3 = e[l 4+ 8(2)] Pro, (3.168)
P4 = Yel2+8(0) + 8(—€2)] Pro, (3.169)
qa =2y Pio — AB, (3.170)

ra = vell + 8(= )] Pyo. (3.171)
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Therefore the solution of Egs. (3.164) and (3.165) can be found simply by substituting
these coefficients into the general solution given by Eq. (A1.22) of Appendix 1.

Loss, Raman gain, no pump depletion

In the presence of distributed fiber loss and Raman gain, the one-pump OPA equations
need to be modified.

(@ Pump equation
The pump power is reduced only by the fiber loss and therefore varies as P (z) = Pjpe™*.
The pump-field equation then becomes
dd,
=
which has the solution

—%—i—i)/Pl)Al - [—%—i—inloe_‘“]Al (3.172)
az
Al(Z) =4/ P10 €xp (—7 + l]/PloLeff), (3173)

where

z ] —e
Ler = / e dE = —— .
§=0 o

(b) Signal and idler equations
Using Eq. (3.173) we can write down the signal and idler equations:

dA o
T2 = T A+ 2y Pioexp (—az)4s
dz 2
+i)/34P1() eXp (—OlZ — ZAﬁZ + 2i)/P10Lef}‘)A*, (3174)
dAs

o
= —— A4+ 2iysProexp(—az)dy
dz 2

+ i)/43P1() €Xp (—OtZ — iA,BZ + 21.)/P1()Leﬂ‘)A§, (3175)

where ¥ = ye[1 +38(0)], v33 = 7e[2+8(0) +8(2)1/2, y3a = e[l + ()], yas =
Yel2 +8(0) + 8(=£2)1/2, and ys3 = ye[1 4 8(—£2)].

We see that Egs. (3.174) and (3.175) are of the same general form as Eq. (A1.5) in
Appendix 1, with

1404 —az . —az
Pk = = + 2y Proe™™, qr = io — AB + 2y Proe ™, e = Vi Pro

2
(3.176)
k = 3,4,] = 7 — k. From these we obtain
Ky = —ia + AR+ (vu + vj) Proe™™,
Ky = —a(yu + i) Proe™ ", (3.177)

where we have made use of the fact that 2y, — y = . Following Appendix 1 we find
that

4gi = (a +iAB) — (vu — Vi) Ploe™™* = 28B(vu + vj) Proe™*. (3.178)
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—Qaz

We see that g7 is a second-order polynomial in €%, as in subsection 3.5.4. From this we
conclude that the gain can be expressed in terms of confluent hypergeometric functions.
Because of the complex nature of such functions, we do not write down the full solution
here.

The solution is somewhat simpler if it can be assumed that §(£2) has Hermitian sym-
metry. Then we have

Vil = Vs (3.179)

so that g7 reduces to
gt = (@ +iABY/4 — AByu Pioe ™. (3.180)

We see that g,f has the same form as in Eq. (3.145), except that y is replaced by y .
Thus the solution will be similar, involving Bessel functions. However, because there is
no longer a single value for y the appropriate coefficients must be used at each step, and
they are in general different for the signal and idler equations.

We now make separate changes of variable when solving for the signal or the idler:

2
Z [AByuPoe?]"? and  Du(Zy)=Cuz), k=34 (3.181)

o

The initial conditions for Dy(Z;) atz = 0, i.e. at

— % 1/2
Zyo = » (AByr Po) 7,
are

Di(Zio) = Ci(0) = A44(0),
, 2 [v+isg
Di(Zro) = ——
(Zko) Zr0 [ 3
2 v+ieg
Z1o 2

Ci(0) + r—"Ci‘(O)}
o

_ A:(0) + %A;‘(O)} , (3.182)
where g, = 2y Plpandv = 1 + i AB/«a isthe same as in the Raman-free case. Assuming
as usual that there is no idler at the input, the solution then proceeds as in subsection
3.6.3, from Eq. (3.149) to Eq. (3.159). The only difference in the calculations of the
idler conversion efficiency G4(z) and the signal gain G3(z) is that the proper subscripts
should be used. The result is

2

Tya3 Po [Jo(Za0)T-o(Z3) — J-(Za0) Ju(Z3)]| - (3.183)

G4(Z) — 672012 T
o sin(rv)

Similarly, the signal power gain is

Gi(z) = e ~

2 sin(mrv)
X |[i83J_V(Z30) - Z}OJ—v+1(Z30)]Jv(Z3)
— [ie3u(Z30) + ZOJv—l(Z3O)]J—v(Z3)’2‘ (3.184)
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A major difference between this derivation and that in subsection 3.6.3 is that in the
presence of Raman gain the relation between signal gain and idler conversion efficiency
used in subsection 3.6.3, namely

G3(2) = Ga(z) + 7%,

is no longer valid. The reason is that the Raman gain introduces an asymmetry between
signal and idler, so that they no longer gain photons at the same rate.

Case of no dispersion with loss

In the preceding sections we have studied the solutions of the OPA equations for various
numbers of waves: three waves for the one-pump OPA and either four or six waves for
the two-pump OPA and wavelength exchange. In all these cases, when there is no loss
and no dispersion all the AB’s vanish, and the basic equations are all of the form

dA,
=iy (2ZAkA,t - AnA:) An+iy Y DumAcAi 4, (3.185)
k k,,m

where the summations contain a number of terms and Dy, = 2 (1) if the corresponding
FWM term is degenerate (non-degenerate).

In the presence of loss, the latter being assumed the same at all wavelengths, Eqs.
(3.185) are replaced by

dA, o
=——A,+iy|2) ArdA;— A, A5 ) A, +i Dyym Ax A1 A%, 3.186
Sty (S - ) iy 3 Dt G5
Making the transformation
By = A/, for all k, (3.187)

Eq. (3.186) can be rewritten as

dB,
=iy (2) BiB; — B,B}| B, +iy Y _ DumBiB/B},,  (3.188)
dLeff k k,,m

where

L= =" (3.189)

o
We see that Eq. (3.188) has exactly the same form as Eq. (3.185). Also, Eq. (3.187) shows
that By and A; have the same initial conditions at z = 0. As a result, the solution of
Eq. (3.188) for By is the same of that of Eq. (3.185) for 4, (with the variable z replaced
by Les). Therefore, if we know the solution for a particular situation in the absence of
loss, we can immediately infer the solution in the presence of loss, by making use of the
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exponential transformations of Egs. (3.187) and (3.189). More explicitly, if the solution
for A in the absence of loss is Ag(z) then in the presence of loss it is

1 —e 2
Ap(z) = e /2 4° (—e> . (3.190)
o

This transformation holds when dispersion does not play a role in the interaction between
a number of waves. For four waves, this implies that A = 0; the latter holds automat-
ically if the waves all have the same frequency (or nearly so) but can also occur with
distinct frequencies, particularly for wavelength exchange. For more than four waves,
dispersion effects can be neglected only if all have nearly the same frequency or if the
fiber dispersion coefficients actually vanish.

Important applications are:

1. one-pump fiber OPAs when the signal is close to the pump;

2. degenerate fiber OPAs, i.e. fiber OPAs for which the signal and pump frequencies are
identical (see Section 3.8);

3. wavelength exchange.

The case of wavelength exchange is particularly interesting. Applying Eq. (3.190) to
Eq. (3.106), we see that the interaction is still governed by sine and cosine functions and
so the signal power still vanishes at particular distances. This indicates that complete
exchange can still be obtained in spite of the loss. Of course ‘exchange’ here has a
somewhat different meaning because of the attenuation experienced by the waves. Hence
we can no longer look at this as lossless photon-by-photon exchange, but we can still
talk about the exchange of signal modulation in a classical sense.

Another interesting aspect of this is that the same reasoning also holds if « is negative,
i.e. if there is some other gain mechanism in the fiber. In particular, if signal and idler are
close together, on the long-wavelength side of the pumps, they will experience essentially
the same Raman gain and so an exchange of signal modulation will still be achievable
with good extinction ratios.

Solutions for degenerate OPAs

The completely degenerate case, where signal, pump, and idler have the same frequency,
as well as the same SOP, is very interesting. The main reason is that it can be shown that
under ideal circumstances its quantum-limited noise figure can be 0 dB, as compared
with 3 dB in the case of a non-degenerate OPA with only signal at the input (see Chapter
9). This remarkable feature could in principle be used to lessen the degradation of a signal
as it propagates along an optical transmission line and experiences periodic amplification
to restore the signal weakened by transmission fiber attenuation.

A related feature is that a degenerate OPA can also generate squeezed light (i.e. light
whose amplitude fluctuations in one quadrature are smaller than for a coherent state)
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or vacuum fluctuations. This feature also offers interesting prospects for improving the
characteristics of communication systems or of very accurate optical sensors, such as
those used for detecting gravitational waves [27].

It is thus of interest to investigate the gain properties of such OPAs from a classical
standpoint. It is tempting to obtain an expression for the gain of a degenerate OPA by
taking the limit of the gain of a nondegenerate one-pump OPA, by replacing w; and w,
by w,. However, there are two problems with doing so.

1. In the basic equations for the non-degenerate OPA there are terms corresponding
to both SPM and XPM, with coefficients that differ by a factor 2. But when all
frequencies become the same, the use of XPM is no longer justified and therefore one
should revisit the basic equations, which will lead to a modified gain expression.

2. When all three waves have the same frequency and the same SOP in the fiber, they can
no longer be distinguished by using these characteristics. From a practical standpoint,
this also means that one can no longer use the same components as in nondegenerate
OPAs to combine and separate the waves before and after the OPA. Specifically,
components such as WDM couplers cannot be used.

Mach-Zehnder interferometer

The standard way to get around the problem described above is to use an interferometer,
for example a Mach—Zehnder interferometer (MZI) [28]. As we will show below, one
can then inject the pump and the signal separately into the two input ports and obtain an
amplified signal at one of the outputs (when the MZI is properly balanced). The pump,
slightly depleted by the power gained by the signal, emerges from the second output.
There is no longer a separate idler to speak of in this case. Clearly this situation is more
complex than for a non-degenerate OPA, since we must now consider the simultaneous
propagation of signal and idler in the two arms of the MZI, not just in a single fiber.

Let us then consider the MZI of Fig. 3.7. We assume that all the fields have the same
frequency w. Hence any electric field £ can be written in terms of its complex amplitude
A, as follows.

E(t) = %[A exp(—iot) + A* exp(iot)]. (3.191)

Because the time dependences are the same they can be suppressed, and we can use
equations that contain only the various 4’s.

The pump field A, enters the lower input port while the signal field Ay enters the
upper one. These fields get mixed by the first 2 x 2 coupler, which we assume to be
lossless and to divide each input equally between its two outputs. Hence we assume that
the fields at the upper and lower outputs of the first coupler are respectively given by

Ao + A Apo — A
Aot Ao g 4= 0 A0 (3.192)

=5 NG
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ApO + ASO . .
Ay A, = 5 Ay = e~ ei®1 (4 cos @, +idy) sin D)
St
A= Ap0 ~ 40 072 oi® id s
Ao ] As=e e'®1(4gp cos @, + iy, sind,)

Fig. 3.7 Schematic of the nonlinear Mach—Zehnder interferometer with nonlinear arms.

The two arms of the MZI have the same length L and are made of nonlinear fiber,
with nonlinearity coefficient  and power attenuation constant ««. The field in each arm
experiences attenuation and a nonlinear phase shift due to SPM only. Thus the fields at
the inputs of the second 2 x 2 coupler are

, ol . *
Au = Ay exp —7 + l)/LeffAuAu ’
(3.193)
, al ¥
Al = Ajexp (—7 + l)/LeffAlAl) .

The second 2 x 2 coupler is identical to the first, and so its upper output is given by
4= AL+ A4
p \/E
e M2 [Ayexp(iy Lo AuAy) + Arexp(iy LerAi47)]

|
Sl -

iy

L
f“”{mw+Awnm[ ;ﬁAW+Amuw+Amﬂ (3.194)

N =

iVLeff *
+ (dpo — Ao)exp | == (po — Au0)(Apo — Aw)” | 1.
= e 4L (4 cos Dy + i Ay sin D)

where

_ YLew
2

_ YLew
2

CD] (APOA;O + ASOA:()) and @2 (ApOA:O + AsOA;())-

(3.195)
Since the signal and pump play similar roles in Fig. 3.7, the expression for 45 (which
emerges from the lower output) is obtained by exchanging s and p in Eq. (3.194), i.e.

Ay = e 21 ( 4 cos @y + i App sin ). (3.196)

We note that, taken together, Eqs. (3.194) and (3.196) can be rewritten as

As —aL/2,i® |: Ag :|
=e e U s 3.197
|:Ap1| ApO ( )
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where U 1is the unitary matrix

B [cos@z isind:'g} (3.198)

" |isin®, cos®,

It is interesting to note that this type of matrix is the same as that representing a lossless
passive 2 x 2 coupler with an arbitrary coupling ratio. However, the coupling ratio of
the MZI depends on 4y and Ay, and therefore on the signal and pump powers as well as
on their relative phase difference.

We see that when the pump is off ®, = &, = 0 and therefore 4, = e %%/? 4; thus
the MZI is well balanced and all the attenuated signal power emerges from the lower
output. When the pump is on the output signal is modified, and we define the signal gain
of the MZI as

A A
hy = e i = e¥L/2 <cos @, + i sin d, APO) : (3.199)

A sO sO

The signal power gain G5 = hgh} is then given by

P, P
G, = e L | cos® @, + sin® d>2—p0 — 2 sin @, cos P, “0 gin D ), (3.200)
PSO PsO

where Py = ApoApyand Py = A A5, arerespectively the signal and pump input powers
and g = @,y — Dy is the phase difference between the pump and signal at the input.

(Note that we have removed e *®' from the definition of %, because it has unit mag-
nitude and thus does not affect the power gain. However, if @, is large and has rapid
variations then e~*®' will correspond to large phase variations and therefore spectral
broadening; in that case, it might be useful to reintroduce it into the definition of 4s.)

Equation (3.200) is exact, regardless of signal and pump powers, initial phases,
fiber length, etc. An important particular case is that of a small signal and a pump
power sufficient to provide moderate gain. We then assume that ®, << 7 and linearize
Eq. (3.199). This yields

A
hy ~ e 9L/ (1 +id, p°>
AsO

=e 21 +i®e'™ cos @) (3.201)
and
Gy~ e " [1 4 (@ cos Dy)* — 2 cos D sin Py |, (3.202)

where ® = y PyLcsr is the pump’s self-phase shift (the shift if all its power passed
through a single fiber). Equation (3.202) shows that G, ~ e %" if ®y = /2, so that
there is essentially no signal gain (or attenuation other than fiber loss) in that case. If
®y = 0, however, then G, ~ e~%*(1 4+ ®?), which can be large: for example, if & = 3
and o = 0, Gy ~ 10 (i.e. 10 dB), which is substantial.
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Closer analysis reveals that the gain extrema are reached for values of @ that are
slightly away from 0 and /2. The maximum gain is close to e~*?(1 4+ ®2) but the
minimum gain is much smaller than e™**. To show this, let us study the dependence of
G on @, as follows. The locations of the gain extrema are obtained by setting

dGS —az 2 o
T = e [—CID sin(2®) — 2P cos(Zd)o)] =0, (3.203)
0
which leads to
2
tan(2Pg) = s

cos(2®dg) = + sin2d,) = F (3.204)

1 1
J1+4/0% V1+a%/4
Note that the two possible values of @ are exactly 7 /2 apart. They are said to correspond
to two signal quadratures, respectively having maximum and minimum gain.

Let us now assume for simplicity that « = 0. The gain extrema are then given by

G —1+q)2 14 1+ 4 (3.205)
= 2 o2 | '

Here G corresponds to the quadrature that is nearly in phase with the pump while G _
corresponds to the quadrature that is nearly 7 /2 out of phase with it. It can be shown that
G,.G_ = landthat G, ~ 1 + ®> Hencewehave G_ ~ 1/(1 + ®?), which canbe very
small compared with 1. This is interesting, because it means that for that particular value
of @ the signal is attenuated rather than amplified by the pump. Since this attenuation
is also applicable for noise in phase with that particular signal, this phenomenon in
principle provides a means for attenuating noise below the input level. If the input signal
is a coherent state or a vacuum state with minimum fluctuations set by the uncertainty
principle at the vacuum level, the output fluctuations will be reduced below that level
and are said to be squeezed, as mentioned earlier. According to the preceding analysis,
fluctuations can be squeezed by a factor equal to the reciprocal of the maximum gain;
in practice this could correspond to tens of decibels, since such gains can readily be
obtained in fiber OPAs.

If « #0, G4 and G_ are obtained by multiplying the preceding values by e™*.
However, the discussion concerning squeezing becomes considerably more complicated,
because the presence of loss in a fiber can be shown to introduce additional field fluc-
tuations, distributed along the fiber length. Hence one cannot simply multiply the input
vacuum fluctuation power by G_ to obtain the output power of the fluctuations of the
squeezed quadrature.

Sagnac interferometer

The MZI architecture shown in Fig. 3.7 has a major drawback. If implemented by means
of fibers, the upper and lower arms may experience changes in optical path length due
to variations in temperature, stress, acoustic vibrations, etc. Therefore the difference in
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their optical path lengths may fluctuate randomly over time. This would be unacceptable,
of course, because the desired expression for the outputs, given by Eq. (3.197), holds
only if the correct phase relationship exists between the two arms. Thus, while the MZI
is a convenient tool for understanding how the amplified signal can be extracted with an
interferometer, it is not used in practice because of this stability issue.

One way to avoid this instability is to use a Sagnac interferometer (SI), which simply
consists of a 2 x 2 coupler with its two outputs connected to each other, forming a loop.
Feeding light into the inputs then creates waves that travel in opposite directions within
the loop. The equations work in a manner very similar to those for the MZI, and one can
again separate the amplified signal. The main advantage of the SI is that, because the
counter-propagating waves travel along exactly the same path, any phase shifts due to
environmental changes are the same in both directions and therefore have no net effect
on the output signal. For this reason, SIs have been used for demonstrating amplification
or squeezing in degenerate fiber OPAs.

A possible drawback of the SI architecture is that the counter-propagating waves
influence each other. This is not present in the MZI, where the evolution of the field in
each arm takes place independently of what happens in the other arm. In the SI, a wave
traveling in one direction experiences a phase shift due to the wave traveling in the other
direction. If the powers are not well balanced, this causes a phase shift difference between
the arms and alters the interference conditions at the output. Thus accurate operation of
an SI may require a 2 x 2 coupler with an adjustable coupling ratio as well as careful
control of splice losses within the loop, which can create power imbalance if they are
not symmetrically located.

Conclusion

While the set of known solutions in scalar OPA theory is fairly extensive, it is limited
in the sense that the solutions are obtained for OPAs with idealized properties, such as
a single SOP, constant ZDW along their length, etc. Practical OPAs, however, may have
significantly non-ideal properties and thus their performance may be quite different from
what one would expect from the analytic solutions. In such situations it is necessary to
refine the model. In some situations it is possible to make use of analytic solutions over
short segments, and to combine them. In other situations it may be necessary to resort
to purely numerical solutions of the basic propagation equations; this will be described
in Chapter 6.
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Introduction

In Chapter 3 we derived optical parametric amplifier (OPA) equations under the assump-
tion that all four waves involved were in the same state of linear polarization along
the fiber length. This led to a relatively simple set of four scalar equations. By solving
these equations we then obtained a set of solutions that can provide a good preliminary
understanding of the performance of fiber OPAs.

In this chapter we enlarge the class of OPAs by considering more general possibilities
for the SOPs of the waves. We begin by developing a vector formalism for light propa-
gating in arbitrary SOPs in isotropic fibers. We apply it to circularly polarized (CP) and
linearly polarized (LP) waves; since some of the waves may have identical or orthogonal
SOPs, this leads to a class of 12 basic types of OPA. We then turn to fibers with constant
birefringence, such as polarization-maintaining fibers (PMFs), and explore the impact
of the birefringence on the gain spectrum. Finally we consider the typical case of fibers
that have weak birefringence with random longitudinal variations, and we investigate the
effect of these variations.

Isotropic fibers

The treatment here follows the general approach introduced in [1].

Classification of basic OPA types

We make the following basic assumptions. (i) The fiber is lossless. (ii) The fiber does not
exhibit birefringence, either linear or circular. (iii) The fiber operates in the fundamental
mode at all frequencies. (iv) The fiber material is isotropic, hence the nonlinear polariza-
tion can be calculated from one basic scalar [2]. (v) The third-order nonlinear interactions
considered are self-phase modulation (SPM), cross-phase modulation (XPM), and four-
wave mixing (FWM). They are described by means of the fiber nonlinearity coefficient
y, which is assumed to be independent of frequency. (vi) Other nonlinear effects, namely
stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS), are not
considered, for reasons we now explain.
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Regarding SBS, in practice it will always be efficiently suppressed by pump frequency
dithering, or by other means, so that its effect on OPA performance can be neglected; SRS
gain, however, cannot be suppressed and plays a role in OPA operation. Nevertheless, in
a well-phase-matched OPA the parametric gain exceeds the SRS gain, so that the latter
can be viewed as a relatively minor perturbation [3]. Hence to simplify the analysis we
do not include SRS gain here. Even so we obtain a good first-order approximation. In
principle, SRS gain could be included at a later stage in the analysis to obtain more
accurate results (as in subsection 3.6.4) [4, 5].

We consider only situations where all four waves maintain their original SOPs along
the isotropic fiber. If we first apply this requirement to the propagation of the two pumps,
the need to avoid ellipse rotation dictates that they should be either LP or CP. Also,
they should be either in the same SOP or in orthogonal SOPs. Altogether, there are four
possible choices for the pump SOPs of two-pump OPAs: (i) parallel LP; (ii) perpendicular
LP; (iii) identical CP; (iv) orthogonal CP. For one-pump OPA there are two possibilities:
the pump should be either LP or CP.

Knowing the pump SOPs, we now turn to the signal and idler. For LP pumps, the
signal will be subject to the optical Kerr effect due to the pumps (i.e. induced linear
birefringence) and so the signal SOP will be affected unless the signal is itself in an LP
state, parallel to either pump. A similar reasoning holds for CP pumps. So, we restrict
ourselves to OPAs with all four waves either LP or CP.

An additional condition is imposed by the symmetry requirements of the SOPs of the
four waves. It can be traced to the properties of the third-order susceptibility tensor x )
and is stated as follows. If the pumps have identical (orthogonal) SOPs then so do the
signal and the idler. For a one-pump OPA, the signal and idler must have the same SOP.

We can now make a list of all basic OPA types that satisfy these constraints. We let
X, Y, R, and L denote LP states parallel to the x- or y-axis and CP states with right
or left handedness, respectively. We use the notation ABCD for the state of an OPA,
where A, B, C, and D stand for the SOPs of the signal, first pump, second pump, and
idler, respectively. For one-pump OPAs we have these possibilities: XXX, YXY, RRR,
LRL. For two-pump OPAs we have XXXX, YXXY, XYXY, YYXX, RRRR, LRRL,
RRLL, LRLR. For non-birefringent fibers, other SOP combinations would yield OPAs
that are physically equivalent to the ones listed: we can go from one to the other by
exchanging X and Y, R and L, or the labels of the signal and idler and the labels of
the pumps. For birefringent fibers, however, this degeneracy can be broken because the
fiber dispersion does not remain invariant under these transformations; then the list of
physically distinguishable OPAs is considerably longer. Where the degeneracy remains
we will frame our discussion using the most convenient OPA type.

Derivation of OPA equations

This derivation parallels that of Chapter 3, and so we will concentrate mainly on those
aspects that are different. We begin with a plane-wave analysis, considering spatial
variations only along the z-axis. The transverse mode profile will eventually be taken
into account by means of Ay



80

Vector OPA theory

The wave equation for the electric field vector E (z,t)is

PE  n*d%E 92 h
2 B0z @.1)

0z2 2 912 012

The nonlinear polarization density 13NL(Z, t) is given by
Pai(z, t) = sox:EEE, (4.2)

where x® is the third-order susceptibility tensor and is generally given for fields with
components parallel to the x-, y-, and z- axes of a Cartesian coordinate system. This
can be inconvenient when using fields with SOPs that are not linear, such as CP states.
In such situations it is advantageous in calculating f’NL(z, t) not to implicitly assume
Cartesian coordinates. In isotropic materials, this can be achieved by using an alternate
form for ﬁNL(z, t),1.e. [2]

Pai(z, 1) = eox O (E - E)E. 4.3)

XXXX

We now use Eq. (4.3) to calculate SPM, XPM, and FWM terms that arise when the four
waves interact. We let the total electric field be of the form

4
Bz 1) = g 3 {Zk(z) expli (Biz — ant)] + c.c] , (4.4)
k=1

where /Ik(z) is the complex vector phasor (a slowly varying envelope, or SVE) of the
field at w; and B; = B(wy) is the propagation constant (wavevector) of the kth wave; p
is a constant that will be determined later.

We substitute Eq. (4.4) into Eq. (4.2) and then substitute the latter into Eq. (4.1). We
consider only terms at w; and equate them on both sides. This gives

p (d*4 _dd, . dA4,
E(dzz “’mz> N ipbe s
Kacex @ (= oz
i z{(E~E)E}eexp[—i(ﬂgz—a)et)]} 4.5
or
dAy _ xReouz 2= .
E = ZW{(E . E)E}eexp[—l(ﬂgz — Cl)(t)] (46)

The notation { }, indicates that we keep only the terms in e 7*®*' within { },. To simplify
Eq. (4.6), we have neglected the second-order derivative of IZ[, as it is slowly varying,
used By = nwy/c, and also used the fact that { },; only contains terms at w;.

When (E E )E is fully expanded, it contains 8* = 512 terms. It is thus desirable to
find a means of simplifying this expression. To this effect we introduce the following
vector operation:

(@.5.8) = 5[ 57+ (B )a+ (@ a)3), @)
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where @, b, and & are three vectors. It can be shown that if @, 5, and & correspond to any
combination of LP (CP) SOPs then [a, b, ¢] is also LP (CP).
We now introduce the operation
[a,b,¢,d]) =[a,b,é]-d
1. =, = 5 N, = L oo o

= g[(a'b)(c-d)~|-(b-c)(a-d)—l—(c~a)(b-d)]. 4.8)
Both these operations are independent of the order of the vectors in the square brackets.
Each operation is linear with respect to any of the vectors, i.e.

[(X]&] + 06252, l;, E] = o] [&1, l_;, E] + Olz[az, l;, E],

[@1@) + iy, b, ¢, d] = ay[@r, b, &, d] + as[ar, b, &, d),

where o and «, are scalars.
We then have {(E‘ . E‘)E}e exp[—i(Biz — wqt)] = 3p313g/8 where, for a two-pump
OPA,
4
Ry=[Ay A7, A +2 ) [A). A% A +2[ Ay, Ay, A7 )6 om. (4.9)
JA=1
The three terms on the right-hand side correspond respectively to SPM, XPM, and non-
degenerate FWM. The integers &, [, m, and n are such thatif/ = 1 or2thenk = 3 —1/,
m=3,n=4andif]l = 3ordthenk =7-I,m = 1,n = 2; ABiimn = Bm + Bn —
Br — B R
For a one-pump OPA, we remove the second pump (A4, = 0) and consider interactions
between only three distinct waves. Equation (4.9) becomes
4
Ry =[An AL A +2 ) [A;. A% A1) +2[ 45, s, A7), (4.10)
J#I=1
- - - - 4 - - - - - -
Ry = [Ae, A7, 4] +2 Z [4;, 45, A) + [ 4y, Ay, Af]e™'2P,
J#I=1
=34, k=7-1. (4.11)

where A = B85 + B4 — 28,.

We impose the condition Zk . Z,’; = Py, the power of the kth wave. If we normalize
the electric field so that its square is equal to the irradiance, we see that p? should be the
reciprocal of an area. We thus choose p~2 = A, the mode effective area. This can also
be derived from first principles, as in Chapter 3.

The propagation equation for Aj can then be rewritten as

dd, . -

—— =IiyRy, (4.12)

dz
where y = 3w, xg)xx /(8cn Aefr) 1s the same fiber nonlinearity coefficient as in Chapter 3.
Having established the basic formalism, we now specialize it to write down the equations
governing two-pump and one-pump fiber OPAs.
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Small-signal gain

We assume that the propagation of the pumps is not affected by the presence of the signal
and the idler. The first step is thus to calculate the evolution of the pump fields along the
fiber. With these, we can then set up the equations for the signal and idler fields.

(@ Pump equations
We begin with the two-pump case. To set up the pump equations, we neglect the effect
of the signal and idler on the pump. The pumps interact only through the first two terms
of Eq. (4.9). From the latter, we then obtain

d Ay

y =iy ([Ar, A, A7) +2[Ar, A0, 47]), k=1,2, I=3—k (413
z

For LP or CP states, the two square brackets in Eq. (4.13) are proportional to Ay. The
proportionality constants are obtained by dot- multlplylng them by é;, where é; is the
normalized Jones vector of A ., € 1s such that A r = Ayér, where Ay is the scalar complex
amplitude of Ay. Then

dAx . . e A o
e =iy ([ex, e, ek, e, 1Pk + 2[ex, €, er, e, 1 Po) A
= iy (aw Px + 2a P) Ax = ipp A, k=1,2, 1=3-k (414
where
Pk = v (@i Pr + 2au Py), k=12, I=3—-k% (4.15)
and

&l. (4.16)

1
A Ak A A A A2 ~
ag = [ér, &, e, &] = 5(1 + &k - eol® + |éx -

The coefficient ay,; has the following properties: itis alwaysreal, 1 /3 < ay < 1,ay = ay,
and ay, = (2 + | - éklz)/3. If the two pumps are both LP or CP then a;; = ap;. For all
the two-pump OPAs considered, we have a1, = as4, a13 = a4, and a4 = ay3.

For one-pump OPAs, we let P, = 0. Then Eq. (4.10) yields the pump equation, which
contains only the first term (SPM). Hence p; = ya;; P, and p, = 0.

The solution of Eq. (4.14), valid for one- or two-pump OPAs, is

Ai(z) = Ap(0)e?, k=12 (4.17)

(b) Signal and idler equations

Here we will neglect the signal and idler SPM and XPM interactions between the signal
and idler. Then the equations begin with two XPM terms, due to the two pumps, which
are similar to the second term on the right-hand side of Eq. (4.14). In addition, there
is a FWM term coupling the signal and idler. For LP or CP pumps the coupling from
signal to idler and then back always leads back to the original signal SOP. Hence the
SOP choices made in our list of OPAs are self-consistent. This implies that in the signal
equation, for example, both the XPM term and the FWM term have the same SOP as the
signal; this allows us to arrive at a scalar equation.
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For two pumps, the equations for 4y, take the form
dA e e
75} = iyQan P + 2ap P2) Ay + 2iy [ Ay, Ay, A7) - &} exp(—i ABz)

= 2iy(ak1P1 -+ aksz)Ak =+ 2i)/A1A2[é1, é, é;:, é?]AZ‘ GXp(—iAﬂZ)
= 2iy(an Py + aia P) Ai + i Ay expli(p1 + p2 — AB)z)]
= ipr Ay + iri Ay expli(p1 + p2 — AB)2)], (4.18)

where

AB = Bs+ Bs— B1 — B,
P =2y (an P1 + aia P2), rr =2y 41(0)42(0)[é1, &2, f, €;]
k=34 [=7—*k (4.19)

Here 7, is the amplitude of the FWM coupling coefficient for the four waves. Note that
r3 = r4, SO We can use a single notation, 7, for both the signal and idler equations. We
define Py = P; + P; as the total pump power.
For a single pump, Egs. (4.18) and (4.19) become
dAy

o, = ipedit irgAgexpli2pr — AB)z)], k=3,4, I=7—k  (420)
z

pe=2van P, rp=y[A41(0)P[é1, é1, 6}, 8], k=3,4, I=T7—k (421)

where A = B3 + B4 — 281. Again we have r; = ry = r.
For all one-pump OPAs considered, a3 = aja.

(c) Solution of the signal and idler propagation equations
The solution proceeds as in subsection 3.5.3. We introduce the total wavevector
mismatch

K =AB+ APne, (4.22)
where
ABNL = p3 + ps — p1 — P2 for two pumps, (4.23)
ABNL = p3 + pa — 2py for one pump.

Equations (3.73)—(3.81) can now be used again. Note that these equations have the same
form for either one- or two-pump OPAs and for all possible SOP combinations. We thus
have a general solution that covers all 12 types of OPA identified above. Each type of
OPA will have its own characteristics, determined by the SOPs of its waves.

For ABnL, symmetry and other considerations allow a reduction to the simple form
ABNL = y Pou, where u has the following forms:

u =2a;3+ais —ap)—an for a two-pump OPA, (4.24)
u =2Q2a;; —a) for a one-pump OPA. (4.25)

For CP OPAs a;; = 2/3 for all k£ and /, so that u has one value for all two-pump OPAs
and another for all for one-pump OPAs.
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Table 4.1. Parameters ay, b, and v for one-pump OPAs

OPA type spi an an b= Emax u= A
vy Po v Po

XXX 1 1 1 2

YXY 1 1/3 1/3 -2/3

RRR 2/3 2/3 2/3 4/3

LRL 2/3  2/3 0 4/3

Table 4.2. Parameters ay, b, and v for two-pump OPAs

. &Emax AﬂNL
OPA typesppi a1 ap a;  ayg b 2 PP u Py
XXXX 1 1 1 1 1 1
YXXY 1 1 /3 1/3 1/3 -5/3
XXYY 1 1/3 1 1/3  1/3 1
YXYX 1 /3 1/3 1 1/3 1
RRRR 2/3 2/3 2/3 2/3 2/3 2/3
LRRL 2/3 2/3 2/3 2/3 0 2/3
RRLL 2/3 2/3 2/3 2/3 2/3 2/3
LRLR 2/3 2/3 2/3 2/3 2/3 2/3

Since they play such important roles in determining the gain spectra, we have calcu-
lated b and u for the 12 types of fiber OPA; they are listed in Tables 4.1 and 4.2, along
with the quantities necessary for their calculation. We notice some interesting particu-
lar cases: YXXY and YXY are the only OPAs with ABny < 0. This condition might
be useful in fibers with particular dispersion properties, for it would be desirable for
optimizing the shape of the gain spectrum in ways not feasible with Agny > 0 [6, 7].
The cases LRRL and LRL have » = 0, which implies that they exhibit little gain at any
wavelength since g2 is generally negative.

We can now also examine the cases leading to polarization-independent OPAs. The
cases XXYY and YXYX (Table 4.2) are degenerate in the sense that they have exactly
the same » and A, and this leads to the ability to amplify any input SOP with the same
gain. The pumps, however, introduce linear birefringence into the signal through the Kerr
effect, and so the signal SOP evolves along the fiber, if P; % P5. Nevertheless, this does
not affect the gain and should not be a problem in practice. Similar considerations apply
to the cases RRLL and LRLR, indicating that the two orthogonal CP pumps also lead to
a polarization-independent OPA [7].

Pump depletion

In Chapter 3 we studied in detail the possibility of pump depletion for the scalar case,
where all the waves are in the same linear state of polarization. We did this for both
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one-pump and two-pump OPAs as well as for wavelength exchange. We showed that
exact solutions exist, which are expressed in terms of Jacobian elliptic functions.

The investigation of pump depletion can also be carried out for all the more general
combinations of SOPs that we have investigated in this chapter. The development is
a generalization of that in Chapter 3 and follows it closely. For this reason, we place
the detailed derivations for the general case in Appendix 3. The general expressions of
Appendix 3 reduce to those of Chapter 3 upon substitution of the parameters for the
XXXX configuration into the equations.

Here we merely set up the basic coupled equations necessary for studying pump
depletion, by keeping all the terms in Egs. (4.9)—(4.11). The rest of the derivations and
discussion can be found in Appendix 3.

(@) Four-wave case (non-degenerate)
The required four equations are obtained from Egs. (4.9) and (4.12). They are

dA; s - - 4 . -
—i—— =[Au Ay A]+2 )[4, 45, 4]
JA=1
+2[ Ay, Ay, ALJNPum 2y =1 -4, (4.26)

(b) Three-wave case (degenerate)
We obtain from Egs. (4.10)—(4.12)

LA G A2 ST [ A A+ 20 e 7 (427
dz (41, 47, 4] [4), A%, A1] + 2[435, Aa, A7) . (427
J#I=1
dzqe . - o 4 o |
i = (A AL A+ 2 )[4 A5 A [ Ay e
J#I=1

1=3,4, k=7-1(4.28)

Six-wave model

In subsection 3.5.6 we investigated the case of a two-pump OPA with the signal close to
one of the pumps, and we saw that it was necessary to consider four waves in addition
to the pumps in order to obtain an accurate description. We did this in the case where
all the waves are in the same state of linear polarization. In this chapter we extend the
six-wave-model analysis to all possible types of OPAs with either linearly polarized (LP)
or circularly polarized (CP) waves. In particular, these include OPAs with orthogonal
pumps, which have received a great deal of attention because they yield polarization-
insensitive OPAs. By using analytical calculations as much as possible, we are able to
provide physical insights about the origin of these phenomena. We obtain closed-form
solutions when the signal is very close to one of the pumps and find interesting differences
from the case where all waves have the same linear SOP; for orthogonal linear SOPs
one can have the gain near the pumps higher than at the center wavelength. For circular
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Pump 1 Pump 2
Signal Idler 2 Idler 3 Idler 1
+ + + + + t t » O
o, o, o , o 0, o,
S P p I

Fig. 41 Frequency assignments for the six-wave model: S, P, P, I refer respectively to the signal,
first pump, second pump, and idler.

SOPs the gain spectrum can be the same as that expected from the four-wave model,
exhibiting a smooth behavior near the pumps.

(@) Notation

We will use the notation introduced in subsection 4.2.1 to refer to the OPAs of interest.
A member of this family of OPAs is designated by SPPI, where S, P, P, I respectively
stand for the SOPs of the waves of the four-wave model, listed by increasing frequency,
as shown in Fig. 4.1: the signal, at frequency ws; the first pump, at w;; the second pump,
at wy; the idler, at wy.

In Fig. 4.1 are also shown the two additional waves considered in the six-wave model.
They are the wave symmetric to the signal with respect to the first pump, at ws =
2w; — w3 and the wave symmetric to the original idler with respect to the second pump,
at wg = 2wy — wy4. The center frequency w, is such that 20, = w; + vy, = w3 + w4 =
ws + wg.

The three waves with even (odd) subscripts are grouped together. The waves at w; and
ws (w4 and wg) can be viewed as sidebands associated with the pump at w; (w).

We can use the notation introduced for the four-wave model because for all possible
cases the SOP of the new wave symmetric to the signal (idler) with respect to the
pump adjacent to it is the same as the SOP to the signal (idler) itself. Therefore, by
using this simple rule we know immediately the SOPs of the two new waves simply
by inspection of the four-letter name. For example, for XYXY the SOP of the wave
symmetric to the signal with respect to the first pump is X (the first letter), while that
of the wave symmetric of the idler with respect to the second pump is Y (the last
letter).

(b) The coupled equations and their solution

We consider first the pump equations, neglecting pump depletion, i.e. any terms due
to the signal and the idlers. The equations are therefore the same as for the four-wave
model, i.e. Eq. (4.14). The solution is

Ak = Akoei“’k k= 1, 2,

where @y = y(ar; Py + 2ai Py)z is the nonlinear phase shift of the kth pump at the
distance z.
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The coupled equations for the remaining four waves are then (see Eq. (4.7) for the
bracket notation)

_i% = 2[21’ ZT? 23] + 2[22, 2;, 23] + 2[21, 22, Zz]eiAﬁ1234Z
+ [21, 21, Zz]eiAﬁ“”Z + 2[21, 2;’ ,4_1)6]eiA516232’
_i% = 2[21’ ‘ZTv 24] + 2[‘22’ 237 24] + 2[;11, As, Ei]emﬁlmz
+ ;1’ ’Z 72* e APz 4 9 Z ,2*’ Z eiAﬁmM’
dA . e ] (4.29)
. 5

—i—— = 2[dy A} As] + 2[4y, A7, As] +2[ Ay, Ay, AG]e! e
+ [ Ay, Ay, A3 B 2[4y, A3, Ag]e’SPres”

‘i% = 2[21’ A3, 26] + 2[22, A3, 26] + 2[217 A, Ijlz]emﬁméz
+ [y, Ay, 3|2 42 Ay, A3, As]e/Prsee?

where ABiimn = Pr + Bt — B — Bn. Dot-multiplying Eqs. (4.29) by é;, k = 36, leads
to

dAs;

_iﬁ =2(ai3 P +apPr)As + 201234(2)/1]OAZOAzei(‘/H'(ﬂz)
+2¢1135(2) Ap A5 + 2c1603(2) A 10 A3g Age’ P,
—dA4 * 0
—i—— = AP+ auPy)ds +2034(2) dio dro A3e (rte)
+ Caoa6(2) A3 A5 e + 2cr514(2) Ay Agg Ase’ P29,
dAs ‘ (4.30)
—i a7z 2(a1s P + axs Py)As + 201256(2),4IOAZOAzel(wI-Hoz)
+ CllSS(Z)A%0A§€2iw1 + 201425(Z)A10A§0A4ei(‘p1 7‘”2),
dA6 * L1
. az 2(a16P1 + axs Py)As + 2c1256(2) A10A20 A% (p1+¢2)

+ c20a6(2) A3 A5e5 % + 2e2316(2) Ay A2g A3’ 29,
where we have introduced the notation
Chimn(2) = apgpne’ SPm (4.31)
and
Arimn = [&x, e, €,,, €,1; (4.32)

note that ay; = ayy = [ék, ey, éz, éz‘]
Six distinct values of Ay, enter Eq. (4.30). They correspond to three different types
of FWM, as follows.

Type 1 ApBi135 and AByy46 correspond to degenerate FWM about the pumps. This type
of term is encountered when studying one-pump parametric amplification about
a single pump. Because each pump in Fig 4.1 is relatively far from the ZDW, the
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wavevector mismatches due to these terms grow rapidly as the signal wavelength
moves away from a pump. This variation leads to the appearance of sharp dips
or peaks in the gain spectrum, surrounding each pump. As a first approximation,
one can think of these features as being associated with the one-pump OPA gain
spectrum due to each pump acting independently of the other. This provides a
correct estimate for the spectral region where these features are found.

Type 2 ApBie3 and ABys14 correspond to non-degenerate FWM, in which the pumps are
involved in an asymmetric manner. By itself; this type of FWM leads to WE. As
for type 1, these terms grow quickly away from the pumps and so their presence
contributes to the rapid spectral variations around the pumps. They provide a
coupling mechanism for the one-pump gain spectra of type 1, and therefore
prevent the latter from being observed independently.

Type 3 APBi234 and APBjys6 correspond to non-degenerate FWM, in which the pumps
are involved in a symmetric manner. They correspond to the usual two-pump
parametric amplification arising from the simple four-wave model. For a two-
pump OPA optimized to have a large bandwidth, these terms vary much more
slowly with wavelength than those of types 1 and 2 and so do not contribute to
the rapid spectral variations around the pumps.

From the preceding discussion it should be clear that the description of the gain spectra
near the pumps is complex, because there are several types of phase-matching terms,
varying at different rates with wavelength. For this reason, we will not attempt to obtain a
full analytic description of the spectrum valid for all wavelengths. Instead, we will restrict
our attention to a narrow wavelength range near each pump, where Ag;,, . remains
essentially constant. (In the following examples, this range is of the order of 1 nm or
less and does not include the sharp variations extending over a few nanometers around
the pumps.) In that case it can be shown that the various wavevector mismatches AB;,,.,.
in Eq. (4.30) approach zero, so that cy,,(z) can be replaced by aym,. Under these
circumstances the only remaining exponentials are those containing ¢; and ¢,. These can
be eliminated by making the transformations A3 = Bse’?!, Ay = Bse'¥?, A5 = Bse#!,
and Ag = Bge'¥?. Upon complex-conjugating the second and third equations in Eq.
(4.30), we then obtain the set of equations

dB «
_ld—Z3 = [2ai3 —an) P + Qaxz — 2a31)P2]1B3 + 2a1234 410 A20 B,
+ai3s A3y BE + 2a1623 410430 B
i = [(Qais — a2)P1 + (2azs — 2a21) P21 By + 2aiy3, A7y A% B3
+ @3y46(A30)° B + 2a3s,4 41043 B,
. (4.33)
i dZS = [Qa1s — an)P1 + azs — 2a1) P21B5 + 2a3,56 470 A% Bs
+d135(A30)° By + 2a,s A5y A2 By,
dB .
—i d—Z6 = [2ais — axn) P + (2ax — 2a21)P21Bs + 2a1256 A10 A20 B

+ aza 450 B + 2a2316 475y A20Bs,
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which can be rewritten as

By b33 2a1234 410420 aiss A7, 2a1623 410459 B;
4|5 =iy —2aiy4 450430 baa —2a35, 1043 —a36(43)° B;
dz | B —afpss(A30)® —2aips A7, A bss —2afys56 47043 B
Bs 2as316 A7y A20 ara6 43, 2ay2s56A10A20 bes Bs
(4.34)
where
b33 = [2ai3 — an)P1 + (2az — 2a21) P2].
bas = —[(2ais — an)P1 + 2axs — 2a21) P1], (4.39)
bss = —[(2a1s — a11) P1 + (2azs — 2a21) P},

bes = [(2aie — azn)P1 + (2ax — 2a21) P»].

Equation (4.34) has the form d B/dz = N B, where B is the column vector in Eq. (4.34).
The solution can be expressed as

B(z) = exp(Nz) B(0) = i (]\Z')m B(0). (4.36)
m=0 °

The nature of the solution depends on the particular forms of the matrix coefficients.
In general it is not possible to see at this stage whether the OPA gain near the pumps
is different from that predicted by the four-wave model. To proceed further, we must
calculate the matrix coefficients for particular cases. In order to simplify the calculations,
we concentrate on the cases where the two pumps have equal power. We also assume
without loss of generality that both pump phasors are real at # = 0. Then 419 = A9 =
/Py/2, where P, is the total pump power, and N takes the form N = (iy Py/2)M, where

€33 2a1234  anss 2a1623
* * *
M= —2ajyyy  —Cu —2a35, —dy 4
= | e o TR T (437)
ai13s a1425 Css 1356
2ax316 G246 241256 Ce6

and

c33 = 2(ai3 +axn —an) —ai,

cas = 2(a14 + axs — ayp) — an,
(4.38)
css = 2(ars + axs — ap) — a,

ces = 2(ais + azs — a) — ann.

The ag,, and ay; are real. As mentioned earlier, 43 and A5 always have the same SOP,
and so do A4 and Aé. As a result, a3z = ays, a3 = Aazs, A14 = A1, A24 = A6, and so
€33 = Cs5, C44 = Cg6. The last two relations imply that the trace of M vanishes.

In addition a3 = ap4 and a3 = a4, and therefore the ¢y all have the same value,
which we denote by a.

We also have aig3 = @145 = a351, = A1423, @1234 = 1256, and aii3s = ara6 =
a1133 = a4 = A13 = Aza.
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With these simplifications, M can be rewritten as

Ma Mb ]
M = [_Mb |’ (4.39)
where M, and M, are 2 x 2 matrices given by
a b [ ¢ d
M, = , My, = , 4.40
|: —b —ai| b | —d —ci| (4.40)

with b = 2a1734, ¢ = a13, and d = 2a,473. Note that the matrix M, that couples B3 and
Bj is similar to that obtained in Appendix 1 for the four-wave model. Its eigenvalues
(EVs) are (b* — a?)'/2.
The matrix M depends only on ¢, b, ¢, and d:
a b c d

—-b —a —-d -c
M= . 4.41
—c —d —a -b ( )

d c b a
The determinant of M is
DettM)=(a+b+c+d)a+b—-—c—d)a—b+c—d)(a—b—c+d)
= [(a + b)* — (c + d)*][(a — b)* — (c — d)*]. (4.42)
The characteristic equation for the EVs is
Det(M — AI) = A* — 2(a* — b* — ? + d*)A* + Det(M) = 0. (4.43)

Since Eq. (4.43) is of second order in A? it can always be solved algebraically. The EVs
are given by

h==[@xd? —b+eP]", (4.44)
where the two =+ signs inside the square bracket are the same, but the £ sign outside is
independent of the two inside. We denote the EVs by

m=la+d?—0b+eP1? = —h, was)
A =[(a—d) —(b—c)]? Ay = —A3. ’
It can be shown that the four eigenvectors V; of M, k = 1-4, are given by
b+c —b+c
—a—d+i; a—d— 234
Via = ‘ Via= ’ 4.4
1.2 —a — d + )\-1,2 ’ 3.4 —a + d + )\'3,4 ( 6)

b+c b—c

These eigenvectors have interesting symmetry properties. We call V; , the symmetric
eigenvectors, because B3 and Bg have the same amplitude and phase, and so do B4 and
Bs. Similarly, we call V3 4 the antisymmetric eigenvectors, because the fields in each pair
have the same amplitudes but opposite signs.
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Table 4.3. Parameters a, b, ¢, d and also Det(M), M?, and the eigenvalues of M for two-pump OPAs

OPA type sppi

XXXX XXYY YXYX YXXY RRRR RRLL LRLR LRRL

a 1 1 1 -5/3  2/3 2/3 2/3 =2
b 2 2/3 2/3 2/3  4/3 4/3 4/3 0
c 1 1 1/3 13 2/3 2/3 0 0
d 2 2/3 2/3 2/3  4/3 4/3 0 4/3
Det(M) 0 0 0 0 0 0 16/9 400/81
0 0 0 0 0 0 2i/v/3  10/3
—2i/V/3
2i//3
Eigenvalues 0 0 0 0 0 0 —2i//3 —10/3
0 0 4/3 4//3 0 0 2/3
_4/\/§
0 0 —4/3 0 0 —2/3
M?* =07 Yes Yes No No Yes Yes No No

It can be verified that the symmetric and asymmetric eigenvectors are orthogonal, in
the sense that V{, V3 4 = 0. These symmetry properties can be used in some cases to
rapidly find the decomposition of an input wave on the eigenvectors; this can then be used
to express the evolution of all the waves as a linear superposition of eigenvectors, each
propagating as determined by its EV. In particular, we can then find a good approximation
for the gain by considering the dominant eigenvector(s).

For example, it can easily be verified that

Ma=23)V1 = V) + (=) (V3= Va) =2(ha—A3)(A —22)[0 1 0 0], (4.47)

which shows that if only A4 is present at the input, it excites the four eigenvectors with
weights proportional to A4 — Az and A; — A;.

If two or four EVs vanish, these considerations about eigenvectors are no longer
applicable, because the eigenvectors associated with A = 0 are not uniquely defined. The
eigenvalues and EVs can also be used to calculate the exponentiated matrix of Eq. (4.36).
However, as this direct calculation is relatively tedious for a 4 x 4 matrix we provide in
Appendix 4 an alternate method for calculating the output fields in the general case.

(c) Discussion of individual cases
In Table 4.3 are listed the parameters a, b, ¢, d for all eight types of two-pump OPAs
identified in [1], along with corresponding values of Det(M) and EVs.

Also indicated is whether M is nilpotent (M? = 0). If M? = 0, the series of Eq. (4.36)
terminates after the first two terms, and therefore the fields grow in a linear manner
with z instead of exponentially as in the case of a well-phased-matched OPA. In such
situations, it is therefore likely that the gain will be low around the pump adjacent to the
signal compared with its value at the center wavelength.
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However, if M? # 0 then the series in Eq. (4.36) does not terminate and the field
components vary exponentially or periodically with distance. In such cases, one needs
to inspect the EVs to see whether this growth matches or perhaps exceeds that predicted
by the four-wave model for a well-phase-matched OPA, which is valid at the center
wavelength.

Before examining the spectra of the OPAs we note that, when the pumps have the
same SOP, the relative orientation of the signal with respect to that of the adjacent pump
does not change as one scans the signal wavelength is tuned across the pumps with a
fixed SOP.

This is not true when the pumps are orthogonal: if the signal SOP is kept constant,
its orientation with respect to the adjacent pump changes as the signal wavelength is
tuned across the pumps. In such cases, the gain spectra around the two pumps should
therefore be labeled appropriately. As an example, if the OPA is XXYY for A3 < A then
it becomes YXYX for A3 > A.. As a result, the gain spectra may be different around the
two pumps.

Inspection of Table 4.3 shows that XXXX, XXYY, RRRR, and RRLL satisfy M’ 2=0.
Therefore, their gains should be low around the pump adjacent to the signal, as is the
case for XXXX [8, 9].

Cases YXYX, YXXY, and LRRL fall into another class, since M2 # 0. Thus we
expect exponential variation of the fields. However, since the EVs are real, upon mul-
tiplication by iy Py/2 the argument of the exponentials becomes purely imaginary and
the spatial variation of the fields is then periodic, rather than exponential. This leads to
bounded fields, which would be exceeded by any real positive exponential after a long
distance (provided that g does not vanish). Thus in this case there should also be a dip
around the pump, provided that the gain is sufficiently large.

The LRLR case has M? # 0, and therefore we expect exponential growth. All four EVs
are imaginary; they have the same magnitude and opposite signs. Upon multiplication by
iy Py/2 the arguments of the exponentials become real, and so the spatial variations of
the fields are real exponentials. We have g = y Py/+/3 = 0.577y P, to be compared with
the gain predicted by the four-wave model. The latter is obtained from the eigenvalues
of the matrix M,, which are the same as for M. Thus we expect that there will be no gain
dip or peak around the pump.

A simple way to prove this is as follows. Since M; = 0, As and Ag are coupled only to
each other. Therefore, if only the signal is present at the input, only the signal and the main
idler can grow. The two other idlers do not grow. Thus for this particular choice of SOPs
the two extra idlers need not be included as we try to obtain a suitable set of equations.
Therefore the usual four-wave model should provide an accurate approximation for the
gain spectrum, even if the LCP signal is very close to the RCP pump. We conclude that
the gain spectrum near that pump should be the same for either the four-wave model or
the six-wave model.

Because the spectrum is the same as that predicted by the four-wave model and has a
slow variation near the pump, one might think of using it to obtain a wide gain spectrum,
free of dips or peaks near the pump. In practice, however, this may be hard to implement
because maintaining circular SOPs in long fibers is very difficult [1].
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Discussion

The theory presented here predicts the existence of 12 separate types of fiber OPAs,
when LP or CP waves are used, and it would be interesting to verify their existence
experimentally. This, however, may be difficult in most cases, because actual fibers
always have some random birefringence, not included in our model.

This effect has prevented verification of the performance of LRLR to date, because
a CP state launched into a fiber with random linear birefringence cannot be maintained
over more than a few centimeters. The use of spun fibers [10, 11] may permit the use of
OPAs with CP states, since the principal states of polarization (PSPs) of such fibers are
CP and such SOPs can thus propagate up to the birefringence coherence length, which
could be hundreds of meters long. Another possibility is to use pulsed pumps, with high
peak powers, and fibers just a few centimeters long, in which case CP states could be
well preserved. Circularly polarized states have been used successfully in the context of
modulation instability (MI) in a spun fiber with very low residual birefringence [12].
Experiments with twisted dispersion-shifted fiber (DSF) several hundred meters long
have been performed, allowing the demonstration of ellipse rotation [13], as well as
polarization-independent four-wave mixing and wavelength exchange [14].

The situation is not as difficult for LP states, since typical fibers exhibit mostly linear
birefringence and have nearly linear PSPs. Thus, by aligning LP input states with the
PSPs, one can in principle propagate such states over hundreds of meters.

In OPA work it is common to use fibers that are hundreds or thousands of meters long.
In such situations, one can expect that the SOPs will undergo many changes and will
eventually be uniformly distributed over the Poincaré sphere. A consequence is that the
resulting SOPs have a higher probability of being nearly LP than being nearly CP, since
the CP states occur for just the two poles of the sphere, whereas the LP states occur over
the entire equator [15]. Therefore we intuitively expect that, regardless of whether the
input SOPs are LP or CP, the OPA will behave much like an OPA using LP states in a
non-birefringent fiber. This explains why most OPA experiments to date, performed with
randomly birefringent fibers, have been well explained on the basis of the simple theory
developed for LP states in non-birefringent fibers; it also explains why experiments with
CP states are more difficult than those with LP states.

With a uniform SOP distribution over the Poincaré sphere, one can invoke probability
arguments and derive an averaged version of the basic propagation equations. This
reasoning has been used successfully to investigate the propagation of solitons in fibers
with random birefringence [16]. Among the well-known results in this area is that for
SPM and XPM the y value for an isotropic fiber should be multiplied by 8/9; this has
been verified experimentally [17]. We will extend this to fiber OPAs in Section 4.4.

Fibers with constant birefringence

We now consider fibers with constant birefringence, such as polarization-maintaining
fibers (PMFs). Such fibers are most easily fabricated to exhibit linear birefringence. The
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presence of a fast and a slow axis of linear polarization, which are orthogonal, provides
a natural system of coordinates for decomposing other SOPs. We denote these axes by x
and y; they are perpendicular to the direction of propagation, which is the z-axis. A wave
with angular frequency w propagating in the fiber can then be represented by a Jones
vector of the form

.Z(Z) = [Ax(Z) Ay(Z)]t — [Ax(o)eiﬁ’fz Ay(o)eiﬁ"z:lf,

where ¥ =n,w/c and B” = n,w/c are the wavevectors for the x- and y-polarized
components, respectively, and #n, and », are the corresponding refractive indices. The
birefringence is defined as An = n, — n,,.

In general §* and B” have different dispersion properties. More specifically, all the
coefficients in their power series expansions with respect to w are different. As a first
approximation, however, it is often assumed that A is independent of frequency. Then
B* — BY = An w/c, i.e. B* and B7 differ by a term proportional to w. As a result all
their derivatives beyond the first ones are equal; they thus have the same zero-dispersion
wavelength (ZDW). However, one should bear in mind that real fibers may not necessarily
have this simple property.

Waves linearly polarized along the axes

Since birefringent fibers preserve linear SOPs parallel to the birefringence axes, a simple
one-pump OPA configuration is obtained by using an x-polarized signal and a y-polarized
pump; then the idler is x-polarized. The propagation equations governing such an OPA
are very similar to those for an XY X in the isotropic case, Section 4.2. The coefficients
of the SPM, XPM, and FWM terms are the same. A difference appears only when ApB
is written explicitly in terms of the individual wavevectors. Specifically, we have

AR = By + By — 2B = B5 + By — 28] +2Anw/c

= AB™ +2An w/c, (4.48)
where A = B3 + B — 27 is the wavevector mismatch that would apply if all waves
were x-polarized. Thus we see that, compared with XY X in an isotropic fiber, the only
effect of birefringence is to add the extra term 2An w;/c to AB. Since An can be quite
large for some fibers, this extra term can strongly modify the shape of the gain spectrum.
We will investigate the resulting gain shapes in Chapter 5 and show that birefringence
can be used to create narrow gain regions far from the pump [18].

Similarly, one can also implement several other schemes alluded to in section 4.2 for
an isotropic fiber, namely XYYX, XXYY, and XYXY. For these schemes we have

AP = AR + An (w1 + wp)/c = AT +2Anw./c (4.49)
and

AB™Y = AP = AT 4 An (w3 — on)/e
= AB™™ + An (Ao, — Awy)/c. (4.50)
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We see that the shift for XYY X is similar to that for XYX and could thus also generate
narrow gain regions away from the pumps.

The shift for XXYY and XYXY is much smaller. However, its linear dependence on
wy indicates that the corresponding gain spectrum will not be symmetric with respect
to w,, a fact of practical importance. This feature has been observed experimentally
[19].

It should be mentioned for completeness that PMFs can be used to implement XXX
and XXXX. This may seem like a trivial application for such fibers, but one should
remember that currently non-PMFs are not fully isotropic and thus cannot really be used
for implementing XXX and XXXX. The weak random birefringence in such fibers can
cause severe problems (see Section 4.4 and Chapter 6), which can be completely avoided
by using PMFs.

The preceding discussion is valid regardless of the relative strengths of the waves.
Therefore the expressions for A modified by birefringence can be used whether or not
there is significant pump depletion. Thus all the expressions obtained in Appendix 3
can be extended to the case of constant birefringence, with suitably modified AB’s. (If
applicable, the AB’s can be modified simply by using An; if not, the variations in ¥ and
B with respect to @ must be taken accurately into account.

Waves with arbitrary SOPs

We now consider the more complicated situation where the input waves have arbitrary
SOPs, i.e. each has an x and a y component. Because the x and y components now have
different propagation constants, the derivation of the SPM, XPM, and FWM terms that
enter the OPA equations must be reexamined. We now let

Aj(z) = A43(0) exp [i (ﬂ,iz — a)kt)], s=x,y, 4.51)

and substitute in Eq. (4.9). Looking for the terms at the various frequencies for a two-
pump OPA we obtain

d A7 »
i = [ 43577 + A peE AfRe T 4 AV, (4156 + A5 P)]
2413+ Ay PP, A5 + AT PelPor
(435655 4 A35H2) ) 5,
dA?
i = [ 43577 + Al peE afRe T 4 AV, (4156 + A5 P)]
+2[ AR 4 4] PePT, 53T 4 AP,
(4555 4 TG ]| - e
d A} -px Y A ipX A inY A iBY A By
—i de = {[43%eP% + A;ye‘ﬁiz, A5x4+ L el (A35eP + A'Zvye’ﬂzz)*]

+2[ 43R5 4 43P A{REPT 4 4] peiE,
(47217 + 4y pefin) ]} - ke i,
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—i ‘;—Azy = [[A33eP57 4 A3 pe'Po7, A5kePi? 4 Ay pelP? (435 4 A3 pelfo?)]
F2[ 43R 4 AY D, AT R 4 A Ptz
(41 4 A58} et
—i i{f = 2{[4%RePi7 4 4P, (ATRePE 4 A)PePZ)T) A52ePST 4 A} el
+ [ 43367+ AJpeeT, (A5 4 AL pePiT)T, ATRePIT 4+ A Pelhi
+[A3RePiE 4 A PPz, A3zePE 4 Ay pelfer,
(453675 4 A50H7) ] 5o,
—i % = 2|[415ePi7 4 AP, (475?14 A} PePZ)T) A5kePT 4 A% el
+ [5x4 Ay peft (43557 + Ay pePT)", A5qePE 4 APt
+[A72eP7 4 A PePE, 43R 4 Ay pefr
(432677 4 Ay pe?i7) ]} - peiz,
iS00 < o[ 158 4 AL (AT AT, AT 4 g
+[A35P + A3 9T (43R5 + Ay ePiT)", AR PT 4 AP
+ [47%eP + Ayye”31 AZREP 4 AL peifor,
(43577 4 Ay pePi?) ]} - Reihiz.
—i % = 2|[415ePiZ 4 A pePi7, (475?14 A} PePZ)T) A5kePiT 4 AL pelPi]

+ [ 43R5 4 AL peliE, (A5RePEE + ASPPT)T, Aske T 4 A peifit)
+ [A’ffe’ﬁlz + A{f/e’ﬂlz, A3xePrr 4 A;f/elﬂlz,
(Agfe"ﬂ;ZwLAgﬁe’ﬂ;Z)*]} - peifiz,
(4.52)

We note that on the right-hand sides there are a number of terms multiplied by exponen-
tials of the form

expli (B + By — B — B5)z],  expli(Bi + B — B3 — Bi)z],

etc. The average of such terms is zero over a beat length. As a result, it is often assumed
that all these terms can be neglected when studying nonlinear propagation in long fibers.
(However, it is important to note that this argument fails for isotropic fibers; in this case
all the terms should be kept, as in Section 4.2.)
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With this assumption, Eq. (4.52) can be expressed in terms of the pump powers relating
to the x- and y- polarizations:

a4 2 2
i~ P+ 3P1 +2P + 3P2 A7, (4.53)
dAy 2 2

—i—L <P1 + =P +2P + =Py )A{, (4.54)
dzZ 3 3
44 2 2
i~ = <P2 + 3Py+2P1 + 3Py) 43, (4.55)
dA} 2 2

—iﬁ = <Py+3Px+2Py+ 3P”)A , (4.56)

445 2P~|—1Py+P+1P A%
_ _ )
dz I3 203 3
+ 247 45 A" expli (/31 + B3 — B — B})z] (4.57)
dAY 1 ! i
+247 4545 expli (B] + B3 — BY — B3) 2] (4.58)
dA Lo L1 N
—i dZ“ =2<P1 +§P[V+P2 +§P2y>A4
+2A47 45 A5 expli (B + B5 — By — Bi) z] (4.59)
dA; 1 A
—zd—Z“ =2<Pf +§P;‘+Pg +§P5)A§
+247 4,45 expli (B] + B — By — Bi) 2], (4.60)

which are considerably simpler.

In fibers with constant birefringence the pump powers in the x- and y- polarizations
remain constant and Egs. (4.53)—(4.56) can be integrated, yielding exponential solutions
for the pump fields. Substituting these into Egs. (4.53)—(4.56) yields a system of four
linear equations for the field components of the signal and the idler.

Inspection of Egs. (4.57)—(4.60) shows that the x-components of the signal and idler are
coupled only to each other, and similarly for the y-components. The resulting systems of
equations are of the general form studied in Appendix 1, and their solutions can therefore
be written in terms of exponential functions.

Looking at the FWM terms in the x- and the y-equations, we see that their maximum
parametric gain coefficients are respectively equal to y /Py Py and y,/ P{ P; . Thus the
maximum gain for the signal light polarized along one direction is not affected by the
pump power components that are orthogonally polarized. The maximum gains for the
two polarizations are generally different.
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However, examination of the SPM and XPM terms shows a mixture of x- and y-terms.
Since these terms affect the phase matching, the wavelengths of the gain maxima along
one axis will generally be affected by the presence of orthogonally polarized pump
components. This could possibly be used for tuning the gain spectrum of OPAs realized
with PMFs.

Fibers with random birefringence

For much experimental OPA work to date, performance has been consistent with the
simple theory developed for ideal fibers without birefringence, in which SOPs remain
the same (linear) over the entire fiber length and for which one uses the nonlinearity
coefficient y, generally obtained by measuring the SPM or XPM. This general agree-
ment is actually remarkable considering that the SOPs in typical fibers, which are not
PMFs, vary randomly over the fiber length. This fiber characteristic is responsible for
the phenomenon of polarization-mode dispersion (PMD), which has been the object of
many studies in recent years, as it limits the performance of high-speed optical com-
munication systems. In fibers with typical PMD of the order of 0.1 ps km~"2 the beat
length is of the order of a few meters, which indicates that the SOPs can be substantially
altered over such a distance. Since experiments with continuous-wave fiber OPAs may
require hundreds or even thousands of meters of fiber, SOPs in such fibers are thus likely
to cover the entire Poincaré sphere, with a high density of states in the vicinity of any
particular state.

The effect of random fiber birefringence on nonlinear effects has been studied in
particular contexts. It has been shown that the SPM that occurs in long fibers is accounted
for by using a value of y that is 8/9 times that for very short fibers. This result was
established by assuming that in long fibers the SOPs have a random distribution, uniform
over the Poincaré sphere [17]. Similar reasoning has been used for establishing the basic
equations for soliton propagation in very long fiber links [16, 20, 21].

Carena et al. investigated the role of fiber birefringence in parametric amplification
[22]. However, they were primarily interested in the phenomenon as it occurs in commu-
nication systems, using long fibers (50 km) and relatively low pump powers (40 mW), a
regime different from that required in the production of compact fiber OPAs. While their
numerical studies provided interesting examples of the effect of fiber birefringence on
parametric gain, Carena et al. did not provide analytical expressions for gains that could
be used for the design of discrete fiber OPAs.

In this section we are going to use a simplified model for the propagation equations,
assuming that all SOPs evolve in the same manner. We will first perform an analytical
averaging of the propagation equations, assuming that the SOPs uniformly cover the
Poincaré sphere. This will lead to a new set of OPA equations, similar to those obtained
in isotropic fibers but with modified parameters. We will then validate this analytical
averaging by modeling the actual propagation of waves in a series of waveplates with
random parameters, by means of a Runge—Kutta technique.
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Basic OPA equations for arbitrary states of polarization

In Section 4.2 we investigated the various types of fiber OPA that can be obtained by
using waves that are all either linearly polarized (LP) or circularly polarized (CP), in a
fiber without birefringence. For that purpose a set of basic OPA differential equations
was introduced that is valid regardless of the SOPs of the four waves involved (i.e. they
can all be in different states of elliptical polarization). Here we modify these equations
to include the effects of fiber birefringence. We assume that the pumps are not depleted;
hence P, and P, are constants of motion. The birefringence is accounted for by the
Hermitian matrix

E —&

M = [?“ _’SC} (4.61)

i
where g; and ¢, are real coefficients, respectively corresponding to linear and circular
birefringence. We assume that M is independent of wavelength. This is a good approxi-

mation if the birefringence is weak and the wavelength spacings are not very large.
For two-pump OPAs the pump equations are then (again using the notation of Eq.
4.7))
dde - <k
- = iMA, + zy([ek, ér, ek]Pk +2[€z, ér, ek]Pg)Ak, k=1,2,1=3—k. (4.62)

The signal and idler equations are

dA .
d—zk =iMA; + Zi)/([él, éT, ék]Pl + [éz, é;, ék]Pz)Ak

+2iy[er, 6, 65| A1 Ap AT, k=34, 1=T—k (4.63)
For each of these equations, the left-hand side can be rewritten as
dAy  dAy, dé

i ———_ Ap. 4.64
dz dz ek dz k ( )
Since M actually describes the evolution of é;, we also have
dé
T _ i mey. (4.65)
dz
Hence
dA;, dA
il = el er+iMAge,. (4.66)
dz dz

We see that making this substitution in Egs. (4.62) and (4.63) eliminates the terms
containing M. Finally, in order to obtain scalar equations for the complex amplitudes
Ay, we dot-multiply the modified Eqs. (4.62) and (4.63) by the respective complex-
conjugated unit vectors é;. This leads to

dAr
e iy (i P + 2ai Py) A, k=12 1=3—k, (4.67)
z
dAk . . I 3 B P #AY -4
— =2iy(an P + ann P) A + 2iy\/ PLP[er, e, €, e]14je ,

dz
k=3,4,1=17—k, (4.68)
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where

). (4.69)

1 A S
ay = [ék,éz,ée, éz(] = 5(1 + ‘ek . €z|2 + |€k . eZ‘

For a one-pump OPA the pump equation is

d4; .
—_— = zya11P1A1 (470)
dz

and the signal and idler equations are

dAy 9i . % ,—i Az _ -

g— zyaklPlAk—l—zya“k;PlAze s k=3,4,1=7—k, “4.71)
where a1y = [é1, é1, €], é;]. We note that Eqs. (4.67), (4.68), (4.70), and (4.71) have
the same form as in the absence of birefringence. The difference from the previous
derivation, however, is that now the SOP of each wave evolves in a random manner,
governed by the variations in the fiber birefringence. As a result the coefficients of the
equations, which depend on SOPs, vary in a random manner. Clearly it is generally not
possible to obtain a closed-form solution for equations with such varying coefficients.
However, we will see that, by making some reasonable assumptions about the evolution
of SOPs in birefringent fibers, we will be able to average the coefficients of the equations
and obtain closed-form expressions for the gain.

Preliminary relations

To render the analysis tractable, we make the assumption that if we launch N waves into a
long fiber with randomly varying birefringence, their Jones vectors at any distance, é;(z),
k =1 — N, canbe obtained from their input Jones vectors by means of a common unitary
matrix U(z) = exp[i foz M (&)d&], which represents only the fiber’s linear birefringence.
Hence we have

ér(z) = U(2)ér(0) and e(z) = U(2)é(0). (4.72)
There are two assumptions behind this.

1. First, it is assumed that the nonlinear interactions do not modify the SOPs. This
should be true in fibers with a large nonlinear length Ly . In this case effects due
to ellipse rotation and nonlinear birefringence should average to zero, owing to the
frequent changes of sign related to the rapid SOP variation induced by the fiber’s
linear birefringence.

2. Second, it is assumed that waves at different frequencies experience identical phase
shifts. This is a good approximation if the linear birefringence is weak, if the wave-
length spacings are not very large, and if the fiber is short. However, it is not uncommon
to run into experimental situations where one or more of these assumptions is or are
violated; in such situations, this analysis will become invalid. (This type of situation
will be considered in detail in Chapter 6.)



443

4.4 Fibers with random birefringence 101

Fig. 42 Definition of the angles x, x’, and x” used for the averaging procedure. The circle is the
cross-section of the Poincaré sphere containing the poles (L and R, representing left and right
circular polarization) and an arbitrary SOP represented by the point E. The angle 2y = x’ is the
latitude of E.

An important consequence of Eq. (4.72) is that if we consider the kth and the /th waves
then their Hermitian product is conserved, because

€r(2) - eu(z) = [U(2)er(0)]" - U(2)ex(0)
= & (0)U(2)U(2) - &(0) = ;(0) - &,(0). (4.73)

(We have used the fact that U* (z)U(z) = I, the identity matrix, because U(z) is unitary.)
Equation (4.73) in particular implies that if two waves are initially in identical or orthog-
onal SOPs then they maintain this relationship everywhere along the fiber. These are the
two cases that we will be considering below, as they correspond to the most interesting
choices for the input SOPs of pumps and signals.

Averaging over the Poincaré sphere

We now make the assumption that a great deal of randomization occurs along the fiber,
so that we can divide it into sections in which the SOP can be assumed to cover the
Poincaré sphere uniformly. For each segment we then calculate the average value of
the equation coefficients, using the appropriate probability density function for each
coordinate. Figure 4.2 shows the angular coordinates that we use for locating a point on
the sphere [23].

To calculate the various dot products in the basic equations, we use the basis of CP
unit vectors {#, [}, where 7 is right-CP and / is left-CP. Then any SOP is represented
by the unit vector é = u7 + vl. With this notation the dot product of any two vectors is
€16 =uvy + usvy.
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‘We may express u and v in terms of the standard angles x and ¥ locating SOPs on the
Poincare sphere [23]: x is half the latitude and v is half the longitude. It can be shown
that

_ 1 iy . i 7

u= \/Ee (cos x +siny) =¢'Y cos x”, 4.74)
— 1 =iy : I 47/ "

v = ﬁe (cosy —siny)=¢ "Vsiny 4.75)

where x” = x — m/4 is measured as shown in Fig. 4.2.

With any unit vector ¢; we can associate another unit vector, és, orthogonal to it;
we can choose & = u;# — v/. We have é; - éf=és-éf=1,¢é;-ef =0.Itcanalso be
shown that é; - é; = —és - €5 = cos x’ = sin(2x"") and that e; - &5 = i cos x’ sin(2y),
where x’ = 2x (Fig. 4.2).

We now proceed with averaging Eqgs. (4.67), (4.68), (4.70), and (4.71) over the Poincaré
sphere, assuming a uniform density of SOPs on the sphere. We use (-) to represent the
average of a term. In terms of the angles x and v, the average of a function f(y, x) is

L[ " 2x)d(2x)d
vwoor =g [ [ swoesendend

1 ks /2 / /
- Efwzo /X T 0 osG) Oy (4.76)

The right-hand sides of Egs. (4.67), (4.68), (4.70), and (4.71) contain SPM and XPM
terms, expressed in terms of the coefficients a;;. Hence we need to calculate (ay); it is
given by

1 s A 5
() = 3 {1+ [ e’ + & - &) 4.77)
In particular,
5 5 |2 2 L2 3,7 /
3ap) = (2+ |ék - &|”) = 2 + (cos X>=2+§ cos’(x)d(x)
xX'=—m/2
1 /2
=2+ —/ (1 —sin® x")d(sin x")
x'=—7/2
: 8
2
=2+ (1—x)dx=§. (4.78)
x=0

Hence (a;;) = 8/9. This is the correction factor for SPM, which has been arrived at by
others.

We will also need (ay;), where k and / correspond to orthogonal states. Since orthogo-
nality is preserved by the unitary transformations describing the random birefringence,
we average over all pairs of orthogonal states. An example would be

3ars) = (14 [&1 - &5]°) = 1 4 (cos® x' sin*(2y))
1 /2 4
=1+ —/ cos*(x)d(x) = —. (4.79)
4 ) —ap 3
Hence (a;5) = 4/9.
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Table 4.4. Parameters for one-pump OPAs with (b) and without
(nb) birefringence

OPA type spi (an) (a13) b= Emax u= ﬂ
121 125

XXX (nb) 1 1 1 2

XXX (b) 8/9 8/9 8/9 16/9

YXY (nb) 1 1/3 1/3 -2/3

YXY (b) 8/9 4/9 2/9 0

With (ay;) = 8/9 and (a;5) = 4/9, we can now calculate the average coefficients
for the SPM and XPM terms in Eq. (4.69), whether the initial SOPs are identical or
orthogonal.

Finally, we need to calculate terms of the type ([, &2, ¢}, &;]) = ([é1. &2, &}, &;]).
which come from the FMW terms coupling signal and idler. (Note that the two terms
in a pair of such coupled equations are always identical.) These will take on a variety
of forms, depending on the number of pumps, on whether their SOPs are identical or
orthogonal, and on the initial signal SOP (and the resulting idler SOP). Assuming for
reasons of symmetry that if the pumps have identical (orthogonal) SOPs then so do the
signal and idler, there are only three possible forms for these terms, namely

8

([él,él, éT,éTD = (an) = 9’ (4.80)
([e1. 1,85, 85]) = (anss) = §<(el -e1)(é5 - &3))
1 [™? 2
= —/ cos*(xd(x) = =, (4.81)
6 Jy=——xp 9
A Ak on 1 A a
<[el’ és, €7, e?]) = (a15) = 3 (1 +< er-es 2))/3
1 1 /2 /2 4
=+ — / sin?(Qy) cos*(x)dx'dy = =. (4.82)
3 6 ¥=0 Jx'=—n/2 9

With these averaged coefficients, we can now examine the gain characteristics of all
the possible basic OPA configurations. We note that the averaged equations are all of
the general form previously studied in the absence of random birefringence, so that
we can immediately infer the important parameters gn.x and Afny from the averaged
coefficients. Table 4.4 shows the results for one-pump OPAs and Table 4.5 those for two-
pump OPAs. We have included for reference the results for OPAs with no birefringence,
denoted by (nb); (b) indicates that the OPA does have random birefringence. Notation
such as XXX was defined in Section 4.2 for non-birefringent fibers; we keep the same
notation for birefringent fibers simply as a description of the input SOPs.

We see that for XXX and XXXX the effect of birefringence is to multiply all the
ap by 8/9. As a result, gm.x and Ay are reduced by the same factor. In other words,
for birefringent fibers the gain curves for the cases where all input waves are linearly
polarized are the same as for non-birefringent fibers, except that y is multiplied by 8/9.
Therefore, from a practical standpoint it is actually difficult to determine whether the
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Table 4.5. Parameters for two-pump OPAs with (b) and without (nb) birefringence

OPAtypesppi  (an) (ai) (an) (aw) b:% =Ay’f§:
XXXX (nb) 1 1 1 1 1 1
XXXX (b) 8/9 8/9 89 8/9 89 8/9
YXXY (nb) 1 1 13 13 1/3 —5/3
YXXY (b) 8/9 8/9 4/9 4/9 2/9 ~8/9
XXYY (nb) 1 13 1 13 1/3 1
XXYY (b) 8/9 4/9 8/9 4/9 4/9 8/9
YXYX (nb) 1 13 13 1 1/3 1
YXYX (b) 8/9 4/9 4/9 8/9  4/9 8/9

fiber has birefringence or not, since the gain curves in both cases would be very similar,
and the value of y is generally not known with sufficient accuracy to distinguish between
the two cases on the basis of which theoretical spectrum gives a better match for the
experimental results.

Since many experiments to date have been performed with XXX or XXXX, this
explains why theories developed for non-birefringent fibers have been sufficient to
explain results obtained with fibers that actually have a great deal of random birefrin-
gence.

From this conclusion about XXX and XXXX one might be tempted to generalize
to all types of OPA, and simply to scale y by 8/9 to calculate gn.x and AByp in all
cases. However, examination of Tables 4.4 and 4.5 shows that this would be incorrect;
in fact the only other items to which the 8/9 scaling applies are the AByp values for
XXYY and YXYX; for all other items, the correction factors differ from 8/9, sometimes
considerably.

An interesting observation is that gn., for XXYY and YXYX is actually increased
by 1/3 (i.e. multiplied by 4/3) for the birefringent OPAs as compared with the non-
birefringent OPAs. The existence of these two OPAs already leads to the ability to
make OPAs whose gain is independent of the signal SOP, i.e. which are polarization-
insensitive. We see that the presence of birefringence does not modify this conclusion
but that birefringence actually leads to a higher gain. This is clearly a benefit, as we see
that realistic fibers, exhibiting considerable birefringence, are quite suitable for making
polarization-insensitive OPAs, with a gain actually larger than if we used birefringence-
free fibers.

The ratio of the parametric gain coefficient g for XXYY and XXXX is 1/2 in the
presence of random birefringence but would be only 1/3 in an ideally isotropic fiber. The
difference is large enough that one should be able to distinguish between these two cases
by experimental means. This has been done [15], and it was found that in commercially
available fibers, which do exhibit significant random birefringence, the measured ratio
was close to 1/2, in agreement with the theory. This provides a confirmation of the
predictions made on the basis of averaging for a uniform distribution of SOPs on the
Poincaré sphere.
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Y, AB 0 ¢
NL + D | LB | cB |

Fig. 4.3 Technique for calculating the output fields of a fiber segment.

Numerical integration of the basic equations

The analytical averaging technique used in the preceding section is based on the mathe-
matical abstraction that the SOPs uniformly cover the Poincaré sphere during propagation
over each short fiber segment, and one might argue that this is valid only in the limit
of infinite randomization, that is physically unrealistic. So it is desirable to check the
validity of the results by comparing with a model that uses a finite amount of random-
ization. To do so, we now divide the fiber into small segments and assume a new SOP
for each segment; this corresponds to a randomization that is much closer to reality than
assuming uniform sphere coverage in each small segment.

In each elementary segment we separate the various contributions and treat them one
at a time; this is similar to what is done in the split-step Fourier method (SSFM), which
will be described in detail in Chapter 6. We also combine some of these elementary
contributions to speed up the calculations.

Figure 4.3 shows in schematic form how the input—output calculations are performed.
We first consider an isotropic fiber with dispersion (D) and nonlinearity (NL); we studied
propagation in such fibers in Section 4.2 and so we can make use of the equations in
that section. This is then followed by a fiber exhibiting linear birefringence (LB), and
another one with circular birefringence (CB); the combined role of these two sections is
to provide a random rotation on the Poincaré sphere for the SOPs. Dispersion is included
in the first isotropic stage but not in the LB and CB sections. So the LB stage provides
a fixed phase shift 6., between the x- and y-axes, regardless of wavelength. Similarly,
the CP stage provides rotation by the same angle ¢ for all wavelengths; this ensures
that all SOPs evolve in the same way, as in the preceding section. (This model is good
primarily for small wavelength spacings; it becomes unreliable for large spacings, for
which waveplate dispersion cannot be neglected. In Chapter 6 we will make use of
the nonlinear Schrodinger equation (NLSE) to investigate cases for which it cannot be
assumed that the SOPs of all waves evolve in the same manner.)

The fiber is assumed to consist of a number N, of the segments shown in Fig. 4.3.
In each isotropic fiber segment all nonlinear effects such as ellipse rotation and the
optical Kerr effect are included. We then use random unitary matrices to introduce SOP
changes between segments. By repeating this procedure N, times, we thus obtain an
approximation to the propagation in an actual fiber with continuously varying random
birefringence.

Specifically, we use a Runge—Kutta-type method for integrating. We denote the length
of a fiber segment by dz = L /N,. Assuming that N, > 1, the fields do not change much
over a segment and thus the changes can be well approximated by terms proportional to
dz. Denoting by A r(ndz) and Z}((ndz) the slowly varying envelope of the kth wave at the
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beginning and at the end of the nth segment, we can deduce equations for the pump(s),
signal and idler in the two- and one-pump case, as follows.
For two-pump OPAs, the pump equations are

Ay = Ay +iydz([Ap, A AL +2[4x, A, 47]), k=12, 1=3—k, (4.83)
and the signal and idler equations are

2;{ = f-ik + 2iydz([21, /ZT, Zk] + [22, Z;, Zk] + [1:1)1, 22, Z?]e_mﬁz’
k=3,4, [I=7—k. (4.84)

For one-pump OPAs, we have the pump equation
Ay = Ay +iydz[ 4, 4, A7), (4.85)
and the signal and idler equations are

2;{ = Zk + inZ(Z[/Zl, ZT, gk] + [21, 21, Zzﬂ]e_iAﬁz),
k=3,4, [=7—k. (4.86)

The effect of the nth waveplate is represented by the unitary matrix

cos B, e'¥n sin 6,
n = . o | 4.87
v |: —sinf,  cosb, e_"/’"] (4.87)

where 6, and ¢, are random angles; 6, corresponds to linear birefringence, and g,
to circular birefringence. These angles are uniformly distributed over [0, 77]. We then
have

Ad(n + Ddz] = U, Ay (ndz). (4.88)

The OPA equations have been integrated in this manner for different values of V. For
typical gains, of the order of 20 dB, good convergence is obtained for N, > 1000. This
procedure gives the values for Ay and g, listed in Tables 4.4 and 4.5, except for the
cases YXXY and YXY; convergence is also more difficult to achieve in these cases. The
reason for this is that in these two cases the gain calculated in subsection 4.4.3 is small
compared with the cases where all SOPs are the same (i.e. XXXX and XXX). Hence, if
there is some leakage from the original signal and idler SOPs into the orthogonal SOPs,
owing to ellipse rotation and the nonlinear Kerr effect, spurious polarization components
can grow and their power may exceed that of the initial components (this has been verified
by numerical simulations). Since YXXY and YXY have low gain they do not appear to
be of much practical interest; hence it is not essential to improve the modeling of these
cases at the present time.

For all the other types of SOP this situation is reversed, i.e. the gain for the undesired
SOPs is low and hence little leakage into the wrong polarization occurs; the numerical
results are in good agreement with the analytical ones.
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Discussion

In the preceding subsections we have explained why, in many experiments performed
with randomly birefringent fibers, it has been possible to use the simple theory devel-
oped for non-birefringent fibers. This shows that random birefringence may not be a
problem for the design and operation of either high-gain or polarization-independent
OPAs as long as they are not very wideband. Random birefringence can also be
potentially beneficial under some circumstances (i.e. it leads to increased gain for
polarization-independent OPAs).

The theory, however, requires that there be sufficient random birefringence to be able
to perform the averaging many times over the fiber length. The theory may thus apply
well in long fibers (1 km, or more) but less so in short fibers (say 20 m long). If it is
desired to be in the regime where averaging applies, but with shorter fibers, it may be
possible to induce strong random fiber birefringence intentionally, by bending, twisting,
or squeezing the fiber in many locations; winding on an appropriate former could be a
way to achieve this.

It is also important to note that the general form of the averaged equations is similar
to those in non-birefringent fibers. It follows that the six types of OPA in birefringent
fibers studied here and the 12 types in non-birefringent fibers studied in Section 4.2 form
an equivalence class of 18 OPAs, in the sense that any two-pump OPA can be made to
have exactly the same gain spectrum as any other OPA using the same type of fiber, by
adjusting pump powers and pump frequencies (provided that a certain algebraic equation
has real roots). This equivalence can provide a basis for the comparison and optimization
of fiber OPAs. This will be discussed in more detail in Chapter 5.

Conclusion

In this chapter we have extended the mathematical formalism developed in Chapter 3
to include OPAs in which the waves do not remain in the same linear SOP along the
entire fiber. We first investigated the ideal case of isotropic fibers, identified a total of
12 one- or two-pump OPAs for which each wave retained its initial LP or CP state, and
showed how to calculate the gain of each. We also considered the case of fibers with
constant birefringence and showed that they could be used for shaping gain spectra.
We then developed a model including random fiber birefringence in the case where all
SOPs can be assumed to evolve in the same manner; this model is applicable for weak
birefringence and/or small wavelength spacings. In this case we were able to average
the OPA expressions and so arrive at a solvable set of equations. The conclusion was
that OPAs in such fibers can exhibit spectra similar to those in isotropic fibers, with
minor or sometimes significant differences. The study of the more general case, where
it cannot be assumed that all SOPs evolve in the same manner, will be undertaken in
Chapter 6 with the help of the nonlinear Schrodinger equation and the split-step Fourier
method.
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5.1

5.2

The optical gain spectrum

Introduction

In Chapter 3 we derived expressions for the gain of fiber OPAs in terms of several
parameters, including ApB, the wavevector mismatch. We now turn our attention to the
frequency dependence of AS, which we need to obtain the shape of the gain spectrum
versus signal frequency; we will also study how the gain spectrum is influenced by the
choice of pump frequencies and by the fiber’s dispersion properties.

For the OPAs that we investigated in Chapter 4, for undepleted pumps the idler gain
is of the form

2

Ga(z) = ‘5 sinh (g2)
g

The parametric gain coefficient g is obtained from g = r% — (k/2)?; r is proportional
to the pump power. The gain coefficient reaches its maximum value gn,x = when k =
AB + ABne = 0, where A = B(ws3) + B(ws) — B(w1) — B(wy); ABNL is the nonlinear
contribution to the wavevector mismatch, and it is of the order of y Py. Hence G4 depends
on the wave frequencies and the fiber dispersion via AB, and on the pump power via r
and AﬁNL.

The effect of pump power on gain bandwidth

Before studying in detail the shape of the gain spectrum, let us establish the important
fact that the spectrum is broadened by increasing pump power. To see this, let us first
look at the maximum gain, obtained when « = 0; it is G4 max(z) = |sinh (rz)]>. As the
signal frequency is changed the gain is reduced, by an amount that depends only on g. For
example, for a 3 dB drop in gain, g will need to be reduced to some value g’ = ér < r.
This in turn implies that AB must be changed to A8’ = 2r+/1 — §2 — ABnL. Since r and
AP are proportional to the pump power, we see that AS needs to scale as the pump
power. As a result, the 3 dB bandwidth of the OPA, expressed in terms of AS, scales as
the pump power. We will see below that when the dependence of AS on ws is taken into
account, one finds that this 3 dB gain bandwidth increases with pump power, albeit in a
sublinear fashion.
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This dependence of OPA gain bandwidth on pump power is what makes it possible
to achieve very wideband fiber OPAs. This effect is not present in other types of optical
amplifier such as Raman amplifiers (RAs), erbiuim-doped fiber amplifiers (EDFAs),
semiconductor optical amplifiers (SOAs), or Brillouin amplifiers.

The effect of fiber dispersion on the gain spectrum
One-pump OPA

To investigate possible shapes for the gain spectrum, we now need to express AS in
terms of the optical frequency ws of the signal and to study the influence of the available
parameters on the gain spectrum. It is convenient to refer the frequencies to the pump
frequency by letting Aws = w3 — w;. We can then expand AS as a power series in terms
of Aws [1, 2]:

AB = B(w3) + B(ws) = 2B(w1)

= B(w1 + Aws) + B(w1 — Aws) — 2B(w1)

o ﬂ(Zm) .
=2 Z 2m)! (Aws)™ = 2B(Aw;) — 2B(w), 5.1

m=1

where B = d'B/dw!| ~  and B.(Aws) is the even part of B(w; + Aw) about wy, i.e.
w=w]

/3(2'”)
. am)* Ay’

i) = A1 + M)+ Bl — Aa)] = Z 5:2)

We note that AB depends only on the even derivatives of S(w) at w;, namely ®(w),
BD(wy), BO(w)), etc. and not directly on the odd derivatives BV (w)), B (w)), etc. In
particular, AB does not depend directly on the dispersion slope, which is proportional
to (1),

Also, once the pump frequency is fixed, Eq. (5.2) depends only on (Aws)?. This implies
that AB, g, G3(z), and G4(z) are all even functions of Awg. Hence the signal and idler
gain spectra are symmetric with respect to the center frequency. This allows us to limit
discussions and graphs to one side of w;, since everything is the same on the other
side. (Note that this symmetry can be broken if the four-wave model of Chapter 3 is
not sufficient to describe the nonlinear interactions; this occurs in the case of fibers with
linear birefringence as well as in the case where six waves are required to describe the
situation properly, as detailed in subsection 3.5.6.)

While the use of the angular frequency w is convenient for these theoretical calcula-
tions, in experimental work it is generally more convenient to deal with the wavelength
A = 2mc/w. It is important to note that the gain symmetry is generally lost if one plots
gain spectrum versus wavelength difference ALy = A3 — A1, because then

2w c AL T

2 _
(Aws)” = [M(/\1+AAS) (5.3)
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is not an even function of AXg. This asymmetry is quite noticeable for very wideband
OPAs, with a bandwidth of several hundred nanometers. For relatively narrowband OPAs,
however, the effect is hardly noticeable: the gain spectrum is nearly symmetric when
plotted versus AAs.

The power series of Eq. (5.2) is most useful when it can be truncated after the first few
terms, which is the case when the frequency excursions are not very large. Then AB is
given by a simple low-order polynomial, which can be used for studying and optimizing
the gain spectrum.

The simplest form for A is AB = B®(Aws)?, which holds when (i) the pump
wavelength is not too close to Ao (where by definition 8® = 0) and (ii) the frequency
excursions are not too large. For example, this would be the case for standard single-
mode fiber (SSMF) used near 1550 nm, which exhibits a large chromatic dispersion
D = 17psnm~' km™' and hence a large B = —(1%/27¢)D. Such a large value of 8
leads to a large AB even for small frequency excursions and thus to a small gain band-
width. In practice, with a pump power of a few hundred milliwatts the OPA bandwidth
in such a case would be just a few nanometers.

Clearly then, in order to obtain much larger bandwidths one must reduce . To do
this, it is necessary to arrange for A; to be very close to XA¢; in practice “very close”
means within a few nanometers. One might in fact think that A; and A¢ should coincide,
so that 8% = 0; in this case AB would be well approximated by the next surviving term,
ie. AB = BP(Aw,)*/12. While this choice would certainly lead to greatly improved
bandwidth, it turns out that keeping a small but finite value for 8*) may actually be
helpful in optimizing the spectrum shape and, in particular, in maximizing the bandwidth.

We are thus led to choose for AB a model that contains the first two terms, i.e.

V) »  BY 4
AB = B (Aws)” + E(AwS) . (5.4)
In practice 8%) can be adjusted almost at will, in both magnitude and sign, by adjusting
A1 to be near A, since in that region we have ? ~ B®)(w; — wy), where

B0 — ()‘_2>2 D
2nc) di
when B® = 0; dD/dx is the dispersion slope, generally provided by manufacturers, in
psnm 2 km™!.

We note that when plotted versus (Aw)? the graph of AB is a parabola that always
passes through the origin. Depending upon the values of 8 and B, a variety of shapes
can result for g(AX;). Two examples are shown in Figs. 5.1 and 5.2. In Fig. 5.1 we have
assumed that B > 0 and have chosen B® < 0 with a magnitude such that the AB
parabola reaches an extremum vertically aligned with the left of the semicircle (see
below). This ensures that g> remains positive over as wide a range of A as possible,
i.e. this choice provides the largest gain bandwidth achievable with the given 8.

In Fig. 5.1 we also show how to construct the graph of g versus A\g by graphical
means. This is achieved by means of three curves, in three quadrants. The first curve,
C}, is the graph of (Aws)? versus AAg; according to our preceding discussion, it is nearly
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Al

(Awy)?

Fig. 5.1 Graphical construction of OPA gain coefficient curve, for 84 > 0.

A

Fig.5.2 Graphical construction of OPA gain coefficient curve, for 84 < 0.

parabolic. The second curve, C», is the graph of A versus (Aw)?, which is parabolic.
The third curve, Cs, is the graph of g versus AB (note that A becomes increasingly
negative to the left of O); it is a half-ellipse that has been reduced to a semicircle by
an appropriate choice of scales along the axes. With these three curves the graph of g
versus AAg, Cy, is constructed as follows. Choose a value of AL on the horizontal axis
and draw the vertical line passing through it; it intersects Cy at P;. Draw the horizontal
line through Pi; it intersects C; at P,. Draw the vertical line through P;; it intersects
C; at P5. Draw the horizontal line through Ps; it intersects the vertical line through P at
Py, which is the desired point on the double-humped curve Cy4. This type of graphical
construction is very helpful for visualizing how the shapes of the various curves combine
to determine the shape of the gain spectrum. In particular, it is helpful for maximizing
the gain bandwidth, for obtaining a flatter gain spectrum, etc.

Figure 5.2. is an example where 8 < 0 but it has the same magnitude as for Fig. 5.1.
Here we have also chosen 8 to maximize the gain bandwidth; graphical considerations
indicate that this occurs for 8% = 0, resulting in the shape of C, shown. We see that the
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Fig. 5.3 Theoretical signal gain spectra fory = 2 W= km™', Py = 7W, L = 200 m, 8® =
12x 1079 m™, W = —5 x 107¥ s* m~!, and Ay = 1550.0 nm. Solid line, A; =

1549.8 nm; broken line, ; = 1550.0 nm; broken-and-dotted line, A; = 1550.2 nm; dotted line,
A1 =1550.5 nm.

gain bandwidth in this case, when measured along the (Aw;)?-axis, is just half that in
Fig. 5.1; this translates into a ratio of about 1/+/2 ~ 0.7 along the AX,-axis. Hence we
see that, all else being equal, having 8 > 0 is better than having 8 < 0 for obtaining a
large gain bandwidth. However, we see that the gain curve is now single-humped instead
of being double-humped as in Fig. 5.1; this may be viewed as a positive aspect.

The idler conversion gain G4 is related to g by Eq. (3.79). While the gain bandwidth
can be defined as the region where g2 > 0, other features of the conversion gain cannot
be easily understood by looking only at the graph of g. For example, G4 is finite when
g = 0, because it is obtained as the limit of a ratio of the form 0/0; specifically, one
finds that G4 = (rL)?. Hence the graph of G4 in fact will not touch the AA¢-axis in the
way that the graph of g does in Figs. 5.1 and 5.2.

Realistic examples of G3(AXs) = 1 4+ G4(AAs) are shown in Fig. 5.3. The parameters
correspond to a common type of DSF.

It can be seen that a variety of shapes can be obtained by tuning A; near A¢. However,
these shapes are very sensitive to A; — Ag: a change of 0.1 nm will cause a noticeable
distortion of the gain spectrum.

Figure 5.4 shows the kind of gain spectra that could be obtained for a fiber with
the same parameters as in Fig. 5.3 but with a positive 8® value. We note in particular
that for A; = 1550.5 nm we could obtain a gain spectrum with a high gain over a fairly
wide region. Such a spectrum is not available for negative ¥, and this illustrates the
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Fig. 5.4 All parameters are the same as in Fig. 5.3, except that the sign of 8 has been changed,
ie. f® = 45 x 107¥ s* m~".

desirability of being able to choose fiber parameters in such a way as to obtain interesting
gain spectra.

The flat gain spectrum, shown by the broken line in Fig. 5.4, is interesting, and as
such it has been studied in great detail [3]. However, as can be seen from Fig. 5.4, the
shape of this flat gain spectrum is greatly affected by even very slight variations in pump
wavelength (or alternatively in zero-dispersion wavelength (ZDW)). This indicates that
actually obtaining such idealized spectra will be very difficult. Indeed, even with the
recent availability of highly nonlinear fibers (HNLFs) with 8® > 0 [4], it has not been
possible to observe spectra even remotely similar to the flat-top spectrum seen in Fig. 5.4
[5, 6]. It thus appears that the utilization of this spectral feature for making broadband
gain spectra is probably not as promising as the use of two-pump fiber OPAs, to be
described further on in this section.

Narrowband tunable gain spectra

So far, we have concentrated on obtaining a gain region in the vicinity of AA; = 0 and
increasing its width, for the purpose of making wideband optical amplifiers. However, the
complex dependence of the gain on dispersion also makes it possible to obtain gain spectra
with very different characteristics, which might be useful for other applications. One
possibility is to achieve a single narrow gain region, far removed from A;. This might be
useful for wavelength conversion, filtering with gain, tunable narrowband amplification,
etc.
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Fig. 5.5 Theoretical narrowband tunable gain spectra for DSF. The values of 1 in nm are

(1) 1526.6, (2) 1528.1, (3) 1530.4, (4) 1532.0, (5) 1533.5, (6) 1535.1, (7) 1536.6, (8) 1538.9,
(9) 1540.5, (10) 1541.3, (11) 1542.0, (12) 1542.8. The other parameter values are y = 2.3

W lkm™, Py = 12W,L =200m, B3 = 1.14 x 107 * m™!, B, = =5 x 107> s* m~!, and
Ao = 1542.3 nm. (Reprinted, with permission, from [7]. © 2004 IEEE.)

How this can be accomplished can be understood with the help of Fig. 5.1, for which
B® < 0. By tuning the pump further and further away from A, we can make 8
positive and of increasing in magnitude. This causes the parabola AS((Aws)?) to intersect
the AB = 0 axis further from the origin and with an increasing slope. The OPA gain
will be obtained in that region, as long as —4yPy < AB < 0; this will correspond to a
decreasing range of AAg as the gain region moves further from the origin. This regime
was investigated in [7], where it was found that, for the same parameters as in Fig. 5.3,
the gain bandwidth §A at a distance A from the pump was

_3.56 x 10°

A ,
A3

(5.5)

where the wavelengths are in nanometers. This yields §A = 1.36 (0.54)nm for AA =
100 (200) nm.

By this approach, it is in principle possible to create a narrow gain region several
hundred nanometers away from X;. The bandwidth would be less than 1 nm wide if the
fiber had a uniform Xo. However, longitudinal A, variations will cause 8?, and hence
the location of the gain region, to fluctuate. The overall effect will be a broadening of
the gain region and a reduction in the peak gain; nevertheless, a relatively narrow gain
region will still be produced [7-9].

Figure 5.5 shows plots of theoretical narrowband tunable gain spectra obtained by
tuning the pump near Aq. The fiber is simple DSF, and it is assumed to be uniform along
its length. It can be seen that gain bandwidths of the order of 1 nm are obtained far from
Mo, as predicted by the above equations.
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Two-pump OPA

Two-pump OPAs have gain characteristics fairly similar to those of one-pump OPAs.
However, they have an additional independent parameter, that can be used the better to
optimize the gain spectrum. Here we will concentrate on this point.

We let w. = (w1 + @2)/2, Aws = w3 — we, Aw, = w1 — v, = w. — w,. Then as
before we can expand A as a double power series in terms of Aws and Aw, [10]:

AB = B(ws) + B(@) — B(w1) — B(w2)
= B(we + Aws) + B(w. — Aws) — B(w. + Awp) — Blwe — Awp)

S ’B(Zm) 2m 2m
= 2; am [(Awy)*™ — (Awy)™™]
= 2[Bc(Aws) — IBe(Awp)]a (5.6)
where B = d'B/dw!|, = o.; Bo(Aw) is the even part of B(w, + Aws), i.e.
1
Be(Aws) = E[ﬂ(a)c + Aws) + B(we — Aws)]
B
=> G (Awy)™™. (5.7)

m=0

Again we find that the signal and idler gain spectra are symmetric with respect to the
center frequency.

We will find it convenient to use w. and Aw, as the two independent parameters,
instead of w; and w,. Equation (5.6) shows that if we change Aw,, while keeping w.
fixed, the graph of AS(Awsy) is simply translated along the AB-axis, by an amount that
depends only on Aw,; AB(Aws) no longer has to pass through the origin, as was the
case for a one-pump OPA. This important property in principle allows us to shift the
graph of g along the AB-axis by an (almost) arbitrary amount. This can then be used to
ensure that the dispersion properties are optimized to yield maximum gain at a particular
frequency, as well as a desirable gain shape in the vicinity of that frequency. The range
of the shift may not be infinite, however, as it depends on the behavior of the function
Be(Awy), which may be bounded (this is indeed the case when the series in Eq. (5.7) is
limited to two terms, as studied in [10]).

The two-term model for A is as follows:

“
A = BP[(Awy)’ = (Awy)’] + ’31—2[(Aw5>4 — (Awp)']. (5.8)

Here, B® can be adjusted almost at will, in both magnitude and sign, by adjusting A,
near Ao, since in that region we have 8, & B3(w. — wy). For a given 8 we can translate
the graph of AB(Aw;) by adjusting Awy. The amount of translation can be conveniently
obtained as

5(4)

AB(Aw, = 0) = —[ﬂ(z)(Awp)z + E(Awp)“]. (5.9)
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Fig. 5.6 Graphical construction of the gain coefficient graph for a two-pump OPA, showing that
a flattened gain spectrum C,4 can be obtained.

Before proceeding with an algebraic optimization of the shape of the gain spectrum, let us
consider in Fig. 5.6 a graphical construction similar to Figs. 5.1 and 5.2, in order to show
that two-pump OPAs can provide flatter gain spectra than their one-pump counterparts.
The basic idea is that since the parabola C, no longer has to pass through the origin,
we can have AB(Aws = 0) close to the optimum value for high gain, and also have a
suitable slope at that point (i.e. a suitable ). Then we can arrange for the top of the
parabola to remain near the optimum AS over a large range of Awg, which will lead to
a relatively flat-top gain spectrum. This is illustrated in Fig. 5.6. Note that here we have
separated the origin of the AB axis, O’, from that of the other three axes, O, so that C;
and Cy are separated.

The shape of Cy4 in particular can be optimized so that it has two equal maxima, as well
as two equal minima, for AAs > 0. The first condition is satisfied simply by ensuring
that the maximum of C, is to the left of A = —y Py; then C, will cross this value
twice, providing two equal maxima. The second condition is somewhat more difficult to
satisfy. It requires that the minimum value of AB be symmetric to AB(Aws = 0) with
respectto A = —y Py, this leads to an algebraic relation between the fiber parameters.
When these conditions are satisfied, AB(Aws) is an even fourth-order polynomial, with
a minimum at Aws = 0. As such, it can be written in terms of a fourth-order Chebyshev
polynomial:

AB Aws
— =1 T , 5.10
v Po o 4<A0)T) .10

where Ty(x) = 8x* — 8x? + 1, p is the relative ripple in AB, and Awr represents the
range (to one side of zero) over which the ripple remains between the Chebyshev extrema;
we use it as a measure of the OPA bandwidth. From Eq. (5.10) we can calculate g2, which
is such that

2 2 2 2
LI A P = | s A
(m) =177 [T(Awﬂ =173 [”Tg(w)]' G-1h
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Fig. 5.7 Example of two-pump fiber OPA with a very wide Chebyshev gain spectrum, calculated
with the four-wave model. The parameter values are y = 25 W' km~!, 1o = 1561.00 nm,
BP =2x10°s*m™', D, = 0.024psnm2km™',L = 30m, A, = 1385.00 nm, A, =
1791.45 nm, ande = P2() =3W

This shows that the relative ripple in g is p?/8, which is quite small even for moderate
values of p. This is therefore an effective method for obtaining flat gain spectra.
We let Aw) denote Awr for p = 0. It can be shown that Aw} = (12y Py/B*)!/* and

that
1 Aa)r 4
= - . 5.12
P=3 (Awg) (5.12)

Equation (5.12) shows that there is a trade-off between p and Awr; hence very flat gain
spectra can be obtained but only over a restricted bandwidth.

Numerical examples show that one could in principle obtain very flat gain spectra
over tens of nanometers by this method. Experiments have borne out the prediction that
two-pump OPAs can exhibit flatter gain spectra than one-pump OPAs [11].

Figure 5.7 shows a calculated gain spectrum for a two-pump OPA with the following
parameters: ¥ =25 W~ 'km™!; 1o = 1561.00 nm; B = 42 x 107° s* m~!; D, =
0.024 ps nm~2 km’l;L =30m;A; = 1385.00 nm; Ay = 1791.45 nm; Pjg = Py =
3 W. The fiber was a recently developed HNLF, with 8® > 0 [4], which is a require-
ment for obtaining the very flat Chebyshev gain spectra described above. The pump
parameters were chosen to yield a very broad gain spectrum. The high-gain region (say
with gain values over 30 dB) is over 400 nm wide.

The four-wave model was used, and therefore the gain-dips around the pump wave-
lengths (investigated in subsection 3.5.6) do not appear. To see them, we also performed
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Fig. 5.8 Expanded view of the gain spectrum for the same OPA as in Fig. 5.7. Broken line,
four-wave model; solid line, six-wave model.

calculations with the six-wave model in the vicinity of the pumps. Figure 5.8 shows an
expanded view of the gain spectrum for the same OPA, centered about 1, = 1385.00 nm.
As expected from Eq. (3.120) the gain in decibels at A; predicted by the six-wave model
is close to 10 log[1 + (y PioL)?*] = 7.8 dB. It can be seen that the gain above 1400 nm is
virtually unaffected by the presence of the extra idlers. A similar situation exists around
Ay = 1791.45 nm. Altogether, even the more accurate six-wave model still predicts a
high-gain region extending over 375 nm.

Figure 5.9 shows an example of gain spectra calculated for a two-pump OPA that
has B < 0 and therefore cannot exhibit a Chebyshev gain spectrum. It shows results
obtained by the four-wave model and results obtained by the six-wave model. The param-
eters were chosen to give a reasonably flat spectrum; it can be seen that the spectrum
calculated from the four-wave model is flatter than for a typical one-pump OPA.

In this example the gain dips have a non-negligible width and they are at inconvenient
locations, causing a significant loss of usable gain bandwidth.

Overall, we see that the availability of fibers with B > 0 allows the design of two-
pump fiber OPAs with superior gain spectrum characteristics.

OPAs with similar gain spectra

In Section 3.4 we showed that different OPAs can have the same longitudinal gain profile
and overall gain, provided that Egs. (3.41)—(3.43) are satisfied. These relations can tell
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Fig. 5.9 Two-pump OPA gain spectra obtained by the four-wave model (broken line) and the
six-wave model (solid line). The parameter values are y = 18 W~ km™', A, = 1550.00 nm,
BP = —5x107s*m™!, D, = 0.02psnm2km~!,L = 160m, A; = 1500.00 nm, A, =
1602.00 nm, and P1y = Py = 0.5 W.

us about the gain equivalence for particular wavevector mismatches but cannot provide
information about gain spectra, since they do not contain explicit information about the
dispersion of the fibers.

To obtain information about gain spectra, it is thus necessary to make additional
assumptions. We now assume that we are comparing two OPAs that are made from the
same type of fiber. Then Eqgs. (3.41)—(3.43) lead to

/
Afaey) B _ L (5.13)
AB(Aw]) Py L
To have two different OPAs, we need Py/ Py # 1. Since the two fibers now have the same
dispersion we cannot have Aws, = Aw], because then the leftmost ratio in Eq. (5.13)
would be equal to 1 and would differ from the middle ratio.

To find possible relations between Aws and Aw, such that Eq. (5.13) can be satisfied
over a wide range of frequencies, we need to make some assumptions about the form of
the function AB(Aws). Specifically, we are going to consider cases where ASB(Aws) can
be approximated by a low-order power series in Aws.

(@) Second-order approximation
Here we assume a one-pump OPA and that AB(Aws) can be well approximated as

AB(Aws) = BP(Aws). (5.14)
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This model is suitable when the pump is not too close to Ao, so that 82 is fairly large and
the second-order term dominates the power series expansion of AS(Awsy) (i.e. provided
that Awy is not too large).

To satisfy Eq. (5.13) we need to scale AS(Aws) as Py. One way to do this is to keep
B® constant, and to have

| Aws| o (Py)'/?. (5.15)

(In the case of a two-pump OPA, Aw, should also scale in the same manner.)

The significance of this is as follows. Let us assume that we know the gain spectrum
for a given OPA, with pump power Py. If we change the pump power to P; and the
length to LPy/ P; then the new OPA has exactly the same gain spectrum as the initial
one, but with a frequency axis scaled by (Pj/P)'/>. As an example, if an OPA has a
gain bandwidth of 100 GHz (about 0.8 nm near 1550 nm) for P, = 1 W then raising
Py to 100 W will result in the same spectral shape but with a bandwidth of about 1| THz
(about 8 nm). Note that this reasoning is independent of how the bandwidth is defined,
because all features of the gain spectrum are scaled by the same magnification factor.

Since these two OPAs have the same gain spectrum, within a scaling of the frequency
axis, we say that they have similar gain spectra.

Another way to satisfy Eq. (5.13) as the pump power changes would be to keep Aws
unchanged and to arrange to have

B? x Py. (5.16)

This is possible because S? = B3 (w; — wy), so that B can be varied simply by tuning
the pump wavelength. In this case, since there is no scaling of the frequency axis the two
gain spectra are actually exactly identical.

More generally, it is in principle also possible to combine the scaling of 8% with that
of Aws. The most general case would correspond to

BP o f(Py) and  |Awsl o [Py/f(Po)]'?, (5.17)

where f(P) is an arbitrary positive function of Py. In all such cases the gain spectra of
the various OPAs will be similar, the scaling of the frequency axis being given by Eq.
(5.17).

(b) Fourth-order approximation

In this case we assume that AS(Aws) has the form of an even fourth-order polynomial
in ws — w;, which is often a good model for broadband fiber OPAs when the pump is
close to g, so that 8@ is fairly small. Specifically, we let

ﬂ(4)

-Emw4 (5.18)

AB(Aws) = BP(Aws) +

As w, is tuned about g, we can assume that B remains fixed but B varies linearly,
1.e. ,3(2) = ,3(3)(601 — a)()).
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To satisfy Eq. (5.13), again we need to scale AB(Aws) as Py. Since @ is fixed but
B can be varied, we see that we will have the desired scaling of AB(Aw;) if and only
if we have the following scaling rules:

[Aws| x (Pp)V/* and B o (Py)>. (5.19)

In contrast with the previous case, which had several possible solutions, this solution is
unique.

All OPAs obtained using of Eq. (5.19) will have similar gain spectra. If we change the
pump power to P}, the length to LPy/ P, and B to B(P;/ Py)!/?, by tuning the pump
wavelength, then the new OPA will have exactly the same gain spectrum as the initial
one but with the frequency axis scaled by (P;j/Py)"/*. As an example, if an OPA has a
gain bandwidth of 10 THz (about 80 nm near 1550 nm) for Py = 1 W then raising Py to
100 W will result in a bandwidth of over 30 THz (about 300 nm).

(c) Sixth-order approximation
Such an approximation may be necessary for an OPA with a very large bandwidth, e.g.
covering hundreds of nanometers. Then
5(4) 13(6)
AB(Aw) = BP(Aws)* + H(Aws)“ + %(Aws)6. (5.20)

The second-order mismatch B® can be adjusted at will by tuning the pump near Ao,
but A® and B© remain essentially fixed. To have the sixth-order term scale as Py we
would need |Aws| o (Py)"/®, but to have the fourth-order term do the same requires
|Awg| (Po)l/ 4 Since these two requirements are in contradiction, it is therefore not
possible to find OPAs with gain spectra depending on the sixth order of dispersion that
will be similar.

Equivalent gain spectra for OPAs using pumps with different SOPs

In the preceding section we studied the conditions under which OPAs of the same type,
and made from the same type of fiber, would exhibit similar gain spectra, i.e. gain spectra
that are the same except for a scaling of the frequency axis. Here we examine another
type of relationship between gain spectra, namely the possibility that different types of
fiber OPA (i.e. fiber OPAs that use different SOPs, as seen in Chapter 4), but still made
from the same type of fiber, may be designed to exhibit the same gain spectra.

For any of the 12 types of OPA studied in subsection 4.3.2, g% can be rewritten as

) 1
g = _Z(K —2r)(k +2r)

= —%(A,B + ABNL — 2P)(AB + ABnL + 27). (5.21)

Viewed as an equation for AB, the equation g> = 0 has the tworoots Af: = —ABnL £
2r. The OPA gain region is such that g2 > 0, i.e. it corresponds to AB_ < AB < AB..
The distance between the two roots is 8 = AB. — AB_ = 4r. For g real and positive,
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the graph of g versus AS is a half-ellipse, symmetric about ANy = —(AB+ + AB-)/2.
Maximum gain is reached for A = —ABnL and is gax = 7. We thus see that all these
half-ellipses are similar in the sense that the ratio of width and maximum parametric
gain is the same for all these OPAs, i.e.

3B
&max

—4. (5.22)

This fact can be used to simplify further the shape of the graphs. If we use a unit along
the g-axis equal to twice that along the AB-axis then the graphs become semicircles,
centered at g = 0 and A = —APBNL-

To show the gain equivalence of the various fiber OPAs, we first choose the pump
powers in such a way that they have the same gp,x. Since the maximum signal power
gain for an OPA of length L, with no idler at the input, is G3 max(L) = |cosh(rL)|2,
all the OPAs will have exactly the same maximum signal power gain. According to
Eq. (5.22), their graphs of g versus AS will also all have the same width along the AS-
axis, 88 = 4gmax, and they will then differ only by the position of their maximum along
the AB-axis, i.e. —ABNL.

To investigate the shapes of the gain spectra, we express AB in terms of the optical
frequency w; of the signal, as in Section 5.3. The following discussion concerns primarily
two-pump OPAs for which the pump spacing can be used as a variable parameter, but it
can also be applied to single-pump OPAs by letting the pump spacing vanish.

Equation (5.8) shows that as Awj, changes the graph of AB(Aws) is simply translated
along the Ap-axis, by an amount that depends only on Aw,. This important property in
principle allows us to shift the graph of g along the AB-axis by an (almost) arbitrary
amount. This can then be used to ensure that, for a particular type of OPA, the dispersion
properties are optimized to yield maximum gain at a particular frequency as well as a
desirable gain shape in the vicinity of that frequency. Again, however, the range of the
shift may not be infinite as it depends on the behavior of the function B.(Awy), which
may be bounded (this is indeed the case when the series in Eq. (5.8) is limited to two
terms, as studied in [10]).

In summary, because (i) all OPAs with the same gp.x have the same g(AB) within a
translation along the AB-axis, and (ii) the graph of AB(Aws) can be translated arbitrarily
along the Ap-axis by adjusting Aw,, several types of OPA using the same sort of fiber
can exhibit exactly the same gain spectrum G3(Awy), centered about the same w,. The
only differences between them will be that they will generally require different Awy
values and pump powers.

We can prove this more formally, as follows. Consider a first OPA, OPA1, with

P(Aws) =12 — i[ZA,Be(AwS) —20B(Awp) + ABy I (5.23)

and a second OPA, OPA2, with primed notation for those quantities that are not the same
as for OPA1. We assume that the two OPAs use exactly the same sort of fiber and have
the same w,; also, by our equalization of maximum gains, »’ = r. Then the parametric
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gain of OPA2 is given by
/. 1 / 7 2
HAws) =r* — Z[zA,Be(AwS) —2AB:(Aw)) + ABLL] (5.24)

Thus, in order for the two OPAs to have the same g?(Aws) and hence the same signal
gain spectrum G3(Aws), we must have

28B(Awp) + AL = 288 Aw)) — ARy (5.25)

Equation (5.25) can be viewed as an equation for Aa);) when all the other parameters
are given. When Eq. (5.25) has one or more roots, the resulting OPA2 will have exactly
the same gain spectrum as OPA1. The two OPAs will in general require different pump
spacings Aw, and Aa);,. They will also in general require different total pump powers,
because » depends differently on pump power for different OPAs. The existence of
suitable roots must be examined for each function Aﬁe(Aw;).

An example is treated in detail in [12]. The problem was to find whether two-pump
OPAs could provide the same gain spectrum as XXX, for a fiber with 8 < 0 . This
could be useful in practice, to achieve a gain independent of the signal SOP and/or to
avoid idler-broadening problems due to pump dithering. It was found that we have the
choice between XXXX and RLRL to replace XXX. In both two-pump cases the pumps
fall at the same location, unfortunately within the desired gain bandwidth. The RLRL
case has the additional advantage of being polarization independent, but it requires 50%
more pump power than XXX or XXXX.

This typical example illustrates the design of OPAs with identical gain spectra and
also some of the trade-offs that one faces when choosing between various types of OPA
to achieve particular objectives.

Saturated gain spectra

In the preceding sections we concentrated on the gain spectra of OPAs operating in
the small-signal gain regime, i.e. without pump depletion. That regime is particularly
important for optical communication, where linear amplification is generally desired for
preserving pulse shapes.

For other applications, however, such as high-power wavelength conversion (WC)
in non-communication applications, it may be desirable to achieve a high conversion
efficiency, which requires strong pump depletion. In this case the small-signal analysis
ofthe gain and conversion spectra is no longer valid and one must redo the analysis, using
the mathematical tools appropriate for this regime. Specifically, we must use the results
obtained in subsections 3.5.1. and 3.6.1. In the present section we are going to present
a simplified approach, which has the merit of showing (i) under what circumstances
complete pump depletion can be achieved, and (ii) how nearly complete pump depletion
can be obtained over large bandwidths, leading to flat broadband conversion spectra. We
treat in detail the one-pump case; the two-pump case can be handled in a similar manner.
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Conditions for complete pump depletion

The frequency relation 2w; = w3 + w4 shows that when the pump releases two photons
both signal and idler gain one photon. Therefore, if the pump is completely depleted then
both signal and idler powers must have increased by P /2. For the idler power, this must
be its maximum, 73; hence we must have 3 = Pjo/2. As shown in subsection 3.6.1, we
must then have A = ApBy, where

P
ABy=y <P30 - %) : (5.26)

which can be interpreted as a nonlinear wavevector mismatch. (This condition is more
general than in [13], where it was assumed that P3y << Pjo.) We also see that P1o/2 is
a double root, i.e. that n3; = n4 = Pjo/2. This leads to k¥ = 1, which implies that the sn
function reduces to tanh, a non-periodic function. Hence one needs an infinitely long
fiber to obtain complete pump depletion.

Equation (5.26) yields an expression for the optimum wavevector mismatch which is
quite different from that for the small-signal regime, ABy = —2y Pjo. This indicates that
spectrum optimization in these two regimes leads to very different results.

Obtaining nearly complete pump depletion over a large bandwidth

Obtaining complete pump depletion at a particular frequency can be done, provided that
Eq. (5.26) can be satisfied. In practice, however, it is important to investigate under what
circumstances nearly complete pump depletion can be obtained over a wide wavelength
range [13, 14]. The advantages of being able to do so are clear: one can in principle
then tune the signal wavelength over this range while keeping the pump wavelength
fixed, and thus obtain an idler wavelength that will be tuned over a similar range, with
high conversion efficiency. This is more desirable than if high conversion efficiency is
obtained only over a narrow range. Designing fiber OPAs with such wide conversion
spectra is therefore the topic of this section.

We will begin with a qualitative discussion of the conditions necessary to obtain large
pump depletion over a large bandwidth. We will then continue with an investigation of
the gain spectra by means of analytic solutions.

(@) Qualitative description of the conversion gain spectra
We have as usual

P
AB = BP(Awy)’ + H(Aws)“- (5.27)

According to Eq. (5.26), complete pump depletion can be obtained when AB = Ap.
Equation (5.27) can then be viewed as a second-order polynomial equation for u =
(Aws)*. This equation can have zero, one, or two real roots for u, which are positive or
equal to 0, depending on the parameters entering the equation. We denote these roots by
u and uy (1) < up) when there are two of them and by u; when there is only one.
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Fig. 5.10 Graphical representation of the wavevector mismatch A in inverse atomic units
versus u for various values of 8. The horizontal lines correspond to different values of ABj.

Intuitively, to obtain near-complete pump depletion over a wide bandwidth, A 8 should
remain close to ABy over a wide frequency region. For this it is helpful if AB crosses
A By once or twice within that region. This is similar to the analysis performed in [10]
to study the shape of AS in relation to —2y Py (the optimum for achieving maximum
small-signal gain bandwidth).

We assume that the fiber is given, so that y and B® are fixed. (We also assume that
B™® <0, which has been the case for most fibers used in OPA work in recent years; for
B™ >0 the analysis would need to be appropriately modified.) One can vary @ at will,
in sign and magnitude, by adjusting A; near A. The graphs of A versus u are parabolas
passing through the origin of the axes, where their slopes are equal to 8. They may or
may not intersect horizontal lines drawn at A Sy, depending on the parameters. Let us
consider some important cases, illustrated in Fig. 5.10.

ABy=0
In this case the horizontal line is the horizontal axis. Since any parabola intersects that
axis at the origin, Eq. (5.27) has a root at #; = 0, and complete pump depletion will
always be achievable there.

If 8® = 0 the parabola remains close to the horizontal axis for a long distance before
diverging from it. Thus we expect that this case will lead to a fairly flat gain spectrum,
decreasing gradually from its maximum.
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To obtain another interesting intersection, at u, > 0, we need ? > 0. The larger @,
the larger u, will be and the faster the parabola will depart from the horizontal axis near
the origin. As a result the wider the spectrum, the more ripple it will have.

In the case B® <0 there is only one intersection at the origin. The more negative §?
is, the faster the parabola diverges from the horizontal axis, which leads to a narrower
gain spectrum. Therefore this regime is not useful for maximizing spectrum bandwidth.

ABy >0
The horizontal line is now above the horizontal axis. The origin is no longer on that line,
for any parabola, and is thus no longer suitable for complete pump depletion.

There is always a particular positive value of 8 for which the parabola is tangent to
the line. In this case, we will have a u; value away from u = 0. As AB, increases u;
increases and the bandwidth around it decreases.

For larger B, there will be two intersection points, at «; and u;. As ,3(2) increases, u
and u, will move apart but so will the maximum value of A — ABy. Hence again there
will be a trade-off between gain bandwidth and gain ripple.

If B is too small then there is no intersection and no opportunity to obtain an
interesting spectrum.

The regime ABy > 0 can therefore lead to interesting spectra, provided that Ay is
not too large.

ABy <0

In this case there is always a single intersection with a parabola, at u, > 0. For small
— APy the conversion gain spectrum may be wide and flat, but for large — A By it exhibits
a single narrow peak away from u = 0.

In summary, the investigation of the shape of A in relation to ABy shows that the best
possibility for obtaining a wide gain spectrum with low ripple is to operate in a regime
where ABy = 0, i.e. P3yg = Pyp/2.

(b) Optimizing fiber length and signal power

While obtaining complete pump depletion is a desirable goal for a WC, there are several
reasons why one should not necessarily strive to come as close to it as possible. They are
as follows.

Fiber length

Complete pump depletion requires that the fiber length be infinite, which is not possible.
One can approximate this condition by using a long fiber. This, however, would introduce
several problems, as follows: (i) high cost; (ii) fiber loss; (iii) low SBS threshold. This
is a very important point because generally, when L is much greater than the nonlinear
length Ly = 1/(y P1o), SBS suppression becomes very difficult and may introduce
additional problems such as broadening of the idler linewidth. (iv) Large dispersion
fluctuations. In long fibers, there can be significant dispersion variations along the fiber.
The presence of these fluctuations makes the WC performance different from that in a
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uniform fiber and difficult to predict. On the contrary, if a very short fiber can be used
then dispersion fluctuations can become negligible and OPA performance can be reliably
predicted on the basis of models assuming constant dispersion.

Conversion efficiency
Conversion efficiency is the ratio of desired output power and input power. For a WC
the idler power Py is the desired output power. We define the input power as the total
optical power entering the OPA; hence, we have the following definition of conversion
efficiency:

Py
~ P+ Py

This is a realistic definition for the optical conversion efficiency of the OPA itself, as it
includes all the optical input power and not just the pump power. It is a quantity that one
would want to maximize when designing an OPA-based WC.

Mefr (5.28)

In view of these considerations about fiber length and conversion efficiency, it is clear
that designing a WC to approach complete pump depletion is not a very desirable strat-
egy. It is better to design it so that it exhibits a large n.g over a large wavelength-tuning
range AA, using a small L, by suitable choice of the signal power P3. Such design
involves a trade-off between these goals, and the choice of an optimum design is pos-
sible only by introducing some rules for choosing a design that represents the best
compromise.
In the following we examine in detail the trade-offs between e, L, P3g, and AA.

Nefr Versus L

We have seen that flat conversion gain spectra can be obtained when Eq. (5.27) has
two positive roots. Then n.s across the tuning range will be about the same as it is at
the location of the roots. If there is only one root then 7. will peak at the location of
that root. At these points we have {11, n3, 14} = {—=16P30/7, P1o/2, P1p/2} and the sn
function becomes a tanh. We can then write n.g as follows:

6Py
feft = T(Pio + P3o)
7P10 2 vz -1
= |1— —21%  tann (— 7P + 32P P) . (529
X{ [ 7Pro + 32Px an 1 V(7P + 32P3) Py (5.29)

Nefr versus Pxg

The highest s values are obtained for the lowest values of P3y. However, one needs a
larger L to come close to these g values. Actually, the plots for two different values of
Ps cross at some value L. of L. For L < L, nesr for the larger Ps is larger, and this is
reversed for L > L. This shows that, for a fixed L, increasing Pz, may actually lead to a
decrease in 7. It can be shown that this occurs even though here P, always increases
with P3p. The decrease in g for increasing Psg is related to the definition of 5.y by
Eq. (5.28): if P4 increases but Py + P3¢ increases faster then g decreases.
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Fig. 5.11 Upper figure, plots of P4 versus A4 for various values of Ps: solid line, 0.4 W; dotted
line, 0.8 W; broken-and-dotted line, 1.2 W; broken line, 1.6 W. The other parameter values are
Py =3W, A =16120nm, A; = 1611.8nm; B = —1 x 1075 s* m, D, = 0.024 ps nm >
km™',y = 12W~' km™', L = 80 m. Lower figure, plots for the same values as in the upper
figure except that L = 40 m.
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Fig. 5.12 Plots of P4 versus A4, for various values of A,: solid line, 1611.6 nm; dotted line,
1611.8; broken-and-dotted line, 1612.0 nm; broken line, 1612.2 nm. The other parameter values
are Pig = 3W, Py = 1.8 W,L = 80m, Ay = 1612.0nm, B = -1 x 107¥ s*m~!, D, =
0.024psnm~2km~',andy = 12 W~ km™".

AM versus L

Let us now consider how AA varies as L is reduced. From the preceding discussion, we
expect that the maximum 7.5 in the tuning range will be reduced. In addition, since a
smaller L also implies smaller nonlinear phase shifts, we anticipate that n.¢ across the
tuning range will be more uniform and that A itself will be larger.

Numerical examples

We now present results of Matlab simulations carried out by using the exact Jacobian
elliptic solution, for designs guided by the preceding qualitative observations. The func-
tion sn was calculated from its power series expansion, truncated after 10 terms; the
elliptic integrals K and K’ were obtained by numerical integration. The three roots of
g(x) were obtained by means of a Cardano solution.

We first consider an example with a pump power of Py = 3 W. We assume that
an HNLF is used, with parameters y = 12 W~! km™!, Ao = 1612.0nm, B® = —1 x
107>° s* m~!, D, = 0.024 ps nm™> km™'; L, P39, and Ap are variable parameters.

(@) Conversion gain spectra for different values of P5y and L
The left-hand panel in Fig. 5.11 shows gain plots for A; = 1611.8nm, L = 80 m; P3g
takes various values from 0.4 W to 1.6 W. We see that P4 never exceeds 1.5 W, as expected.
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Fig. 5.13 Upper figure, plots of 1. versus L for various values of Ps: solid line, 0.4 W; dotted
line, 0.8 W; broken-and-dotted line, 1.2 W; broken line, 1.6 W. Lower figure, plots of neg versus
P, for various values of L: solid line, 20 m; dotted line, 40 m; broken-and-dotted line, 60 m);
broken line, 80 m; dotted line with crosses, 100 m. The fixed parameters were P;y = 3 W and
y = 12W ' km™.
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In agreement with the discussion in the first part of subsection 5.6.2, for P3y < 1.5 W
the spectrum has a single narrow peak far from the origin. For P;y = 1.6 W we have a
flat spectrum that is quite wide. The spectra for P3p = 1.2 W and 1.6 W each provide
good combinations of large tuning range and small deviation from the maximum.

The parameter values in the right-hand panel in Fig. 5.11 are the same as those in the
left-hand panel except that L = 40 m. The shapes of the curves are similar but the idler
power levels are lower and the tuning ranges are larger. This agrees with the discussion
in subsection 5.6.2(a).

(b) Conversion spectra for different values of A,

Figure 5.12 shows gain plots for P3y = 1.8 W, A = 1612.0 nm; A, takes various values
from 1611.6 to 1612.2 nm. For A; = 1612.0nm the idler spectrum has a maximum at
A4 = 1612.0 nm and decreases monotonically; it is not as wide as the widest monoton-
ically decreasing spectrum in the left-hand panel of Fig. 5.11. For A; = 1612.2 nm the
spectrum has a similar shape but drops even faster. For A; = 1611.8 nm the gain spec-
trum has a maximum near A4 = 1640.0 nm and is quite flat. The widest gain spectrum
is obtained for A; = 1611.6 nm; it has two maxima.

(c) Conversion efficiency versus L

When L is the variable, it is possible to choose the parameters so that they satisfy the
condition for total pump depletion and then to make use of Eq. (5.29); this has been done
in Fig. 5.13. The left-hand panel shows plots of the conversion efficiency 7. versus L,
for v values of Psq. In all cases longer fibers lead to increased n.s. However, after a
certain point one obtains diminishing returns by further increasing L.

(d) Conversion efficiency versus P3

When P3 is the variable, it is still possible to meet the complete pump depletion condition
and to use Eq. (5.29) for every P3¢, but then a different parameter must be used for each
P3y. One can in particular keep Py fixed and vary AB. This was done to produce the
right-hand panel in Fig. 5.13, which again shows plots of nes versus Pso for various
values of L. In agreement with the first part of subsection 5.6.2, for each value of L the
plot passes through a maximum at a particular value of Ps. If it is important to maximize
Nefr then this value of P3o should be considered to be the optimum.

(e) Wavelength conversion with P;yp = 300 W
We now consider a wavelength conversion (WC) with 300 W of pump power. Since
single-mode fibers lasers can deliver CW powers in excess of 1 kW [15], it is probable
that in the future there will be some interest in exploring the use of such sources for
wavelength conversion.

The pump power is 100 times larger than in the preceding example, and we can use
the considerations of Sections 3.4 and 5.2 to investigate how the WC output would scale
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compared with the 3-W-pump case. If we also increase the signal input power by 100,
to about 150 W, we will obtain a very flat conversion spectrum, with an idler power of
the order of 150 W. This is true regardless of the type of fiber used.

The bandwidth, however, does depend on the fiber. If we use the same HNLF as before,
y and B® are the same and therefore the bandwidth scales as (Py9)"*. Hence it is larger
by (100)"* = 3.16, i.e. it is about 200 nm. This could be attractive for some applications.

The fiber would be about 100 times shorter than before, i.e. just 80 cm long. This fiber
would have to dissipate 100 times the power of the preceding one in 1/100 of the length.
Therefore the power to be dissipated per unit length would be 10* times larger than in the
first example. This could be excessive for a fiber with such a small core; water cooling
might be required, which could be undesirable.

To reduce the heat dissipation problem, a dispersion-shifted fiber (DSF) could con-
sidered, with a y value that is about 1/10 that of HNLF. This would increase L to 8 m
and therefore reduce the heat load per unit length by the same factor. Also the core size
would be larger, which would help the fiber to withstand the power.

However, DSF has a 8 value about 10 times larger than that of HNLF. Since the
gain bandwidth scales as (y P;o/B“)!/4, we see that a 300 W pump WC made from DSF
would have exactly the same bandwidth as a 3 W pump WC made from HNLF.

Finally, we could consider using a large-core fiber, commonly used in fiber lasers with
kW output power [15]. Such fibers have a y value much smaller than DSF, and so the
required L would be much longer than 8 m, possibly up to 80 m, which would be similar
to the fiber lengths used for fiber lasers, which can handle these high powers. Such fibers
have the advantage of not requiring water cooling. However, a smaller y will reduce the
bandwidth. For such fibers 8* is not well known and so it is not possible to predict the
bandwidth.

(f) Discussion

One-pump OPAs cannot provide very flat gain spectra in the case where the pump is
undepleted (particularly when * < 0) [2], while two-pump OPAs can [10]. Here we
have shown, however, that one-pump OPAs can provide very flat gain spectra when the
pump is strongly depleted. Thus two-pump OPAs do not necessarily have an advantage
over one-pump OPAs for providing flat gain in the case of strong pump depletion.

We have defined the conversion efficiency as nesr = Pa/(Pi1o + Pso). In the preceding
discussion we have seen that P3o should be close to Pj/2 in order to obtain a flat gain
spectrum; in that case n.g will be close to 33%. Hence the design of OPA WCs with flat
gain spectra involves a trade-off between gain bandwidth and conversion efficiency.

Fibers with longitudinal dispersion variations

In the preceding sections we studied the gain spectra of fibers with properties that are
uniform along their entire lengths. This allowed us to find out the types of gain spectra
can be obtained under such ideal conditions. We have seen in particular that, in the
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small-signal gain regime, two-pump OPAs have the potential for providing spectra that
are very wide and flat while one-pump OPAs have spectra that have more ripple in the
passband.

In this section we turn our attention to OPAs that have dispersion variations along
their length. These variations may be either intentional, or they may occur naturally as a
result of the manufacturing process.

Intentional dispersion variations may be used for modifying the gain spectrum in
desirable ways. Naturally occurring random variations are actually present in all fibers,
however, and we need to understand how they modify the ideal spectra associated with
uniform fibers.

In this section we investigate these two types of variation. We approximate an arbitrary
dispersion variation by a series of fiber sections with uniform dispersion. For each such
section we know from Chapter 3 that we can express the relation that exists between
the input and output fields by means of a matrix (in the absence of pump depletion).
Therefore, we can obtain the transmission matrix for the whole fiber as the product of
the matrices of the individual segments. We use this matrix approach throughout the
present section as it has the advantages of being relatively simple to implement and of
being computationally efficient. (The method breaks down when the pump depletion is
not negligible; one must then resort to numerical integration techniques.)

Matrix approach

This is considered in [16—-19]. We showed in Chapters 3 and 4 that in the small-signal
regime the input and output fields (signal and idler) of a uniform fiber section are related
by a 2x2 matrix, which depends on the fiber properties, the pump fields, and AB. In
a series of segments, one must calculate the pump fields by taking into account the
cumulative effect of the preceding sections on their amplitudes and phases. Once that is
done one can calculate the matrix for each section and then for the entire fiber by matrix
multiplication, as mentioned above.

We will limit our calculations to lossless fibers, for which the matrices can be simply
expressed in terms of exponentials, or equivalently in terms of sinh and cosh functions. It
is worth noting, however, that the method can be extended to lossy fibers. In that case the
pump powers decrease exponentially and the matrices are expressed in terms of Bessel
or hypergeometric functions, for one- or two-pump OPAs respectively (see Chapter 3).

It is important to note that, since fiber OPAs are fundamentally phase sensitive, the
phases of all the fields must be taken into account properly at all stages. In particular, one
should remember that, in the derivations of the gain matrices, changes of field variables
were made, involving phase transformations. Thus it is important to use the appropriate
field variables and the correct expressions for the pump fields in the matrices.

It turns out that for the one- and two-pump OPAs studied in Chapter 3 the phase
transformations used for the signal and idler fields are actually the same. Therefore the
matrices arrived at in that chapter can be used without any change to relate the signal
and idler input and output fields.
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The pump fields entering the first matrix are 4;(0) and A,(0) , which are the original
complex field envelopes at the fiber input. It can be shown that the same fields should be
used to write down the matrix for any segment.

Therefore the transfer matrix for a fiber made up of Ny segments is given by

M—ﬁM —]N_[[ s s ] (5.30)
e (mh)" ()" ] '

k=1 [ M3y 3

where

mé‘3 = cosh(gyLy) + % sinh(gx L) for either type of OPA,
k

p _ 2iyAiodxn

ms, T sinh(gixLy) for a two-pump OPA,
. A 2
mk, = % sinh(gy L) for a one-pump OPA.

The length of the kth segment is Lj; the appropriate expressions for g; and « for the
two types of OPA are given in Chapter 3.

One-pump OPA gain flattening

We have seen that it is difficult to obtain flat gain spectra with one-pump OPAs. This is
particularly true when 8® <0, which is valid for most available fibers, in which case we
have a spectrum that has two symmetric peaks or a single peak, depending on the location
of the pump with respect to the ZDW,; this is shown in Figs. 5.3 and 5.4. It is natural,
therefore, to consider placing two fibers in series, one with a two-peak gain spectrum and
the other one with a one-peak spectrum; one would expect that the combined spectrum
would be approximately the sum of the two and would therefore be fairly flat. This
reasoning is only approximate because OPAs are phase sensitive, and therefore the gain
in the second stage depends on the relative phases of the waves emerging from the first
stage. Hence in general the gain of the combined sections is not simply the sum (in
decibels) of the individual gains (both calculated in the usual manner, by assuming that
there is no idler at the input).

Nevertheless, guided by this intuition one can implement this procedure, assuming
that the same pump passes through two consecutive segments that have different ZDWs.
In principle this could be achieved by splicing together different fibers or by using a
single fiber and modifying the dispersion over part of it by using a different temperature
[20] or stress [21].

It is found that this method indeed works reasonably well and that two such segments
can lead to a relatively flat spectrum, by proper choice of lengths and ZDWs. However,
there are ripples due to the phase-sensitive nature of the OPA and to reduce these it is
necessary to introduce additional fiber segments. Thus one is led to extend the method
beyond the two segments originally envisioned. One finds in practice that using four
segments provides a sufficient reduction in ripple [18].
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Fig. 5.14 Gain spectrum of a four-segment one-pump fiber OPA. Solid line, segment 1; dotted
line, segments 1 and 2; broken-and-dotted line, segments 1, 2, and 3; broken line, segments 1, 2,
3, and 4.

Figure 5.14 shows a gain spectrum that can be obtained in this manner, with a four-
segment arrangement. The parameters were the same as in [18], i.e. L; = 200 m,
L2 =77 m, L3 =118 m, L4 =27 m, )\,1 = 1550.00 nm, )»01 = 1550.00 nm, )\.()2 =
1551.49 nm, g3 =1548.47 nm, Aoy = 1546.00 nm, B =0, g =5.89 x 102
ps2km™!, gz) = —6.07 x 1072 ps? km !, f) =—165x 102 pskm ™!, P, =
0.5W, y =20 W km™!, and B® = —2.85 x 10~ ps* km™'. The ZDW of the kth
segment is Aoy.

The spectra obtained by increasing the number of segments are plotted. This shows
that all four segments are needed to obtain the desired flatness. The final spectrum is a
little higher and not quite as flat as in [18], because the splice loss of 0.6 dB between
adjacent sections assumed in that work has not been included here.

The results can be verified by using a numerical Runge—Kutta method to calculate the
output fields without using the matrices.

The parameters in [18] were arrived at by trial and error. The search for optimum
conditions could possibly be rendered more systematic by using some form of simulated
annealing technique [22, 23].

While such a design for a flat-gain one-pump OPA is appealing, to our knowledge
it has not been experimentally demonstrated. One reason is probably the difficulty of
finding four fiber pieces with the desired ZDWs. This could in principle be achieved
by using a controlled distribution of temperature [20] or stress [21] along a single fiber
segments.
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Periodic dispersion compensation

The OPA matrix theory was first used for investigating the possibility of using a periodic
distribution of dispersion along the length of a fiber [16]. The idea is that if two fibers are
available with dispersion properties that are not ideal for OPA operation, perhaps some
linear combination of their properties would be more appropriate. In principle such a
combination could be obtained by making a composite fiber, by cutting pieces from the
two fibers and reassembling them with alternating fiber types.

The dispersion properties of a fiber can be obtained from the dependence of the group
delay on the optical frequency. In a composite fiber, made from segments of fibers of
types 4 and B, the total time delay is

=4 2B (5.31)

where vg4 and v, are the group velocities and L 4 and L p are the total lengths of the
two fiber types. (This is true regardless of the lengths of the individual fiber segments
and where they are located.) Since the average dispersion coefficients of the composite
fiber can be obtained by taking derivatives of ¢ with respect to w, we see that the same
linear combination as in Eq. (5.31) will hold for any dispersion coefficient. For example,
the average second-order dispersion coefficient is

@ _ L + LuBy

=" 5.32
ﬁave LA +LB ( )

Concerning nonlinear effects, simple averaging is generally not possible because of the
lack of linearity of the equations. One exception is for self-phase modulation (SPM); it
can be shown that the SPM phase shift of a pump can be calculated by using an average
value of the nonlinearity coefficient calculated from Eq. (5.32), where the f®’s are
replaced by y’s.

Concerning the OPA equations, if the fiber segments are very short then it is clear that
the composite fiber will behave as a homogeneous fiber, with averaged properties. Then
the usual OPA results for a uniform fiber can be used with these coefficients. However,
if the fiber segments are not very short, it will be necessary to represent each by a matrix
and multiply the matrices to represent the entire fiber. Intuitively, we expect that for a
moderate number of fibers the gain spectrum will approximate that of a uniform fiber
with average values of the parameters.

In practice, if two different types of fiber are used, say DSF and HNLF, the inevitable
splice loss between consecutive segments will limit the number of segments. In [16]
only three segments of each type of fiber were used. In spite of this limited number, the
characteristics of the resulting gain spectrum already approached those of the ideal fiber
with averaged coefficients, which represented a significant improvement over the spectra
that could be obtained with either type of fiber used by itself.

Of course, when losses are introduced by splices the matrix for each segment should
be calculated by using the local pump power in each segment.

One way to avoid splice losses is to create variations in the dispersion properties
within a single fiber, by using a temperature distribution [20]. This restricts how much
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the fiber properties can be varied, compared to using pieces of different fibers. However,
the fact that no splices are needed implies that a very large number of short segments
can be used. By so doing, it is possible to investigate the regime where the composite
fiber effectively behaves as a uniform fiber with the averaged parameters.

Fibers with random longitudinal dispersion variations

The preceding examples in this chapter show that the shape of the gain spectra can
be strongly affected if the pump wavelength varies, in some conditions by as little as
0.1 nm. Equivalently, if the pump wavelength is fixed but the fiber ZDW drifts by such an
amount then the spectrum will also be affected. All practical fibers have random ZDW
variations along their length, and this will modify their gain spectra from the ideal spectra
calculated for perfectly uniform fibers.

A common model to investigate the effect of such variations on the spectrum is to
approximate the continuous ZDW variation actually found by one where the ZDW has
different constant values in a large number of small segments. The number and lengths
of the segments, as well as the random values of the dispersion, are then chosen in such
a way as to approximate the ZDW profile in the fiber.

‘We can use the matrix method for such a model [19]. We write down the corresponding
2 x 2 matrix for each segment with constant ZDW and then multiply the matrices to obtain
the overall transfer matrix.

Figure 5.15 shows examples of one-pump OPA gain spectra for an HNLF, for vari-
ous longitudinal variations of A¢. Typical parameters are Py = 0.5W, L = 0.5km, y =
10 Wlkm™!, A, = 1550 nm, B® = —5 x 10755 s*m~!. The fibers were divided into
50 m segments, and in each segment the ZDW was chosen at random by adding a ran-
dom amount A\ to the average value, 1550 nm; AAq is a uniformly distributed random
variable with zero mean and maximum value AAg,max. The three curves correspond to
the spectra for three fibers, with AAg,max = 0, 2, 3 nm. As expected, we see that as the
dispersion variations increase the spectrum becomes more distorted. Nevertheless, we
note that the distortions are not very large even though the A variations are substantial
(possibly up to 6 nm for Alg,max = 3 nm). We therefore conclude that for this partic-
ular choice of parameters the gain spectrum is actually fairly robust with respect to Ag
variations.

However, it should be noted that it is possible to find examples that are significantly
more sensitive. For example, the very wide and flat two-pump gain spectrum of Fig. 5.7
is very sensitive to variations in the pump wavelengths, a change of 0.1 nm making a
significant difference; this is an indication that similar variations in Ao may also lead to
significant distortions.

Theoretical investigations of the effect of ZDW variations have been performed by a
number of authors, for both one-pump [19, 24] and two-pump [25] OPAs, with conclu-
sions similar to those arrived at above.

In [26] the changes in spectral shape due to ZDW variations as well as due to changes
in pump wavelength were exploited to extract a fiber dispersion map. This was done
by using a polynomial of order P to fit the dispersion curve and then using spectrum
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Fig. 5.15 Gain spectra of two-pump fiber OPAs with different amounts of ZDW variation
AXo,max: solid line, 0 nm; broken line, 2 nm; dotted line, 3 nm.

measurements for different pump powers to generate a set of equations for the unknown
coefficients of the polynomial. By this method it was possible to get dispersion maps for
fibers as short as 300 m. The result of the work reported in [26] revealed that HNLFs
could have ZDW variations as large as 1 nm over 100 m, which makes it difficult to
obtain gain spectra approaching those of uniform fibers.

An interesting approach for dealing with random dispersion variations was introduced
by Inoue [27].

Fibers with constant linear birefringence

In the preceding discussion we considered the gain spectra of OPAs made from isotropic
fibers. For a one-pump OPA we saw that it is possible to create a narrowband gain region
far from the pump, whose location can be adjusted by tuning the pump near the ZDW.
Birefringence provides another means for creating narrow gain regions away from the
pump. This approach was in fact used in some of the earliest fiber OPA work, to generate
light at new wavelengths.

Here we are going to derive expressions for the location and width of the gain peak
and discuss the potential for this approach.

In subsection 4.3.1 we showed that

AB = AB* +2Anwy/c. (5.33)
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Expanding A~ to the fourth order, in the usual fashion, we obtain
AB = B P (Aw)* + B (Aw)* /12 + 2Anw, /c (5.34)

This shows that the birefringence adds a constant to the expression for A 8* in an isotropic
fiber. The sign of this constant can be changed by exchanging the SOPs of pump and
signal; its magnitude is given by the fiber birefringence, which can be as large as 1072 in
some fibers. Weak birefringence can also be introduced by applying stress to the fiber,
for example by winding it on a cylinder. Thus the constant in Eq. (5.34) can be viewed
as a parameter that can be chosen, within a wide range, to achieve particular effects.

It is interesting to note that the form of Eq. (5.34) is actually the same as that for AS
for a two-pump OPA in an isotropic fiber, in which the constant (i.e. the part that does not
depend on Awy) is —B*@(Aw,)? — B*@(Aw,)*/12 and can be adjusted by changing
the pump spacing. It thus appears that birefringence could in principle be used to obtain
with a one-pump OPA the same types of flat gain spectra that can be obtained with a
two-pump OPA, as described in Section 5.3. However, to obtain Eq. (5.34) we assumed
that the two polarization axes have the same dispersion except for the presence of An,
and this is only an approximation. Thus for shaping wide gain spectra with birefringence
one needs to re-examine the assumptions made and to use accurate dispersion properties
for the two axes.

If, however, one is interested in obtaining narrow gain regions away from the pump,
the spectral shape is always about the same and the main quantity of interest is the
distance of the gain region from the pump, Aw,, which does not depend critically on the
dispersion differences between the two axes. To calculate this distance, we let A = 0
in Eq. (5.34); this leads to

4 BD AR
3 C)\.]

, (5.35)

where we have omitted the superscript x for simplicity. We now examine the dependence
of Aw, on B? (which can be adjusted by tuning the pump) and on An (which can be
set during manufacture, or perhaps by inducing stress).

If B» = 0, we simply have

3 A 1/4
T ”) (5.36)

Aa)g =2 <—W

In this case An and B need to have opposite signs for a meaningful solution to be
obtained.

As an example, for An = 107%, 1; = 1500nm (i.e. 200 THz) and S® = —3.3 x
107 s* m™!, we have Av, = Aw,/2m = 66.6 THz, which is about one-third of the
pump frequency itself. This would correspond to gain peaks at 1125 nm and 2250 nm.
Therefore with such an arrangement we could obtain wavelength conversion with very
large shifts. It should be noted that this is true even though the values of An and ® in
this example are quite moderate and easily realizable.

However, since the slope of A versus Awj is quite large as A S passes through zero,
the width of the gain region will be quite small. This is quite similar to what occurs when
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Fig. 5.16 Gain spectra corresponding to two one-pump birefringent fiber OPAs with opposite
signs for the birefringence: solid line, An = —2 x 107>; broken line, An = 2 x 1075,

tuning the pump to obtain a narrow gain region with a one-pump OPA in an isotropic
fiber (Section 5.3).

To avoid this problem, one can arrange for the slope of A versus Aws to vanish as
A B passes through zero. This occurs for a finite ) when the two roots of Eq. (5.35) are
the same. Now An and B need to have the same sign to have a meaningful solution.
It can be shown that the location of A = 0 is again given by Eq. (5.36), except that
the negative sign is absent. Hence with the same conditions as in the preceding example
we would obtain the same large shifts but now with a much larger gain bandwidth. The
exact value of that bandwidth depends on how the shape of the gain spectrum is optimized
in that region.

Figure 5.16 shows signal gain spectra obtained by following the procedures just
described. The parameters were P, =700 W, L =0.6m, y =20 W~! km™!, Ao =
1550nm, and B = —5 x 107>°s* m~!. The narrow gain peaks (broken lines) corre-
spondto An =2 x 107 and A; = A9 = 1550nm (8® = 0), while the wider gain peaks
(solid lines) correspond to An = —2 x 107 and A; = 1507 nm. It can be seen that the
optimized gain spectra display flat-topped gain regions that are at least one order of mag-
nitude wider than the others. In fact the gain region near 1310 nm is tens of nanometers
wide, which could be of interest for the amplification of communication signals in that
important wavelength range. (However, the high power required to obtain this bandwidth
for this example renders it impractical.)

In early OPA work Stolen investigated the use of birefringent fibers in the case where
the pump is not very close to Ao, which makes 8 relatively large; he did not include
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the effect of B [28]. With these assumptions, one finds that

4 An\?

which is valid as long as Aw, is not too large, so that the effects of 8 ) can be neglected.

In other work, it has been proposed that the longitudinal variation in the magnitude of
the birefringence should be controlled, in order to tailor the gain spectrum as well as to
achieve complete pump depletion. The idea is to bend the fiber around a purpose-built
shape in order to create a longitudinal variation of the fiber’s local radius of curvature,
which in turn creates a longitudinal variation in the birefringence. To be successful, this
approach requires a fiber that has very little intrinsic birefringence in the absence of
intentional bends [29].

Few-mode fibers

Most work with fiber OPAs uses waves that are in the fundamental mode of propagation,
sometimes with different SOPs. However, it is sometimes desirable to consider the pos-
sibility that some or all the waves do not propagate in the same transverse mode of the
fiber. Since different transverse modes have different transverse field profiles, it is then
necessary to re-examine the calculation of yju, in Chapter 3. The form of Eq. (5.32)
remains correct, as it allows for the possibility of having different functions ¥ that
represent the mode profiles. When different profiles enter into Eq. (5.32), the resulting
coefficients for the various interactions (self-phase modulation, cross-phase modulation,
four-wave mixing) may all be different, and it is therefore necessary to calculate them
all.

Another difference from the case of a single mode is that the expression for A8 must
also be re-examined. Specifically, we now have

AB =5+ B{ — Bf — B, (5.38)

where the labels a, b, ¢, d refer to the modes at the frequencies wy, w;, w3, w4, respectively;
these modes may also have different SOPs in the most general case. In this most general
case, where all four modes are different, all their dispersion properties will need to be
known in order to calculate AS.

Since the use of different modes in fiber OPAs significantly complicates the analysis of
their gain spectra, and few advantages have so far been identified, the use of higher-order
modes has been very limited in the OPA field.

One possible area of interest is that different modes can have large differences between
their dispersion curves, and this can be used to obtain phase matching for widely separated
frequencies. In other words, it can be used for wavelength conversion with large frequency
shifts. (Our treatment of gain spectra using different SOPs can be viewed as a particular
case of this.)

In fact one reason for considering different modes when large frequency shifts are
required is that a fiber designed to be single-mode near the pump wavelength (say
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1550 nm) may very well support additional modes at shorter wavelengths, say near
1000 nm. In this case one would need to consider the possibility that these modes may
be efficiently excited for some specific pump wavelengths. This type of situation has
been encountered with microstructured fibers designed with high pump powers in the
fundamental mode: parametric amplified spontaneous emission (ASE) was observed at
much shorter wavelengths, with radiation patterns that corresponded to higher-order
modes [30, 31]
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6.1

The nonlinear Schrodinger equation

Introduction

In the preceding chapters we have considered the nonlinear interactions between a small
number Nt (N¢ < 6) of frequencies in a nonlinear fiber. We wrote down sets of Ny coupled
equations for their complex amplitudes that depended only on z. These sets of equations,
and the resulting solutions, are very useful and with them we were able to investigate
several important aspects of fiber OPAs, particularly their gain spectra.

However, there are situations where this approach is not sufficient to describe the
behavior of fiber OPAs. Examples of such situations are as follows.

1. The number of frequencies Ny becomes large An important example of this is
the case of multiple signal carriers passing through the OPA at the same time, such
as in a wavelength-division multiplexing (WDM) system. Then, if we tried to follow
the previous method, the number of equations would grow as N and the number of
four-wave mixing (FWM) terms in each equation would grow faster than Ny, resulting
in a very complex set of equations.

2. The pumps are modulated at a very high rate or are very short For moderate
modulation frequencies and pulse lengths it may be possible to make use of the quasi-
CW approximation as a first-order approximation (see Chapter 7). But when these
become extreme the quasi-CW approximation breaks down, and one needs to use a
model that accurately takes into account the broadband nature of the waves.

In situations such as these it becomes necessary to use a technique that can deal with
essentially arbitrary optical spectra passing through the nonlinear fiber. To do this we
need to go back to the basic wave equation and investigate what it yields for an input
that consists of a continuous spectrum of frequencies about the center frequency w.
The approach is to consider first what happens in the absence of nonlinearity and to
then add the nonliniear contribution as a small perturbation; this leads to the nonlinear
Schrédinger equation (NLSE). As in Chapter 4, we first consider an isotropic fiber and
then add birefringence.

We will start by looking at some well-known analytic solutions of the NLSE in uniform
fibers. We then turn our attention to the split-step Fourier method (SSFM), which can
be used for broad optical spectra as well as for fibers exhibiting arbitrary longitudinal
variations of dispersion and birefringence.
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Derivation of the NLSE for an isotropic fiber

In the absence of nonlinearity, the guided waves in an isotropic fiber are only subject
to dispersion. We consider a relatively narrow range of frequencies w about a center
frequency w.; hence the difference frequencies 2 = w — w, are relatively small. The
propagation of the frequency component at w is determined by the wavevector B(w),
which can be expanded in a power series of €2 as follows:

g(n)
f) = ploc+ @)= p+ Y L tar, 6.1)
n=l1 :

where

n

Be=PBw) and "= d

o atoc. 6.2)

In most situations the series in Eq. (6.1) can be truncated after a few terms. As we saw
in Chapter 5, for fiber OPAs it is generally necessary to include all terms up to 8 in
order to obtain accurate results for the shape of the gain spectrum.

We assume that the transverse field dependence is handled as in Chapters 3 and 4, and
so here we consider only functions of z and ¢. In parallel with the approach of Chapter 4,
we let the real electric field vector £ (z, t) be of the form

E(z, t) = %{Z(z, t)expli(Bez — wct)] + c.c.}, (6.3)

where Z(z, t) is the complex vector phaser (slowly varying envelops, SVE), of E (z,0).
We now decompose A4(0, ¢) into its frequency components by means of the Fourier
transform

A0, 1) = /Q ” B(R) exp(—i Q1)d<, (6.4)

=—0Q

where E’(Q) is the complex amplitude of the Fourier component at 2. Because we assume
linear propagation, we have

Az, t) = f ~ B(Q)expli(B — Be)z — iU (6.5)
Q

=—00
Taking the derivative of Eq. (6.5) with respect to z yields

0A(z, 1) _ /E(Q)l(ﬂ — Bo)expli(B — Be)z — iQ]dR
0z

R o0 g(n)
=i/B(Q) (Z p

n=1

Q) expli(B — o)z — i QUK. (6.6)
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Taking the mth derivative of Eq. (6.5) with respect to ¢ yields

= / BQ(~iQ)" expli(B — o)z — iQu1dR. 7

Comparing Egs. (6.6) and (6.7), we see that
0A(z, 1) i"HIBM 9" A(z, 1) 0

0z n! ar"

n=1

(6.8)

This equation, which is strictly a consequence of the linear propagation equations, is
exact.

If the fiber is lossy, Eq. (6.8) needs to be slightly modified. If the power loss coefficient
is o, a term oz/](z, t)/2 should be added to the left-hand side.

We now introduce the Kerr nonlinearity as a perturbation of Eq. (6.8). We follow the
same approach as in Chapter 4. Substituting Eq. (6.3) into Eq. (4.6) and keeping on both
sides only those frequencies that are close to w., we find that the terms of interest on
the right-hand side must be proportional to [/}, A, Z]. Following the same arguments
as in Chapter 4 concerning the coefficient that multiplies this term, we finally arrive at
the equation

82 0 in+1ﬂ(n) 8"2

9z =~ ol o
n=1

=iy[4, 4%, 4], (6.9)

which is a form of the NLSE valid for isotropic fibers.
When A(z, t) is linearly polarized and the series is limited to n = 2, we obtain the
familiar scalar form of the NLSE,
94 B a%4

94
B i = —iy|4)P4 6.10
8Z+ﬂ 81‘+l RETE iy|Al“4, (6.10)

where 4 is the complex amplitude of A

Derivation of the NLSE for a birefringent fiber

We now consider propagation in a nonlinear fiber with constant linear birefringence,
such as polarization-maintaining fiber (PMF). As before, we consider the dispersive
properties (which now include birefringence) and the nonlinear effect, separately and
then combine the contributions to form the complete equation.

As in Chapter 4 we let x and y denote the directions of the fast and slow polarization
axes, and we decompose any incident field SOP into its linearly polarized x and y com-
ponents. Linear propagation along the fiber can then be studied very simply, the x(y)
component having the corresponding wavevector 8*(5”).

We will present two slightly different derivations. The difference arises from the way
in which the SVEs are defined: we may use a separate definition for each linear SOP,
or a common definition. The resulting NLSEs are in principle equivalent, but they have
features making them better suited for handling different situations.
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First derivation

Here we use a separate definition for the SVE of each linear SOP, i.e. we let

E*(z,1) = ;{A (z.0)exp[i(Biz — wet)] + c.c.}, (6.11)
E¥(z, 1) = ;{Ay(z t)expli(Blz — wct)] + c.c.}, (6.12)

where
Be =B (we), B =B (w) (6.13)

and 4* and 4”7 are the slowly varying envelopes of the two polarization components.
Because of the way in which they are defined, A* and 4” each have slow variations in
time as well as in space [1].

These definitions lead to two scalar equations similar to Eq. (6.8), namely

9 A* 00 n4l px™ 9" A*
Y p —0. (6.14)

9z —~ n! at"
04 0 -n+l y(") " AY

SR B (6.15)
dz — n! at"

We now consider the nonlinear effects alone. We have previously investigated the vector
properties of the Kerr effect, using the notation introduced in Chapter 4. The treatment
is very general, and it is suitable for arbitrary polarization states. Therefore, the x- and
y-polarized components of the nonlinear polarization are proportional to [/I, 2*, ﬂ, )2]
and [2, A*, A, 7], where A = A%e23 + 47ePi7 5 is the total electric field. We obtain
the two equations

an 00 l-n-&-]ﬁx"“ dn A*

0z —~ n! dt"
ly Z A x]
1 * :
- <P" += Py> A + 3 (47)* 47 e—MﬁZ] ; (6.16)

34” intIpy” gn gy
9z = ol

2 « ARy
iy (Py + 3Px> AV + ~ (Ax)2 A eZlAﬂ’zi| . (6.17)
where

ABY = B0 — B = BT (we) — B (). (6.18)

Because 4* and A4” appear in products in both equations, they are nonlinearly coupled.
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Under some circumstances it can be argued that the last terms in the x and y equations
can be neglected, because of the phase factor e*>4#™%_This term oscillates rapidly due to
the difference in phase velocity between the two axes and will essentially average out to
zero over several beat lengths. One situation where this is applicable is the case where the
birefringence is strong and the fiber is many beat lengths long. Another example is when
the birefringence is weak but varies randomly along the length, as in most communication
fibers. In such situations we then keep only those terms on the right-hand sides that are
synchronous. We then obtain the forms [2, 3]

94" o) in+1[3x‘”) 9" AX ) i 2 .
n=1 :
347 XXt a4y o2\
E_ZT =1y (P)+§P )AJ. (6.20)
n=1 °

The main disadvantage of these equations is that they have been obtained by neglecting
the coherent-coupling, i.e. ellipse-rotation, terms (see the next subsection for definitions
of these terms), which may not always be a good approximation.

6.3.2 Alternative derivation

Here we use a common definition for the SVE of each linear SOP, i.e. we now let

E*(z,1) = %{Cx(z, t)expli(Bez — wct)] + c.c.}, (6.21)
EV(z,t) = %{ C’(z, t)expli(Bcz — wet)] + C.C.}, (6.22)
where
1
Be = E(ﬂ"(wc) + B (@) (6.23)

Comparing with Egs. (6.11), (6.12), we see that the new SVEs C* and C” are simply
related to the previous ones A* and A” by phase factors:

C¥ = A" 188722, CY = AP 2P722, (6.24)

When AB* is small, as in communication fibers with random birefringence, the C’s can
be said to be slowly varying envelopes of the electric fields, like the A’s, but one should
bear in mind that “slowly varying” has a slightly different meaning for the two types of
variable.

These definitions lead to two equations similar to Egs. (6.14), (6.15), namely

9C* AIBxy % in-HIBx(’” nCx

—1 cr — =0, 6.25
0z 2 ; nt o (6.23)
aCT ARV it gney

4By AT T (6.26)

e 2 ol o
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We now consider the nonlinear effects alone. The x- and y-polarized components of

the nonlinear polarization are proportional to [C, C*, C, %] and [C, C*, C, §], where

C = (C*% + C?p)e’’~ is the total electric field envelope. Therefore, we obtain the two
equations

X X ] x™ gn ~x

aC —iA'ByC’“— X, gyt gn e

oz 2 Lo pl dr

=iy[6',é*,é,)?]

2 1 .
=iy [(P" + §Py> Cc* + 3 (CY)* C* } , (6.27)
y ABYY 00 pntlpy™ ncY
£ +1 ﬂ CcY — ! ’3
0z 2 n! at"

n=I

:l]/l:é,é*,é,j}]
, 2, |
=iy [[P"+ 3P )7+ 3@V (6.28)

Now we see the advantage of using this alternate formulation: the right-hand sides of
Egs. (6.27)—(6.28) no longer explicitly contain exponentials of the form e**4f”% Asa
result, they contain only nonlinear terms (with no explicit dependence on dispersion or
birefringence), while the left-hand sides contain only linear terms due to dispersion and
birefringence (with no explicit dependence on fiber nonlinearity). This clear separation
of the basic physical phenomena is very helpful for formulating the solution of the NLSE
by means of the split-step Fourier method (SSFM), as will be shown in Section 6.6. The
fact that Egs. (6.27), (6.28) were obtained without making any approximations implies
that the results of the associated SSFM should be accurate under all circumstances.

Analytic solutions of the scalar NLSE
No dispersion, no loss

It is sometimes useful to assume that the frequency components of interest experience
essentially relative delays as they travel through a fiber; this can occur in practice because
the frequencies are close and/or because the fiber is short. This assumption is equivalent
to neglecting fiber dispersion entirely, i.e. letting B = 0 for all » > 1 in Eq. (6.10).
Then Eq. (6.10) reduces to

04 A

—+ﬁ(1>8— =iy|A)*4 (6.29)
0z ot ' '
It can be shown that the general solution of Eq. (6.29) is
2
A, z):A(o,z—f) exp{iyz‘A (0,t—£>‘ } (6.30)
v v

where v = 1/8" is the group velocity. This solution is particularly useful when imple-
menting numerical techniques for integrating the NLSE.
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(@) Expression for K input waves

(Note that in this section the subscripts denoting pump signal and idler are not the same

as in the rest of the book, in order to accommodate the standard notation for series.)
The preceding particular solution can be used to study a number of nonlinear phenom-

ena when a finite number K of waves are present at the fiber input. We then assume that

K
A0, 0) =) Age'™, (6.31)
k=1
where Ay is the complex amplitude of the Fourier component of frequency wy. Then
K
Az, 1) = A(0,1 — pVz) =Y A, (6.32)
k=1

where t' = t — B(Vz. Consequently,

K K K
140, O =142+ D0 D Ap e
k=1

k#l=1 [=1
K K
=Po+2 Y > |Axdl cos(writ’ + i), (6.33)
k>I=1 I=1

where Py = Zle |Ak|2 is the total input power, w; x = w; — Wk, 1.k = $1 — ¢x, and
¢r s the phase angle of 4;. Then

K K
exp(iyz|4(0, 1)) = ¢ T [[exp{2ivzldcdil cos(writ’ + ¢r)}.  (6.34)
k>1=11=1
Using the Jacobi—Anger identity
o8}
exp(ip cos ) = Z i? J,(p)exp(ipp), (6.35)
p=—00

where J,, is the Bessel function of the first kind of order p, we obtain

K K 00
exp(iyz|4(0.£)) = e"" [] ]‘[{ > Jp,Qrzldi Al

k>I=11=1 Pl k=—00
. , T
X exp [lpl,k (U)I,kt + s+ 5)] . (6.36)

where p;; is a running integer; there is a different sum over p;; for every distinct
ordered pair {/, k}. Finally,

K
Az 1) =7y " Ayt

m=1

K K s
x H 1_[{ Z JpRyz | A ALl)

k>Il=11=1 \ pix=—00

cexp 1 (et + s + g)]} e
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(b) Case of two input waves
We now consider the simplest non-trivial case, that of only two waves at the input, with
angular frequencies w; and w,. This case is interesting for several reasons.

If one input wave (the pump) is strong compared with the other one (the signal), this
situation will correspond well to the input conditions of a one-pump fiber OPA when the
signal is close to the pump. Then we mainly expect one new wave (the idler) to emerge
at the output. By calculating the signal and idler amplitudes at the output, we will obtain
new expressions for the signal and idler gains for a one-pump fiber OPA.

However, if the two input waves have about the same amplitude then they can give rise
to a large series of evenly spaced FWM terms, i.e. they can give rise to frequency-comb
generation.

We now develop the formalism common to these two cases and then study them
individually. To simplify the notation, we now write down the field without the phase
term common to all the components, namely we set

C(z, 1) = A(z, t)e VP2, (6.38)
Then
C(Z, l) = [Aleiw'ﬂ + Azeiwzt,]

> b
x 3 S@yzldidshexp[in (o2 + 12+ 2 )]

= 2
n=—00
> . ’ .
= Z i"J2yz | A1 Ao])[ A1’ + A2e'" | explin(w ot + ¢12)]
oo
= Z i" Jy(2yz | A1 A2]) (A1 exp {i [(n + Doy — nwa]t' + nei 2}
n=—0o0
+ A, exp{i[nw; — (n — D]t + I’l¢1,2}) . (6.39)

We can use Eq. (6.39) to find the complex amplitudes of the various frequency com-
ponents. The general term has frequency w; + m(w; — w;), where m is an integer. Its
amplitude is proportional to

imeAlei”1¢]’2 +l~m+1Jm+1Azei(m+1)¢1_2

= MM ] Ay 4 i st Ao, (6.40)

where the argument of all the Bessel functions is 2yz| 4| 4,|. For the original frequencies
w; and w, the amplitudes are respectively proportional to JyA; +iJ; A, and JyA4; +
iJi4;.

The total power at w; + m(w; — w,) is given by

P, = PioJ} + PrJy 1, (6.41)

where Py = |A4;|* and Pyy = |45 |* are the input powers at @, and w,.
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(We can extend this result to the case of lossy fibers by means of the double exponential
transformation of Eq. (6.48) below. The result is similar to that obtained by Waarts et al.

[4].)

One-pump OPA

We now assume that one wave is initially much stronger than the other (as e.g. if there
were a pump at w; and a signal at w;). Then the main new frequency component in the
initial phase of the process (i.e. for small L values L) corresponds to m = 1 and is at
2w; — ws, the idler frequency. From Eq. (6.41) we obtain the idler power as

P, = PyoJ}? + PyJ3. (6.42)

We can then define the signal-to-idler power conversion gain (or idler gain) as

P, P
Gi=— =742 (6.43)
Py Py
Since, for small x, J;(x) &~ x /2 and J,(x) ~ x?/8, at the beginning of the process G; is
well approximated by the first term only, i.e.

P, - Puo 2 2
Gi~ —JiQRyzl4142]) & —(yz|4142])" = (y P1oz)". (6.44)
P20 P20

This result is identical to the gain of a one-pump fiber OPA when the signal is close to
the pump and there is no pump depletion [5].

We can also obtain the conversion gain for the case of a lossy fiber OPA by using the
double exponential transformations of Section 3.7 (see also subsection 6.4.2). The result
is

Gi ~ e (yLegPu)’, (6.45)

as in [6]. An interesting feature of this expression is that it predicts that, if L keeps
increasing, G; will eventually reach a maximum value and then decrease monotonically.
This is of course a consequence of the fiber loss, which eventually attenuates all waves
in the fiber. Therefore there is an optimum length L for which maximum conversion
efficiency is reached, for given «, y, and Pjy. It is obtained by setting the derivative of
G; with respect to L equal to zero, i.e.

dGi _ d —alL 2
7 = 7L [e™" (¥ LetP10)’]

= —ae " (yLexPro)* + e “F2y Proe 'y LegPro = 0. (6.46)

Equation (6.46) leads to the value Ly = (In3)/a ~ 1.1/a, for which we obtain the
maximum conversion gain

2y Py

Gi,max - =

P
—0.222Y10 (6.47)
o o
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The form of these equations indicates that, for a given fiber, increasing the pump power
will result in a proportional increase in the maximum conversion efficiency, which will
always occur at the same location.

As an example, consider DSF with & = 0.06 nepers km™!, y =2 W~! km™!, and
Pjo =1 W. We find that Ly = 18.3 km and G max ~ 8.9. Hence we can get nearly
10 dB of conversion gain, but a rather long fiber is required.

An advantage of the present approach is that it automatically handles pump deple-
tion by the nonlinear process, when the Bessel functions are used instead of their
approximations; by contrast, the methods of [5] and [6] do not take depletion into account.

We may also define the signal gain as G = P,/ Py. It can then be shown that

Gy =G +e " [J5(v) — ()], (6.48)

where v = 2y Legr| A1 4> |. Equation (6.48) constitutes an extension of the usual relation-
ship between G and G; in lossy fiber OPAs when only the signal, pump and idler are
considered.

Two strong input waves

The solution derived for two waves at the input can also be used in the situation where
these two waves are of about equal strength and the fiber is long. In this case, since all
FWM interactions are assumed to be phase matched, the efficient generation of high-
order FWM terms can occur. In fact, this situation in principle offers the possibility of
generating many equally spaced frequencies, i.e. a frequency-comb. Frequency-comb
generation has received a great deal of attention in recent years since such sources
are required for WDM communication systems, which use a number of evenly spaced
carriers located on the ITU grid.

Other considerations indicate that the number of frequencies generated in this man-
ner is of the same order as the nonlinear phase shift ® = y P;oL. While it appears that
one could obtain an arbitrary number of harmonics by increasing &, stimulated Bril-
louin scattering (SBS) will set a practical limit. Also, the assumption that dispersion is
negligible will eventually break down for high-order harmonics.

Another consequence of FWM due to two strong input waves is that it is not fruitful
to try to model a standard two-pump fiber OPA with no dispersion by the preceding
approach. The reason is that the two pumps would then immediately interact and generate
strong spurious FWM terms, which would quickly draw power away from the pumps.
This of course would be very undesirable in practice and in fact is not observed if the
pump spacing is large enough to introduce significant dispersion for the pumps.

Thus while a one-pump OPA can be modeled reasonably well by neglecting dispersion
when the signal is close to the pump, the same is not true for a two-pump OPA with a
realistic pump spacing, regardless of where the signal is located.

There is one situation where this two-strong-waves model is useful for OPAs. This is
the case of a one-pump OPA where the pump power is rapidly modulated in sinusoidal
fashion. (This arrangement will be studied in subsections 7.5.3 and 12.2.1.) In practice,
this can be obtained by placing two CW pumps close to each other. In such situations
the output spectrum of the pump consists of a series of evenly spaced tones, which can
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be viewed as either resulting from FWM between the two original waves or from SPM
acquired by a carrier with sinusoidal intensity modulation. Either way, the amplitudes of
the various tones are then obtained from Eq. (6.42).

No dispersion, loss

In this case Eq. (6.29) becomes

204 04 «

—+ Y=+ 4 =iy|4]4. 6.49

BV DA =iyld| (6.49)
One can still find the general solution. It is obtained by making a double exponential
transformation of the solution in the lossless case. More precisely,

AG ) = A (o, [ — é) e=/2 exp {iyLeff‘A (o, [ — %)‘2} . (6.50)

We note that this transformation is very similar to that obtained in Section 3.7. The
present transformation is somewhat more general, as time is explicitly included; also it
is applicable to a waveform with a continuous spectrum rather than just discrete frequency
components.

Soliton solutions of the NLSE

Probably the best-known solutions of the NLSE correspond to solitons. Solitons are
isolated short pulses that can travel in lossless fibers while retaining their original shape
at all times, as a result of a precise balance between dispersion and fiber nonlinearity.
This remarkable property is of obvious interest in the field of optical communication.
For this reason, solitons have been the object of intense research over the past few
decades. At the present time it appears, however, that the limitations encountered in
typical communication fibers, namely loss, dispersion, and amplifier noise, considerably
reduce the attractiveness of solitons in long-haul communication. Thus systems based on
the original pure soliton concept may not be competitive with systems based on different
schemes. Nevertheless, solitons remain a very important example of NLSE solutions.

Solitons require fairly high peak powers and travel over long distances. Therefore they
can induce strong nonlinear effects in other co-propagating waves. In fact it has been
recognized that under certain circumstances they can provide parametric gain for noise
components [7].

Generally speaking, however, the soliton regime is not very closely related to the
conditions generally sought for making fiber OPAs, and for that reason we will not dwell
on this subject here. The interested reader can consult the extensive literature on the
subject; see for example [8].

Including the Raman gain in the NLSE

The preceding formulation of the NLSE does not contain any term corresponding to
the Raman gain. As a result, it can only provide first-order approximations for wave
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gime Az, 1) Al(z+dz 1) A(z +dz, t +dif)
| FT |
o

Frequenc
domain . Bz ) D +LBR B (z+ dz, o)

Fig. 6.1 Schematic representation of the structure of the SSFM algorithm in an elementary fiber
segment. D, dispersion; LBR, linear birefringence; NL, nonlinearity; FT, Fourier transform;
IFT, inverse FT. Here dt = BV dz.

propagation in optical fibers. These will be quite accurate when the width of the optical
spectrum is small compared with the Raman shift, in which case the Raman gain is small.
However, if the optical spectrum has a width comparable with the Raman shift then the
Raman gain may play an important role, particularly if the parametric gain is not well
phase matched. In such situations, important effects such as the Raman self-frequency
shift may occur. In order to model these effects properly, it is necessary to modify the
NLSE by adding terms corresponding to the Raman gain.

Since the Raman gain does not play a large role in well-phase-matched fiber OPAs, we
will not present the modified form of the NLSE here. The interested reader can consult
[8] to see how to introduce Raman gain into the NLSE.

Numerical solutions of the NLSE by the split-step Fourier method

When analytic solutions are not available, the NLSE is generally numerically integrated
by the split-step Fourier method (SSFM). The structure of the numerical split-step method
is related to the method that we used to obtain the NLSE itself in Sections 6.2 and
6.3, in the sense that dispersion and nonlinearity are treated separately. The numerical
calculation makes use of exponential solutions respectively associated with dispersion
and nonlinearity.

Turning now to the structure of the numerical integration itself, its most basic imple-
mentation is represented schematically in Fig. 6.1. The fiber is divided into a large
number N, of equal elementary segments with length dz = L/N,. In each segment,
the elementary contributions due to dispersion (including birefringence if present) and
nonlinearity are calculated sequentially. For this reason, this is known as a split-step pro-
cedure. If birefringence and dispersion have random variations along the fiber, these can
be introduced by varying the parameters in consecutive segments (as well as introducing
a random rotation of the birefringence axes, as explained in Chapter 4).

As seen in Section 6.3, 4 and C formulations are possible for the NLSE, with sig-
nificant differences in the resulting nonlinear terms. These will in turn have important
implications regarding the solutions of the respective NLSEs by the SSFM. For these rea-
sons, we will deal separately with the corresponding SSFM formulations in the following
subsections.
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SSFM solution of the first form of the NLSE

This approach is suitable when Eqgs. (6.19), (6.20) can be used, i.e. when the fiber has
sufficient linear birefringence that it can be assumed that the ellipse rotation terms can
be dropped. The SSFM algorithm then proceeds as follows.

We assume that /Z(Z, t) is known at the end of the nth fiber segment. Since linear
birefringence and dispersion are best handled in the frequency domain, é(z, Q), the
(temporal) Fourier transform of A (z, t),1s calculated by means of a fast Fourier transform
(FFT). We then have

B*(z +dz, Q) = B*(z, Q) expli (B — B)dz], (6.51)

BY(z +dz, Q) = B’(z, Q) exp[i (B’ — B)dz]. (6.52)

To calculate the effect of the nonlinearity, we wish to work in the time domain, in
order to make use of the results of Section 6.4. We therefore take an inverse fast Fourier
transform (IFFT) to go from B (z+dz,Q2)to /]L(z + dz, t), where the subscript L means
that this intermediate field includes only the linear effects. Since the nonlinear section
is dispersion-free and birefringence-free, the expression for the final output field can be
written down using Eq. (6.31):

2
A*(z +dz, t +dt) = A{(z + dz, t) exp [iy <PX + §P~") dz] (6.53)

2
A (z+dz,t +dt) = A](z + dz, t)exp |:iy (Py + §Px> dz] , (6.54)

where dt = gVdz.

A random rotation of the SOP on the Poincaré sphere is also introduced, as in
Chapter 4. The whole procedure is repeated for each successive segment.

The FFT used in the SSFM uses a finite number N of evenly spaced frequencies,
occupying a finite bandwidth Aw. Thus the SSFM neglects everything outside this
bandwidth, which is generally taken to be at least 2.5 times larger than the bandwidth
occupied by all the input waves. In practice, one should choose a calculation bandwidth
large enough to include all the major spurious FWM terms.

In the time domain, the total field envelope is also calculated at N instants, spaced
dt apart. Hence the total time window has duration At = Ndt; Aw and At satisfy
AwAt = 21 because of the FT relationship.

The input field can be specified as a time-domain function that describes the variation
in the envelope during the time window. This is convenient when one deals with pulsed
signals with an envelope defined by some function of time, such as a Gaussian. This is
also useful when some of the input waves are modulated by communication signals, with
patterns specified in the time domain.

Alternatively, the input field can be specified in terms of its frequency components.
For OPA work this is often convenient because all input waves may be monochromatic;
an example is a two-pump OPA into which is fed a wavelength-domain multiplexing
(WDM) spectrum consisting of a number of evenly spaced monochromatic carriers.
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Specifying such a spectrum would for example be useful in investigating effects such as
FWM between WDM signals in a fiber OPA (see Chapter 13).

For a one-pump fiber OPA, it is convenient to take w. as the pump frequency. For
a two-pump OPA, . can be taken as halfway between the two pump frequencies. The
initial field 4(0, ¢) is then the sum of the waves present at the input; typically it consists of
the pump(s) and one or more signals. As the field propagates, new frequency components
are generated by FWM (see Chapter 13).

Another possibility is to present broadband noise at the OPA input. This is accom-
plished by having the same power level at all frequencies, possibly with random phases.

One reason for doing this is to calculate the OPA amplified spontaneous emission
(ASE), which can be viewed as resulting from the amplification of vacuum fluctuations
and can be modeled as white noise with a specific power density (-55 dBmina 0.1 nm
bandwidth).

Another reason is that the shape of the ASE output spectrum will also provide a
measure of the gain spectrum, if it is symmetric. However, with this approach the out-
put power at w, comes not only from input power at w, but also from input power at
2w, — w,. Assuming that the gain spectrum is symmetric and that the output powers
coming from different input frequencies add up incoherently (on a power basis), then
the ratio of the output spectral power density at w, and the input spectral power den-
sity at w, is 2Gs(w,) — 1, i.e. about twice the signal gain when the gain is large. This
method should be used with care if there is any indication that the gain spectrum is not
symmetric.

A simple modification solves the latter problem. If one injects white noise over one-half
the spectrum, say for w < w,, then one can calculate the signal gain and idler conver-
sion efficiency for that part of the spectrum, without any overlap. By repeating this for
® > wg, the other half of the gain spectrum is obtained. Combining the results for the
two halves yields the correct spectra for the signal gain and the idler conversion gain.

Alternatively, one can inject noise only at every even frequency on the positive side
and at every odd frequency on the negative side. The resulting idlers then fall into slots
that were initially empty, one per slot. It is then a simple matter to extract the signal and
idler gains.

The advantage of using this approach to calculate the gain, instead of scanning the
frequency of a monochromatic input signal, is that the entire gain spectrum can be
calculated faster, since the gain at all frequencies is calculated simultaneously.

SSFM solution of the alternative NLSE

Let D denote the FT of C. Examination of the linear propagation equations show that
the D’s propagate as follows in the linear section:

. AnQ .
D(z+dz, Q) = D*(z, Q) exp {z (/3 — B+ 7) dz + z@o} , (6.55)

. AnQ .
D’(z+dz, Q) = D’(z, Q)exp {z (/3 — B — e )dz — zCIDO} . (6.56)



160

The nonlinear Schrodinger equation

These equations are obtained by assuming that
B=(B"+p8)/2, (6.57)
B —B¥ = An(w. + Q)/c. (6.58)

Here @ is given by An w.dz/(2c) = w Andz/\; B — B can be expanded as usual in
terms of the desired orders of dispersion, generally up to the fourth order for fiber OPAs.
Note that B is not be present in this expansion, just as it is not present in the NLSE
itself.

With these substitutions, one can then use Egs. (6.55) and (6.56) to propagate the D’s
through the linear fiber section.

Let us now turn to propagation through the nonlinear fiber section. We showed in
Section 6.3 that the ellipse rotation terms could be kept, without exponential factors, by
using the C’s instead of the 4 s to represent the SVEs. However, since the structure of
the nonlinear terms has been modified, a different integration procedure must be used
for them. The ellipse rotation terms can easily be handled by using a basis of orthogonal
circularly polarized SOPs. The corresponding unit Jones vectors are 7 = (£ — i $)//2
and/ = (£ +i $)/~/2. At the input of the nonlinear section the fields are converted from
the linear basis to the circular basis by
" = M, C' = ﬂ (6.59)

V2 V2
In the absence of birefringence and dispersion, the equations describing the Kerr effect
are

acr _ C e g . 2

— =iy [C’f + L C T+ CNFL O+ cll] = %(Pr +2PHC", (6.60)
Z

dc! C e ; 2i

=iy [C’ﬁ + O T+ ClF O+ cfz] = %(P’ +2PC. (6.61)
z

It can readily be shown that P and P’ remain constant. Therefore Eqs. (6.53) and (6.54)
can be integrated, with the following results:

C"(z +dz) = C"(z) exp {2’%(19’ + 2P’)dz} = C"(2)e', (6.62)
Cl(z+dz) = Cl(z)exp {%TV(PZ + 2P’)dz} = C'(2)e", (6.63)

where 6, = %(P’ +2P"dz and 6, = %V(Pl + 2P")dz. This shows that the circu-
lar field components simply experience phase shifts 6, and 6; when they pass through
the nonlinear section. When the phase difference between them, A6 =6, — 6, =
2(P! — P")ydz/3, is not equal to zero, this leads to the well-known effect of ellipse
rotation, whereby the major axis of the ellipse of the input SOP is rotated by §6 = A0 /2

[9].
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Fig. 6.2 Schematic representation of the SSFM algorithm, modified to keep the ellipse rotation
terms. In comparison with Fig. 6.1, the main difference is the introduction of changes in the
basis Jones vectors, from linear to circular and back; they are respectively represented by
L=CandC= L.

The field at the output of the nonlinear section can then be expressed in terms of its x
and y components by

Ccr+ (! cr— (!
cr=Ete o= (6.64)
V2 iN2
They are then ready to use as inputs for the next fiber segment.

Figure 6.2 shows in schematic form the SSFM algorithm, modified to keep the ellipse
rotation terms.

As an alternative, it is also possible to do all the calculations of the Kerr effect in
terms of C* and C”, without any approximation. Specifically, one can show that

e +dz) — oivPRidz cos'(89) sin(36) [CX(Z)] (6.65)
C¥(z + dz) —sin(80) cos(86) | LC7(2)

where Py = P, + P, = P. + P is the total power, and

56 = VTdZ(P, —Py= %
Equation (6.62) says that the field after the section of length dz is obtained by rotating
the input field by 66 and multiplying the result by a phase factor that is calculated as
an SPM phase shift, which involves the total power regardless of how it is distributed
among the SOPs. These are the effects of ellipse rotation.

In practice, then, there is a choice between two approaches for implementing ellipse
rotation. (i) One can go from LP to CP states, and back; then all that is needed is to
calculate powers and to introduce two phase shifts in the CP basis. (ii) Alternatively, one
can stay in the LP basis; now it is also necessary to calculate powers, the SPM phase
shift, and the ellipse rotation angle and then to rotate the input fields accordingly.

Either way, these operations are all relatively simple compared with those required
for the FFT and so either approach can be implemented without introducing significant
computational overheads.

This modified SSFM algorithm has the advantage of keeping all the terms in the
nonlinear interaction. Therefore it can provide accurate results even when the ellipse
rotation terms should be kept, as for isotropic fibers or low-birefringence fibers. In
view of the potential benefits of the modified algorithm, its simple formulation, and

(C.Cs = CLCy). (6.66)
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the small computational overheads associated with it, it is worth implementing in many
situations.

Applications of the SSFM to fibers with longitudinal variations

As described in subsection 5.7.4, the impact of random longitudinal ZDW variations
can be studied by means of a matrix method. The same could be done for random
birefringence. An alternate approach would be to use a Runge—Kutta-type method to
solve the differential equations coupling the main waves involved in the interactions
(there are four or six such waves in the preceding chapters). These methods can provide
accurate results as long as the additional waves arising from FWM among the basic
waves are not very large. However, solving the NLSE by the SSFM is not subject to
these limitations and can therefore be used almost universally. In the following sections
we present examples of the spectral distortions, created by random variations of either
zero-dispersion wavelength (ZDW) or birefringence, obtained when the NLSE is solved
by means of the SSFM.

Random ZDW variations

In subsection 5.7.4 we showed examples of the effect of ZDW variations obtained by a
matrix multiplication method [10]. The same effect was also investigated using a dif-
ferent mathematical technique [11]. Here, we present results obtained by means of the
NLSE. We use the scalar equation and the SSFM to solve it. Figure 6.3 shows exam-
ples of gain spectra for a two-pump OPA with parallel pumps, obtained for different
values of the ZDW standard deviation. The parameter values were y = 10 W~ km ™!,
P =—1x105s*m™!, D, =0.0615psnm~2km™", L =250m, A, = 1502.4nm,
Ay = 1599.4nm, and Py = P9 = 1 W. The dispersion was modeled by assuming that
the ZDW in consecutive segments of length L4 = 10 m was a Gaussian random vari-
able, with mean ZDW ), = 1550 nm, and standard deviation o 4. Birefringence was not
included.

We see that the spectrum for the uniform fiber (o4 = 0) is quite flat, but the spectrum
for the fiber with the largest random ZDW variations drops by more than 15 dB in the
center. Note that the spectra for the non-uniform fibers each correspond to a single fiber
(not to an average over an ensemble of fibers). If the simulation is run with different
fibers having the same o 4, different spectral shapes are obtained each time.

Random birefringence variations

In Section 4.4 we investigated in detail what occurs when there is sufficient random-
ization of the SOPs to be able to average the coefficients of the OPA equations. In
particular, we made the assumption that all the waves had the same SOP at every z.
While this assumption is expected to hold relatively well for small frequency spacings,
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Fig. 6.3 Two-pump OPA gain spectra for a fiber with random ZDW variations, for the following
values of o 4: top line, 0 nm; middle line, 0.4 nm; bottom line, 0.8 nm. (The spikes at the pump
wavelengths are artifacts and do not correspond to actual gain values.)

it becomes invalid as the frequency spacings become large. The reason for this can
be understood from the waveplate model of polarization-mode dispersion (PMD). In a
waveplate the phase retardation is given by A® = wLAn/c, which is proportional to @
(L is the waveplate length). Hence waves at different frequencies experience different
phase retardations. Therefore, if they enter the waveplate with the same SOP then they
will exit it with slightly different SOPs. If we consider propagation over one beat length,
corresponding to a nominal 25 phase shift, and we have waves centered at 1559 nm
and separated by 150 nm, their retardations will differ by about 10%, or 36°. This is
a considerable amount. Fortunately in non-PMF fibers the magnitude and sign of the
birefringence varies randomly, so that the phases actually perform a random walk about
0, which prevents the difference from accumulating linearly. Instead, the growth in the
phase difference can be modeled as a diffusion process: one can associate with it a char-
acteristic diffusion length L4, which is the distance after which the SOPs of the most
distant wavelengths are uncorrelated. If L > L4, the assumption that all SOPs remain the
same at any z breaks down, and it is no longer possible to obtain an accurate description
of the spectrum simply by using equations with modified coefficients.
An expression has been derived for Ly [12]. It is

3

= Boaar (6.67)

Lqg
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Fig. 6.4 One-pump OPA gain spectra, for various values of the birefringence: broken line,
oy = 0; solid line, o, = 1 x 107¢; broken-and-dotted line, o, = 2 x 107,

where Dj, is the polarization-mode dispersion (PMD) coefficient and Aw is the frequency
range of interest. As an example, if D, = 0.05 ps km~"? and the two wavelengths are
30 nm apart then Ly =200 m. If L < Ly, there will be little difference between the
SOPs at the various wavelengths and the averaged equations should provide a good
approximation to the spectrum.

If L > Ly, however, the SOPs will quickly become uncorrelated, and the averaged
equations will not be suitable. In that situation, each particular fiber will have a different
evolution for the SOPs and thus a different longitudinal distribution for the gain, since
the local gain depends on the relative orientation of the SOPs. As a result, the fibers will
all have different gain spectra, in general, which can only be calculated by numerical
means.

In such situations it is not possible to obtain closed-form solutions even by averaging,
and one needs to resort to numerical integration. The effects of PMD on one- and two-
pump fiber OPAs have been investigated by various techniques [13, 14]. Here we present
similar results, obtained by means of an SSFM specifically tailored for modeling fiber
OPAs [15]. The fiber is divided into sections of length L.y, the birefringence coherence
length. The magnitude of the birefringence Arn in each segment is represented by a
random variable, of mean zero, which is often chosen to be a Gaussian. The orientation
ofthe axes of polarization in each segment is also assumed to be random. It is represented
by an angle, which is another random variable, with a uniform probability density function
(p.d.f)).

Figure 6.4 shows one-pump OPA gain spectra obtained for parameter values: y =
1OW'km™, @ =1x107¥s* m~!, D, = 0.0615psnm2km~', L =250m, A, =
1550.2 nm, and Pjp = 2 W. The pump and signal SOPs at the input were linear, and the
same. There were no dispersion fluctuations. Random birefringence was present with
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Fig. 6.5 Two-parallel-pump OPA gain spectra, for various values of the birefringence: broken
line, o, = 0; solid line, o, = 1 x 107%; broken-and-dotted line, o, = 2 x 107°.

standard deviation o, for An (a Gaussian random variable) and birefringence coherence
length L, = 10m.

For relatively low birefringence, o, = 1 x 107, the shape of the gain spectrum is
not drastically altered compared with that for an isotropic fiber, but there is an overall
reduction in gain. For o, = 2 x 107° the distortion becomes very severe. In addition,
for large oy, fibers that have nominally the same parameters can exhibit individual gain
spectra that are quite different. Clearly this could pose significant difficulties for the
design and fabrication of fiber OPAs with specified gain spectra. The deterioration of
the gain spectra at high oy, is in good qualitative agreement with what we expect when
the diffusion length becomes shorter and shorter, since the gain is reduced when the
SOPs of the three waves do not remain identical to each other everywhere.

Figure 6.5 shows gain spectra calculated by the SSFM for two-pump fiber
OPAs with co-polarized pumps, for various values of oy; similar results have been
obtained by different means [14]. The parameter values were y = I0W~'km™!,
BY =—1x10"5s*m™!, D, =0.0615psnm~2km~!, L =250m, A, = 1502.4nm,
Ay = 1599.4nm, Pjg = P,y = 1 W, L, = 10m,and Ay = 1550 nm. As in the one-pump
case, for o, = 1 x 107° the spectral shape is not greatly affected. For larger values of
ob, however, the gain remains high only near the pumps; it drops significantly near the
center frequency, which is far from both pumps.

Figure 6.6 shows gain spectra for two-pump fiber OPAs with orthogonally polarized
pumps, for various values of the angle 6 of the signal SOP and for that of the short-
wavelength pump. The parameters were the same as for Fig. 6.5, except as indicated.



166

6.8

The nonlinear Schrodinger equation

40 T T T T T T T T T

Gain (dB)

1 1
1510 1530 1550 1570
Wavelength (nm)

Fig. 6.6 Two-orthogonal-pump OPA gain spectra, for various values of the angle 6 between the
signal SOP and the x-axis. The broken line shows the spectrum for an isotropic fiber. The other
three lines are for a birefringent fiber with o, = 2 x 107¢ and 6 values as follows: solid line,

6 = 0; broken-and-dotted line, & = 90°; dots, & = 45°. The same fiber was used for all three
spectra.

The main difference from the case of co-polarized pumps is that the spectra become
strongly asymmetric for certain values of 6. For example, for 8 = 0 the gain is large
near the short-wavelength pump and is significantly lower near the other pump. This
effect is in agreement with the expected evolution of the various SOPs for large o, [14].
The fact that the gain spectrum varies with 6 shows that such an OPA will not perform
adequately in an optical communication system, where it is important to have a gain that
does not vary with the SOP of the incident signal. This may reduce the appeal of the
two-pump OPA with orthogonal pumps for making polarization-insensitive OPAs.

Sources of SSFM software

Several commercial software packages implementing the SSFM are available for inves-
tigating the propagation of communication signals in fibers. Many research groups have
developed their own versions of the SSFM for similar purposes. A few groups have also
developed SSFM software more specifically for OPAs.

The Matlab SSFM software developed by the author is available upon request. The
ellipse rotation (coherent coupling) terms are kept in this code.
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Conclusion

In this chapter we have introduced the NLSE and its solution by the SSFM method,
and we have applied this approach to several situations for which the analytical solutions
developed in Chapters 3 and 4 are not applicable. These are cases where the fiber exhibits
significant longitudinal variations of the ZDW and/or linear birefringence that varies
randomly along the length. In both cases we have seen that the performance of fiber
OPAs is generally degraded, in the sense that the flat gain spectrum achievable in a
perfectly uniform fiber can become greatly distorted. Since these longitudinal variations
are always present to some extent in practical fibers, it is clear that they pose a challenge
for the design and operation of fiber OPAs with flat gain spectra. In addition, the fact
that the gain in two-pump OPAs with perpendicular pumps varies with the signal SOP
indicates that this type of OPA may not be well suited for polarization-independent
operation when very large bandwidths are desired.

An important point, however, is that the type of simulation presented here is pes-
simistic, in the sense that the calculated spectra are not optimized whereas spectra that
can be obtained experimentally with a given fiber can be optimized by slightly tun-
ing the pump wavelengths. While this can be done in near-real time in the laboratory, it
would be quite time consuming to perform numerically. It is therefore encouraging to see
that excellent experimental results have been obtained with fibers with significant ZDW
variations and PMD, by careful optimization of parameters even though non-optimized
simulations predict worse results [16, 17]. This indicates that the performance of fiber
OPAs with imperfect fibers may be somewhat better than expected from the necessarily
limited numerical simulations.

In the next chapter we will apply the SSFM to the case of OPAs with pulsed pumps,
and in Chapter 13 we will use it to investigate crosstalk between WDM signals.
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Pulsed-pump OPAs

Introduction

In the preceding chapters we investigated in detail the gain spectra of fiber OPAs with CW
pumps. This is an important case for several reasons. From a practical standpoint, CW
pumps are a requirement in applications such as amplifiers for optical communication.
Also, experiments with CW pumps are simple to set up and are thus widely used. From a
theoretical standpoint, the assumption of a CW pump leads to the relatively simple sets
of equations and analytic solutions that we have studied in previous chapters.

It is also often desirable, however, to use pumps that do not have constant intensities,
for a variety of reasons. One reason is that pumps that are pulsed with a low duty cycle can
generate high peak powers while having a modest average power; this is a common way
of generating peak powers of several watts or tens of watts using relatively inexpensive
EDFAs with sub-watt average output power. Another reason is to generate OPA gain only
during specified periods of time, to select particular parts of a signal waveform in order
to implement some signal processing function. Examples of this are optical sampling
for displaying optical pulse shapes, optical sampling for generating multiple replicas of
optical signals, and optical switching for demultiplexing optical pulse trains.

Here we present alternative techniques for calculating the output fields of pulsed-pump
OPAs. We begin by describing the quasi-continuous-wave (quasi-CW) regime approach,
which has the merit of providing good approximations for long pulses in a relatively
simple manner; for short pulses, it is necessary to resort to numerical methods such as
the SSFM in order to obtain accurate results. We then present examples of calculations
for selected cases.

The quasi-CW regime

When a pump is pulsed, it no longer consists of a single monochromatic wave and
therefore the equations developed in the preceding chapters in principle can no longer
be used, as they are based on monochromatic pumps. Intuitively, however, it is clear that
if the pump-intensity variation is very slow then the CW equations should work quite
well over time intervals during which the pump can be assumed to be constant. This use
of CW equations to describe slowly varying phenomena is common in many areas of
optics and is referred to as the quasi-CW (or quasi-steady-state) approximation. In this
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case one simply uses solutions of the CW equations for which some system parameters
(here the pump intensities) are slowly varying functions of time.

The use of a quasi-CW solution is helpful because it allows us to use all the knowledge
that we have derived from the CW case to obtain a first-order approximation to the
system’s behavior under pulsed operation. However, one should bear in mind that the
accuracy of the quasi-CW solution will deteriorate when it is used for pump variations
that are actually not very slow.

An important question is then to determine whether a pump variation is slow or fast in
the context of a fiber OPA. To do so we must identify some characteristic time constant
or some particular frequency of the OPA which separates the two regimes. The fact that
the fiber nonlinearity responds on a femtosecond time scale does not mean that this is
the appropriate time scale; additional considerations come into play.

A major limitation comes from phase modulation. The time-dependent pump inten-
sity causes time-dependent phase modulation of the pump, signal, and idler, which in
turn cause frequency modulation of the three waves. Since the OPA gain characteris-
tics depend on the frequencies of the waves, they may be significantly modified if the
frequency excursions are large. Since the latter are relatively larger for short pulses,
we see that, as anticipated, the CW approximation will begin to break down for short
pulses.

To quantify this effect, let us calculate the pump frequency shift due to self-phase
modulation (SPM) (we consider a one-pump OPA for simplicity). We assume that the
pump pulse has a Gaussian temporal shape which does not change along the fiber length.
The peak power is Py, and so the maximum self-phase shift is & = y PyL. Then the
frequency excursion due to SPM is of the order of Avgpy & ® Av, where Av is the half-
width of the pump input spectrum and Av ~ 1/7,, where 7, is the pulse half-width. As
an example, if 7, is of the order of 1 ns and & = 3, Avspy &~ 3 GHz. For many practical
OPAs this is not a very large frequency excursion, and generally it will not cause drastic
changes in gain. Under these circumstances we can use the CW gain expressions with
P, replaced by Py(¢), but assuming that AS is constant and therefore can be calculated
in terms of the input frequencies.

If we now consider 7, values of the order of 10 ps, however, and ® = 3 then Avgpy ~
300 GHz (about 2.5 nm in terms of wavelength). This is now a considerable shift, which
in general will strongly affect the gain via the corresponding change in AS. Under these
circumstances, assuming that AS remains constant would lead to results that would be
likely to be very inaccurate.

These examples indicate that for typical fiber OPAs the quasi-CW approximation
should provide a reasonable first-order approximation when the pulse durations are of
the order of nanoseconds or longer but that the accuracy will progressively get worse as
the pump pulses become much shorter.

It is interesting to note that the SPM-related frequency shift is zero at the extrema of
the pump pulse; for a Gaussian pulse there is one such point, the maximum at the pulse
center. At such points AS is the same as if there were no SPM, and therefore the gain can
still be calculated with good accuracy simply by replacing Py by Py(¢) in the CW gain
expression. In contrast, at times where the pump power varies rapidly, i.e. near inflection
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points of Py(¢), the frequency deviation will be high and the same gain equation will be
subject to a large error.

Another significant limitation of the quasi-CW approach is due to pulse walkoff.
This refers to the fact that, since the pump and signal pulses have different nominal
frequencies, they travel at different group velocities and therefore their relative overlap
may vary as they pass through the OPA. The shorter the pulses, the more important this
may be. When the walkoff is significant the pump and signal effectively interact only
over a fraction of the length L, and therefore we expect a gain reduction in comparison
with the no-walkoff case.

If X1 & A then the time delay between the pump and signal over the OPA length is
At = DAXL /2. For the quasi-CW method to be easily applicable, we need to have
AT L 15. As an example, for an a highly nonlinear fiber (HNLF) with D) = 0.02
psnm~2km~!and L = 100 m, if we use AL, = 50 nm then we have At = 0.1 ps. Hence
in this case we should not expect the quasi-CW approach to work well for subpicosecond
pulses. (But, as we have seen, pump SPM may set a limit for longer pulses anyway.)

Finally, if the signal pulses are so short that their shape is affected by dispersion as
they propagate through the OPA, the quasi-CW approach breaks down simply because
it is based on the assumption of a fixed pulse shape. This, however, will occur only after
SPM and walkoff have become problems. In general, the two effects of SPM and walkoff
will need to be taken into account when considering whether the quasi-CW method is
applicable.

To use the quasi-CW expression for the signal and idler gains of a one-pump OPA, we
take Egs. (3.77) and (3.78), with the appropriate parameters for a one-pump OPA given
in Section 3.6.2, and replace Py by Py(¢) everywhere. Hence we have explicitly

h3(t) = {cosh[g(t)L] +1i () sinh[g(t)L]} exp{i|:yPo(t) - A—'31|L}, (7.1)
2g(1) 2
ha(t) = NEO0 sinh[g(t)L]exp{i[yPo(t) - %}L}, (7.2)
40 2

where

K(t) = AB + 2y Py(t) (7.3)
and

g0 =—"Liag+ay oo (.4

Here AB is the wavevector mismatch, which depends only on Aws = w3 — w; and is
assumed to be constant.

Equation (7.2) for 44 contains the time-varying phase term exp{i[yPy(¢)]}, which con-
stitutes the SPM experienced by the pump. Also, it can be shown that sinh[g(¢)L]/g(¢) is
always real, regardless of whether g(#) itselfis real or imaginary. Therefore the idler is sub-
ject to the same phase modulation (and hence frequency modulation) as the pump itself.
This may seem counter-intuitive, because in normal cross-phase modulation (XPM)
(where parametric interaction is not involved), it is well known that the XPM is twice as
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large as the SPM; the reason for the difference has to be attributed to the complexity of
the parametric interaction.

Equation (7.1) for /3 also contains the same phase term, exp{i[y Po(¢)L]}. However,
the expression in the braces multiplying this phase term is generally a complex function
of time. The total time-dependent phase angle of the signal is

k(1)
2g(1)

05(t) = y Po(t)L + tan™! { tanh[g(t)L]} . (7.5)

(This is valid for g(7) real or imaginary.) The first term ranges between 0 and ®y,ax, which
is itself generally between 2 and 6; the second term can vary between —x/2 and /2.
Hence the second term can make a significant contribution under certain circumstances.

The preceding equations can be used for studying the small-signal gain in OPAs with
pulsed pump when circumstances warrant it.

There is, however, nothing in our preceding reasoning that limits it to the small-
signal case. In fact, it applies just as well to the case where pump depletion is significant.
One could therefore also write down quasi-CW solutions to the gain equations, involving
Jacobian elliptic functions (see subsections 3.5.1,3.5.2, and 3.6.1), simply by introducing
the time dependence of the pump(s) explicitly [1].

This is very useful, particularly when it comes to designing OPAs where it is desirable
to obtain strong pump depletion. The conditions for complete pump depletion are still
the same, but they can only be satisfied at particular times. Clearly the use of pulsed
pumps with a Gaussian-like pulse shape will complicate the optimization process in
such a situation, because maximizing the conversion efficiency at a particular time may
not yield the highest conversion efficiency for the pulse as a whole. In addition, strong
pulse distortions may occur if the peak power of the pulse is larger than that required
for complete depletion. Also, the inevitable XPM phase shifts will introduce spectral
broadening, which will make it challenging to obtain nearly-transform limited pulses in
this manner.

Another difficulty with using the Jacobian elliptic function solution is that it yields
only expressions for the output powers of the waves. To our knowledge closed-form
solutions for the phases are not available. Therefore it is not possible to write down
expressions for the fields, which limits the usefulness of this approach.

The split-step Fourier method

We have used this method previously for obtaining accurate values for the gain of fiber
OPAs with continuous-wave (CW) pumps but random variations in zero-dispersion wave-
length (ZDW) and/or birefringence. Even though the individual input waves were CW,
the total input field, being the sum of discrete tones, had an envelope which exhibited
temporal variations. These variations were handled in the manner described in Section
6.6, involving the FFT and its inverse to switch repeatedly between the time domain and
the frequency domain.
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The situation here is quite similar. The total input field again displays temporal varia-
tions, not only because of the different nominal frequencies of the waves but also because
of the intensity modulation of the pump. The SSFM method can deal with this situation
just as well as the previous one. The only difference is that the output waves, instead
of being continuous, will exhibit temporal intensity (and phase) modulation and will
therefore have individual spectra with non-zero width.

As stated earlier, the quasi-CW method becomes increasingly inaccurate as the pulse
duration is reduced. It then becomes necessary to resort to the SSFM method. In principle
it should provide accurate results for pump pulses as short as one picosecond, which are
of interest for a variety of applications.

If, however, relatively long pulses are used (say longer than 1 ns), the SSFM method
may become difficult to use. This is particularly true if it is necessary to cover a very
wide wavelength range, such as when studying a fiber OPA with a 400 nm bandwidth. In
that case, in order to sample the narrow pump spectrum accurately and to cover the entire
frequency span, one may need to use about 10° frequency points. Such a large number of
points would lead to long computation times, making this approach unattractive. Since
the quasi-CW method should be quite accurate for time scales in excess of 1 ns, it will
then be preferable to use it.

Overall, we see that the quasi-CW approach and the SSFM approach play comple-
mentary roles. The former is best suited to long pump pulses while the latter is best
suited to short pulses. In the intermediate region, the quasi-CW method can provide a
simple first-order approximation, with all the physical insight associated with the CW
solutions; the SSFM method can then provide greater accuracy.

Important pulse shapes

Rectangular pulses

The case of a rectangular pulse is interesting because the pump SPM at the top of the
pulse is constant and therefore does not shift the pump frequency. Thus, according to the
preceding reasoning, one can use the CW expressions to calculate accurately the gain at
the top of the pulse, even if the pulse is very short.

At the pulse edge the SPM phase is discontinuous, and this leads to an infinite shift in
pump frequency with signal gain unity. However, the duration of this event is zero and
therefore the contribution of the discontinuity can be ignored.

While the rectangular pulse provides an interesting theoretical model, it should be
recognized that it is an idealized pulse shape and can only be approximated in practice,
since all physical pulses will actually have finite rise times and fall times, limited by the
physical characteristics of the modulators used to generate them. The best approximation
to a rectangular pulse is obtained by taking a CW source and turning it on and off by
means of a high-speed modulator. Such modulators can have sub-nanosecond rise times
(with bandwidths of tens of gigahertz). In this manner one can generate pulses with a flat
top lasting several nanoseconds using sub-nanosecond transitions; these pulses have a
nearly rectangular appearance. This method is often used in practice to measure the gain
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that would be available from a CW OPA if a CW pump had the same power as the peak
power of the rectangular pulse. For example, one could generate 5 ns pulses with 10 W
peak power, with a duty cycle of 1072 and therefore an average power of only 0.1 W;
then, measuring the gain near the center of the pulse will yield an accurate measurement
of the gain that could be obtained with a constant pump power of 10 W.

Cosine-squared pulses

These pulses can be obtained in practice simply by linearly combining two unmodulated
monochromatic waves with radian frequencies w; and w,. If they have the same power
then the result can be viewed as a carrier with frequency (w; + w;)/2 and intensity
proportional to cos?[(w — w;)t/2]. While such pulse shapes are easy to obtain, they are
quite rounded. They do not have a flat top, and the intensity is a maximum only at discrete
times. Maximum gain is achieved only at these times, which would make it difficult to
measure the peak gain.

Raised-cosine pulses

To increase the duration of the regions of maximum (and minimum) gain, one could
hypothetically modify cosine-squared pulses as follows: leave the S-shaped transitions
between maxima and minima unchanged, but stretch the duration of the extrema from
0 to some arbitrary duration #,.. As # is increased, this type of raised-cosine waveform
looks more and more like a rectangular wave. One could in principle choose #. to be
large enough that an accurate measurement of the peak gain could be made during that
time.

This type of waveform is frequently used for modeling communication signals and
has received its name in that context. A raised-cosine model would be a good fit for
the experimental flat-top pulses with finite transition times described above (suitably
modified to have different on and off durations, if the duty cycle is not 50%).

Gaussian and super-Gaussian pulses
A model which is useful to describe the output of some pulsed lasers is that of Gaussian
pulses. Such a pulse has a field envelope of the form

£() = ) (1.6)

where T}, is the half-width, measured from the center to where the amplitude drops
by 1/e.

Gaussian functions are very important in optics, because they have the unique property
that their uncertainty product, defined as in quantum mechanics, has the smallest possible
value.

However, the spectral and temporal quality of laser pulses is generally defined in a
different manner, by means of the time—bandwidth product (TBP) AvAt, where At
is the full width at half maximum (FWHM) of the intensity (field-squared) waveform
and Av is the FWHM of the optical power spectrum [2]. With this definition, the TBP
for a Gaussian pulse is equal to 0.441. Because Gaussians are minimum-uncertainty
functions in quantum mechanics, one might expect that they also have a minimum TBP.
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This, however, is not true because the definition adopted above for the TBP is different
from that used for the uncertainty product (which is based on moments, rather than
FWHMs). With this definition, pulses with a TBP as low as 0.11 have been observed
[3], and it is in fact possible to construct functions with a vanishingly small TBP.

Gaussian pulses have a bell-shaped appearance, with a parabolic peak like the cosine-
squared pulse. As such, they are a poor approximation to flat-top pulses. To obtain a
better representation of such pulses, one can use so-called super-Gaussian pulses, which
are simply obtained by replacing the power 2 in Eq. (7.6) by a power n = 4, 6, 8, etc.
The larger n is, the closer the pulse approches a rectangular shape and the larger its
TBP is.

Sech pulses
An important type of pulse in nonlinear optics is the sech (hyperbolic secant) pulse. It can
be shown that some types of pulse can propagate without changing shape in optical fibers,
because of a balance between fiber nonlinearity and dispersion. The temporal shape of
the amplitude of a soliton pulse is given by a function of the form sech = 1/cosh. The
shape is close to that of a Gaussian but does not drop as fast away from the center.

Soliton pulses are very important because of their possible use in optical communi-
cation. In addition, fiber light sources generating periodic trains of short soliton pulses
(a few picoseconds long) have been developed, and these could be used as sources for
nonlinear fiber optic interactions.

In addition to the sech envelope, soliton pulses may also exhibit a linear frequency
variation, or chirp. In the absence of chirp, soliton pulses have a TBP of 0.315, smaller
than for Gaussian pulses [2].

Periodic pulses

So far we have discussed pulses as if they occurred in isolation. In practice, however, it
is very common to encounter light sources which generate periodic pulse trains, which
for all practical purposes can be considered to be of infinite duration. An example would
be the output of a mode-locked laser: it consists of identical pulses, spaced by the round-
trip propagation time in the cavity. Another would be a CW light wave modulated by
an electro-optic modulator, driven by a periodic electrical waveform provided by an
electrical waveform generator.

The time-domain analysis of the performance of an OPA driven by a periodically
modulated pump is essentially the same as that for an isolated cycle of the pump. The
reasons for this are that in an OPA all waves travel with nearly the same speed and
the nonlinearity is memoryless, therefore what takes place at one instant of time is not
influenced by what occurred before or what is coming next. For example, applying the
quasi-CW approximation to any period in a train of pulses will yield the same result as
if this period were isolated. Therefore the total response to a pulse train can be inferred
simply by replicating the response to a particular period.

When viewed in the frequency domain, the response to a periodic pulsed pump train
leads to some important conclusions. Consider for example the case where a fiber OPA
operates in the linear regime. Let the time-dependent signal gain due to a single pulse
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Fig. 7.1 Relationship between the spectrum of a single pulse (broken line) and a periodic train of
pulses (solid lines). The pulse repetition frequency is 1/7.

be h3(¢). Then the gain due to a periodic train of identical pulses is

hspee(t) = Y hs(t =nT)=hs(t)® Y _ 8t —nT)
— (1) ® ~ comb ( 7.7
= 3()®?com (;) (7.7)

where T is the period, 8(¢) is Dirac’s delta function, comb is the comb function, and ®
denotes convolution. The Fourier transform of /3 per(¢) is therefore of the form

n=—0oQ

FT{hspe(t)} = FT { i hy(t — nT)} = FT{hs(t)} comb(fT),  (7.8)

where FT denotes the Fourier transform operator and f'is the variable in the frequency
domain. Thus the spectrum of the pulse train consists of an infinite series of §-functions
spaced by the frequency interval 1/7. The amplitudes of these frequency components are
obtained from the complex amplitude of the Fourier transform of a single pulse, which is
generally defined continuously at all frequencies. Thus we may say that the continuous
spectrum of a single pulse acts as an envelope for the discrete spectrum of an infinite
pulse train. This is illustrated in Fig. 7.1.

Aslightly different perspective is obtained by introducing the notion of a Fourier series.
This is done by saying that since /3 pr(?) is periodic it can be written as an infinite sum of
harmonics, with frequencies that are multiples of the modulation frequency i, = 1/7,i.e.

hsper(t) = Y an exp(i27nfut), (7.9)
n=—oo
where the a, are the Fourier series coefficients. They are calculated by integrating the
product of /3 per(¢) and a harmonic over one period, i.e.

1 T
a, = F/ h3 per(t) exp(—i2mnfmt)dt. (7.10)
0
This is equivalent to saying that the Fourier transform H3(f") of A3 pe(f) consists of a
series of delta functions, namely

o0

H(f) =Y ad(f —nfm). (7.11)

n=—0o0



7.4 Important pulse shapes 177

While this approach is strictly equivalent to the preceding one, it has the disadvantage of
obscuring the role of the continuous FT of a single interval and the nature of the envelope
of the Fourier coefficients. But from a calculation standpoint it is direct and efficient.

The interpretation of |a,|? is that it is the power gain associated with the conversion
from the original signal to a new signal, displaced in frequency from the original one
by nfy. A parallel reasoning can be used for the periodic idler gain, which can be writ-
ten in terms of Fourier series coefficients b, i.e. /14 per(t) = Z:o:_oo b, exp(i2mnfit).
The modulus squared |b,|* is then the power gain associated with the conversion
from the original signal to a new idler, displaced in frequency from the original one
by nfm.

An interesting consequence of this approach is that both total signal and idler spectra
should be symmetric with respect to their respective central frequencies if P;(f) is an
even function of time, i.e. we should have a_,, = a, and b_,, = b, for all n.

The discrete nature of the spectrum of a train of pulses may be important in practice and
depends on the characteristics of the instruments used to display or measure the spectrum.
For example, it is common to look at the output optical spectrum of a fiber OPA with
an optical spectrum analyzer (OSA) having a resolution of 0.1 nm (about 12.5 GHz
near 1550 nm wavelength). Thus if the pulse repetition frequency is smaller than 12.5
GHz then the displayed optical spectrum will appear to be continuous, like that of a
single pulse. In other words, under such conditions an OSA cannot show that the optical
spectrum is due to a periodic waveform or what its pulse repetition frequency (PRF) is.
By contrast, if the PRF is larger than 12.5 GHz then the discrete nature of the spectrum
will be revealed and it will be possible to infer the PRF from the spacing between the
peaks.

The discrete nature of the gain spectrum of an OPA driven by a periodic pulse train
can be exploited for practical applications. If the OPA input is an optical communication
signal then the output signal spectrum consists of several carriers, as explained above,
but now each carrier is also modulated by the input signal. The result is that at the output
several replicas of the input signal are obtained. If the pulse PRF is high enough, the
spectra of these individual replicas have negligible overlaps and can therefore be selected
by means of optical filters. Therefore this approach can be used for generating multiple
copies of an input signal, i.e. for multicasting [4].

Transform-limited pulses

Frequently encountered when dealing with short pulses is a transform-limited (TL) pulse
or spectrum. Essentially this refers to a pulse which does not have any chirp, i.e. which
corresponds to a monochromatic carrier modulated only in amplitude. The spectrum of
such a pulse is generally narrower than that of the same pulse with chirp. As a result, TL
pulses have a smaller TBP than pulses with the same temporal envelope but with chirp.
This can easily been verified for sech pulses with varying degrees of chirp [2].

The importance of this concept is experimental. In practice it is relatively easy to
measure the temporal pulse and frequency spectrum, but not the instantaneous variation
in phase or frequency, i.e. the chirp. The existence of chirp can be ascertained as follows,
however. One calculates the FT of the real pulse envelope (without chirp) and compares
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the result with the measured spectrum. If the two are very close then there is little chirp
but if the calculated spectrum is much narrower than the measured one then the pulse
has a large amount of chirp.

Examples of pulsed-pump OPAs
TDM demultiplexing with Gaussian pulses

One of simplest applications of pulsed OPAs is in demultiplexing signals which were
formatted by time-division multiplexing (TDM). In TDM one divides time into equal-
duration frames, each of which contains N equal consecutive time slots. There are N
communication channels; the nth channel is assigned the nth time slot in each frame.
Binary information is sent through each channel by sending either a pulse or no pulse in
each of its time slots.

To retrieve the information in the nth channel at the receiver one must use a device
which can discriminate between the incoming time slots and select only the information
in the desired slots. A pulsed-pump OPA can be used for this purpose. Assuming that
a suitable clock can be provided at the receiver by standard techniques, it can be used
to generate pump pulses with about the duration of a time slot, well synchronized so
that each pulse is centered in a time slot and coincides only with the nth slot in each
frame. Under these circumstances, the pulsed OPA will generate gain for the signal in
that time slot, and nowhere else; it will also generate a pulse at the idler wavelength.
The pulse trains coming out of the OPA, at either wavelength, then contain primarily
the pulses of interest and little or no power corresponding to the other time slots. Hence
these pulse streams can now be detected with slow detectors (having a response time of
the order of a frame duration), and the outputs of the latter will contain only the binary
information associated with the nth channel. This arrangement will perform the desired
time demultiplexing operation.

If the idler wavelength is used as the output then there will be no leakage of power
to the undesired time slots, because the pump will be off during them. This is true
regardless of how large the OPA gain is. Hence this mode of operation will provide the
best discrimination against undesired pulses. However, it changes the wavelength and
this may be considered as an undesirable feature in some applications.

If one desires to retain the original wavelength, one needs to use the signal output. The
drawback is that undesired pulses pass through the OPA with unit transmittance when
the pump is off, and therefore the discrimination between consecutive pulses is not as
good as if the idler is used as output. To maximize the discrimination, it is necessary to
have a high signal gain. For example, if N = 100 and if one wants the desired channel
energy to exceed the total energy of the others in one frame by 30 dB then one will need
a gain of about 50 dB. This corresponds to a pump self-phase shift ® ~ 27, which is
considerable and can lead to a substantial broadening of the spectrum of the received
pulses.

We modeled this situation by means of the SSFM method, using identical Gaussian
pulses for the pump and the signal. The powers were chosen to have values appropriate
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Fig. 7.2 Normalized signal pulse shapes before (solid line) and after (broken line) the OPA.

for a communication system. The fiber parameters were as follows: L = 535 m; Ay =
1550 nm; y = 10 W 'km™'; D, = 0.02psnm~2 km™!; B* = -5 x 107° s* m~!.
For the pump we used 7, = 0.25 ns, A; = 1553 nm, and a peak power Pi peak =
1 W. The numbers were chosen to yield ®peac = 5.35 rad and about 40 dB of maximum
signal gain.

For the signal, we chose a peak power P3 ek = 0.01 mW and the same pulse shape as
the pump (the pulse shape would be appropriate for 10 Gb/s return-to-zero (RZ) signals).
We used A3 = 1531 nm, which is fairly close to the pump value, in order to avoid the
numerical problems associated with large frequency spacings (see Section 7.3). The
computation parameters were: total wavelength range 1450—1650 nm; 1000 longitudinal
steps; 2!°-point DFT.

Figure 7.2 shows the normalized signal pulse shapes before and after the OPA. It can
be seen that the pulse width shrinks considerably: the FWHM is 290 ps at the input but
only 90 ps at the output, i.e. it drops by more than a factor 3.

The reason for this is that, according to the quasi-CW picture, the OPA gain depends
almost exponentially on the instantaneous pump power and so it takes little variation of
pump power for the gain to vary strongly. This leads to output pulses that are generally
much narrower than the pump pulses. To see this qualitatively, we assume that the gain
depends exponentially on pump power, i.e. G3 ~ 'L /4. Maximum gain is obtained
for maximum pump power, P pcak. The gain drops by one half for a power P| such that
e2v PiL Gs &2V Prpeak L

= 7.12
4 2 8 (7.12)

/’\/
Gy~
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Fig. 7.3 Signal spectra before (solid line) and after (broken line) the OPA.

This leads to

AP P - P In2 In2
1 _ 1,peak 1 _ _ ] (713)
Pl,peak Pl,peak 2)/Pl,peakL 2(Dpeak
For a Gaussian, the instantaneous power varies in time as
2
Pi(t) = e 2/ (7.14)
Hence
AR _y _ oamy, (7.15)
Pl,peak

Equating the right-hand sides of Eqs. (7.13) and (7.15), we can solve for ¢, which is the
time at which the gain drops by one-half. Consequently, if the input signal is CW, the
output is a pulse with FWHM

=21, |~ L1 2 7.16
=2T, 2n 20 ) (7.16)

With the above parameters we find that the FWHM so calculated is 91 ps, in close
agreement with the 90 ps obtained numerically by the FT method. Similar compression
ratios have been observed in practice. Specifically, the signal pulse length was reduced
from 93 ps to 20 ps in an OPA with gain 29 dB [5].

Figure 7.3 shows the signal spectra at the input and output. It can be seen that consider-
able spectral broadening takes place within the OPA: the FWHM increases by more than
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Fig. 7.4 Normalized spectra at the OPA output. Solid line, pump; broken line, signal; dotted line,
idler.

a factor 5. The narrowing of the temporal pulse width alone would lead to a broadening
of the spectrum by about a factor 3. The fact that we observe a larger broadening is most
likely attributable to nonlinear frequency shifts, which are substantial for ®pea = 5.35
rad.

While this is not directly relevant to the performance of the demultiplexer, it is inter-
esting to calculate the TBP of the signal output pulses. From the measurements of the
FWHMs in the time and wavelength domain, relative to the TL input pulse, we see that
the TBP for the signal output pulse is larger by about 5/3 = 1.66. Thus, even though
the pulses exhibit a great deal of spectral broadening, their TBP deterioration is not very
large.

The fact that the output pump and idler have the same phase variation does not imply
that they have the same spectra. As can be seen from Fig. 7.4, the output pump and idler
in fact have quite different spectra. The reason for this is that the idler pulse, like the
signal output pulse, is about three times shorter than the pump pulse.

By contrast, the output signal and idler have very similar spectra, even though they
have different phase variations. This is due to the fact that for high gain they have
essentially the same pulse shape (power versus time), because they each gain one photon
from the pump at the same time.

The double-humped shape of the pump output spectrum is typical of the spectrum of
a Gaussian pulse which acquires a maximum self-phase modulation (SPM) phase shift
of about 277, which is close to the value 5.35 in this example [6].
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The increase in signal bandwidth introduced by this demultiplexer, which uses the
output signal, could lead to performance degradation in some detection systems. By
contrast, if the idler is used as the output then lower gains can be used since there is
no leakage from undesired channels and therefore pulse broadening can be reduced.
Spectral broadening could also be reduced by using pump pulses with a flatter top than
Gaussian pulses but this is difficult to do at the high speeds where optical demultiplexing
is attractive.

Efficient wavelength conversion with Gaussian pulses

In subsection 5.6.2 we studied the conditions for obtaining efficient wavelength conver-
sion with a CW pump and signal. We showed that for a pump power of several hundred
watts, and short fibers, one could in principle obtain efficient wavelength conversion that
is tunable over several hundred nanometers. We also discussed difficulties associated
with the use of such high powers, namely stimulated Brillouin scattering (SBS) power
dissipation, etc.

These difficulties can be alleviated by using a pulsed pump with a high peak power
and a low duty cycle. This approach should yield idler pulses with a high peak power,
tunable over a wide range, which could be useful for a number of applications.

In order for this approach to be practical it would be desirable to have the following
features: (i) high conversion efficiency; (ii) nearly TL output pulses.

Here we model a wavelength converter designed for this purpose. We use the SSFM
because of the difficulties associated with the quasi-CW method in this case. We assume
again that the pump pulses are Gaussian, with 7, = 0.25 ns. This type of pulse can
readily be generated by erbuim-doped fiber lasers (EDFLs).

The fiber parameters are as follows: Ay = 1550nm; y = 10 W' km~'; D, = 0.02
psnm~2 km™!; B® = -5 x 10736 s* m~!. The length is adjusted to optimize perfor-
mance. For the pump we have 7, = 0.25ns, A; = 1550 nm, and peak power P; peax =
100 W. For the signal, we consider both the case where it is CW, with low power (100
mW), and the case where it is pulsed with a higher peak power (>10 W) and the same
pulse shape as the pump. We use A3 = 1548 nm, which is close to the pump, in order to
avoid the numerical problems associated with large frequency spacings (see Section 7.3).

The case of a the weak CW input signal is quickly found to be inadequate. The reason
for this is that the signal needs to be amplified to a higher level in order to start depleting
the pump significantly. This requires a long fiber, which leads to a large value for the
cross-phase modulation (XPM) experienced by the signal and idler (this situation is very
similar to that in the preceding subsection). As a result, the idler spectrum is found to
be considerably broadened, with several peaks and consistent with a high level of phase
modulation [6]. The TBP for the idler is several times larger than 0.441, and so the idler
is far from being Gaussian.

With a pulsed input signal we can adjust its peak power to be large enough that pump
depletion can start taking place from the beginning. As a result, a shorter fiber can be
used to reach the same level of pump depletion as obtained with a weaker CW signal,
and therefore XPM of the signal and idler by the pump is minimized.
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Fig. 7.5 Idler output pulse shape for L = 3.5 m.

Guided by the results of the CW investigation (Section 5.6), we will launch fairly
high signal powers along with the pump. For P3 pesx = 20 W and L = 2 m we find that
we can obtain an idler output pulse with nearly Gaussian temporal and spectral shapes,
with a TBP only 1.57 times larger than the TL value. The peak idler power is Py peax =
35 W. The conversion efficiency and pulse quality obtained should be satisfactory for a
number of applications.

Trying to increase L to improve the conversion efficiency while maintaining a near-TL
idler pulse is counter-productive, as shown in Fig. 7.5. The conditions are the same as
above, except that L has been increased from 2 m to 3.5 m. As a result, the peak of the
signal pulse strongly depletes the pump before the fiber end, yielding maximum idler
power then, but beyond that point the idler power at the center of the pulse decays by
returning some power to the pump and also by giving up some power to the higher-order
FWM terms. The conditions for strong depletion of the pump at L are now met at times
on either side of the pulse center, where the initial launched power is smaller than at
the center. Hence the idler pulse has a double-humped shape, which is not attractive for
many applications.

All the preceding results can be scaled to pulses with the same duration and higher
peak powers. For example, fiber lasers can now generate pulses with 1 kW peak power
[7]. If we increase all the preceding powers by a factor 10 and reduce the length by the
same factor then we expect to obtain a similar scaling of the idler peak power to about
350 W. This would be obtained with just 20 cm of highly nonlinear fiber (HNLF), which
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is considerably shorter than has been used in most OPA work to date. In fact this length
is close to that of typical PPLN devices, which can be up to 5 cm long.

For short pulses, it is in principle possible to use pulse compression in an auxiliary
fiber in order to improve the TBP. This, however, would be practical only for pulses that
are a few picoseconds long. For nanosecond-long pulses the required fiber lengths would
be prohibitive.

We note that extensive work has been done both theoretically and experimentally to
optimize the conversion efficiency of pulsed fiber OPAs[1, 8, 9]. The quasi-CW approach,
together with exact Jacobian elliptic functions, was used to model the conversion. The
experimental work used nanosecond pulses, for which such an approximation is well
justified.

Cosine-squared modulation

We now consider the case where the pump consists of two closely spaced equal-power
continuous monochromatic waves. As explained in Section 7.4, the pair of waves can be
viewed equivalently as a single wave with the average frequency and a cosine-squared
modulation atthe beat frequency. This case is interesting for several reasons: (i) it provides
well-controlled intensity modulation without requiring an electro-optical modulator;
(ii) the quasi-CW approach can be investigated by calculating Fourier series coefficients;
(iii) the FT approach can be very efficient because of the simplicity of the input optical
spectrum.

The fiber parameters are as follows: Ao = 1561.14nm; y = 11 W' km™}; D, =
0.03psnm~2km~!; B® = 58 x 10730 s* m~!; L = 500 m. The length L is adjusted to
optimize performance. For the pumps we have P; = P, = 0.2 W, A; = 1563.13 nm, and
Ay = 1563.93 nm (i.e. the pumps are 0.8 nm or about 100 GHz apart). We consider a CW
signal with A3 = 1551.32nmand P; = 0.85 uW. Atthe peak power of the pump, the gain
is about 13 dB. The low value of the signal power results in negligible pump depletion.

Figure 7.6. shows the OPA output spectrum obtained by means of the SSFM. The
computation parameters were: total wavelength range 14501650 nm; 1000 longitudinal
steps; 2'4-point DFT.

The spectrum consists of five lobes, each about 10 nm wide. Within each lobe there
are several frequency components spaced by the modulation frequency (about 0.8 nm).

The central lobe corresponds to the pump. At the input it consists of just two frequen-
cies, but this number is considerably larger at the output. The broadening is due to pump
SPM.

The first lobe on the left (right) of the central lobe corresponds to the signals (idlers).
The number of components in these lobes is due to the intensity modulation of the pump,
which modulates the signal (idler) intensity and phase.

The smaller lobes near 1540 nm and 1590 nm are due to higher-order four-wave
mixing, respectively between the signals and the pump and the idlers and the pump.
Their presence is generally undesirable, as they draw power away from the signals and
idlers. They are not taken into account in the quasi-CW calculation of the gain and
therefore are a source of error for that method when they carry significant power.
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Fig. 7.6 Optical output spectrum of OPA with cosine-squared pump modulation.

The amplitudes of the various frequency components can be calculated alternatively
by means of the FT of the amplified pulse shapes obtained using the quasi-CW approx-
imation. The results are in excellent agreement with the results of the SSFM [4].

Conclusion

We have investigated aspects of pulsed fiber OPAs which are not apparent in the CW
analysis presented in Chapters 4 and 5. In particular, we have shown that even if the
quasi-CW analysis is applicable it reveals new effects such as pulse compression and a
reduction in conversion efficiency. Together with Fourier analysis, it can also be used to
provide a relatively simple picture of amplification and wavelength conversion by pumps
with periodic modulation.

We have also shown how to use the SSFM in the case of short pulses, where the quasi-
CW approach may not be applicable. This approach is generally accurate for pulses that
are longer than one picosecond. For even shorter pulses [10], the NLSE itself may need
to be modified to include Raman gain and other effects [11]
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OPO theory

Introduction

If an optical gain medium is available, one can in principle convert it into an oscillator
by providing optical feedback to form an optical resonator. If the gain medium is a fiber
OPA, the resulting device is a fiber optical parametric oscillator (fiber OPO). There are
many possibilities for designing the feedback system, and hence a variety of possible
fiber OPOs. In the simplest versions the pump is supplied externally and is non-resonant,
i.e. it passes through the OPO in one direction, interacting with the signal and idler within
the nonlinear medium.

Let us assume that the optical cavity is resonant at the signal wavelength but not at
the idler wavelength; we then have a singly resonant oscillator (SRO). If the cavity has a
high quality factor Q, little or no signal escapes from it, and so the useful output of the
SRO may have to be the idler. If the idler is not available, however, the output is a fraction
of the signal, exiting through a partially transparent mirror or via a fiber coupler; in such
a case the coupling introduces a signal loss, and so O may not be very high. Most fiber
OPOs that have been implemented to date are of the SRO type.

Figure 8.1 shows schematically various types of fiber OPO that have been imple-
mented. Figure 8.1(a) corresponds to a Fabry—Pérot cavity, i.e. a linear cavity with mir-
rors at the ends; in this case the mirrors are implemented as fiber Bragg gratings (FBGs),
and they reflect only the signal [1]. Figure 8.1(b) shows a unidirectional fiber ring, with
couplers to inject the pump and to extract the output signal [2]. A unidirectional fiber
ring is also used in Fig. 8.1(c), but this time a circulator is used to enforce unidirectional
operation; a single FBG reflects the signal outside the ring, and a coupler is used for
extracting part of the signal [3]. Figure 8.1(d) shows a rather different arrangement [4].
Here the HNLF and the 50/50 coupler form a loop mirror, within which light travels
in both directions. An interesting feature is that the pump emerges from the same port
by which it has entered, while the signal and idler use the other port; hence the pump is
neatly separated from the signal and idler outside the loop. The signal and idler continue
on to a diffraction grating, which is set to reflect only the signal; the idler is lost at the
grating. Part of the signal is then extracted by the 10/90 coupler. Wavelength tuning is
obtained by rotating the diffraction grating.
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Fig. 8.1 Examples of fiber OPO implementations: (a) linear Fabry—Pérot using fiber Bragg
gratings; (b) unidirectional ring using couplers and a tunable filter; (c) unidirectional ring using
a circulator, a fiber Bragg grating and a tunable bypass filter; (d) bidirectional loop mirror using
couplers and a tunable diffraction grating (TG).

Fiber OPO theory

Relatively little work has been done with fiber OPOs, as compared with fiber OPAs.
The main reason is that x®-based OPOs have been under development for many years,
and are already at the commercial stages [1, 5, 6]. These devices have the following
characteristics: (i) hundreds of milliwatts of average output power; (ii) high conversion
efficiency; (iii) tunability over wide wavelength ranges, such as from 500 nm to 2 pum;
(iv) single-frequency operation. At this time it is not clear that fiber OPOs can successfully
compete in most of these areas or offer unique advantages.

Another reason for the relatively small amount of work on fiber OPOs is that, to a large
extent, making an oscillator from a gain medium is a generic problem. If the physics
of the particular medium is understood, calculating such things as the OPO threshold
and output power can be done by using techniques that are largely independent of the
gain medium. Hence these calculations for a fiber OPO are essentially the same as for
a x@-based OPO or a doped-fiber OPO. Only if a more detailed analysis is required,
incorporating some fiber-specific features such as self-phase modulation (SPM), cross-
phase modulation (XPM), etc., is the generic approach no longer sufficient. However,
since as explained above there is little practical incentive for undertaking such detailed
studies, little work has been done in this area to date.

Since the theory of fiber OPOs is not very advanced, we will discuss only the simplest
types, bearing in mind that more complex versions may come to be of interest in the
future. For example, we will consider only a single pump, but of course similar systems
using two are feasible.
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As seen in Fig. 8.1(a), one approach to making a fiber OPO is to use a straight fiber
terminated by two FBGs, forming a Fabry—Pérot cavity. The signal is reflected upon
itself by the FBGs and travels in both directions within the nonlinear medium. We will
denote this SRO with bidirectional signal as SRO-B. However, since the pump travels in
only one direction it generates OPA gain only in that direction. Hence the signal traveling
backwards experiences no gain. If the signal power builds up to a high level in the cavity,
as it should for an efficient OPO, the backward-traveling signal will affect the forward-
traveling pump and idler by means of XPM and the forward-traveling signal by means of
SPM. These phase terms are absent in the basic OPA theory of the preceding chapters,
and their influence on OPA gain and OPO performance will have to be carefully taken
into account.

Other arrangements avoid this problem by forcing the pump, signal, and idler only to
co-propagate through the nonlinear medium; there is no counter-propagating signal. Two
examples are given in Figs. 8.1(b) and 8.1(c). Then the externally incident pump travels
in one direction through the loop, generating gain only in that direction. Spontaneous
emission due to the gain is amplified only if it travels in the same direction, and this
leads to a build-up of the signal in the resonant cavity formed by the loop. The idler is
also generated in the same direction. We will denote this SRO with unidirectional signal
as SRO-U.

Threshold

We will begin the analysis by studying the threshold condition for SROs. At threshold
the signal power is negligible, and so there are no extra XPM and SPM terms due to
the backward signal in SRO-B. Therefore the signal gains for SRO-U and SRO-B are
calculated from the same expressions, and the threshold conditions will have similar
forms. Also at threshold there is no pump depletion, and we can use the OPA gain
derived in subsection 3.6.2.

In the absence of fiber loss, the threshold condition for either type of SRO is G537 = 1,
where G3 is the signal power gain in the fiber and T is the total transmittance for light
making a round trip in the cavity with the pump off. Threshold is reached most easily if
the signal is at the maximum gain wavelength, for which G5 = cosh?(y PyL) (assuming
a lossless fiber). The required pump power is then

1 4 1
Py = L cosh <ﬁ) . 8.1
As an example let us consider a 100 m HNLF with y =20 W' km™' and T =
0.98 (0.1 dB round-trip loss). Then we find that Py = 71 mW. If we now consider a
longer fiber with L = 1 km, y =20 W~' km™', and 7 = 0.05 (13 dB round-trip loss)
we find that Py = 109 mW, which is of the same order of magnitude. Therefore for both
examples we have Py ~ 100 mW, a relatively low threshold power compared with other
types of OPO. This indicates that it should be fairly easy to operate CW fiber OPOs.

In the presence of fiber loss, the threshold condition for SRO-U remains G537 = 1
while for SRO-B the threshold condition becomes G3Te%L = 1. In neither case does
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T include the fiber loss, but G3 is now the gain in the lossy fiber; G5 is expressed in
terms of Bessel functions, and it is not possible to calculate the threshold power in
closed form. However, if A3 ~ X; then AB ~ 0 and we have the simple form G3 ~
e 1 4 (y PoLen)’].

For SRO-B we then have a threshold pump power

a (1/T —v?)l/2

Pow = — , 8.2
STy T v =) 82)
where v = e~ For SRO-U, we obtain
a(1/T —v)!/?
Phpjp=—"""—"— 8.3
=i (8.3)

Conversion efficiency

It is generally desirable to operate OPOs with a high pump-to-signal conversion effi-
ciency, which means that the signal power in the cavity is of the same order as the pump
power and therefore pump depletion must take place. In that case, we must use the results
of subsection 3.6.1, which do not take fiber loss into account.

(@ Unidirectional SRO
For SRO-U there is no need to consider XPM and SPM from the counter-propagating
signal; hence the previous results are directly applicable.

Consider an OPO operating in the steady state. The saturated signal gain must be
such that it satisfies the threshold condition. For a given P, there is a P3g such that the
saturated gain has the correct value. Because of the complexity of the Jacobian-elliptic-
function solution, it is not possible to calculate P3 in closed form.

Hence it is necessary to solve for the unknown power values by a numerical technique
such as iteration or by a shooting method. Here we describe an iterative approach, as
follows.

1. Choose a seed value for P;; call it P3((l)).

2. Launch Py and P3((1)) into the fiber, and calculate the signal power at the fiber output,
P3(l)(L), by using the solution from subsection 3.6.1.

3. The signal power reaching the fiber input after one round trip is then P;é) =T P;l) (L).

4. If |P§§) - P§$)| > ¢, where ¢ is a small number, the value is insufficiently accurate,
and a new iteration is needed, so go back to step 2 and repeat steps 2—4, increasing
all superscripts along the way.

With a suitable choice for Pé(l)) the procedure will converge after a certain number of
iterations. This will provide an accurate approximation for the steady-state signal power
in the fiber. With this value, the idler output power and conversion efficiency can be
calculated.
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Maximum conversion efficiency

In subsection 3.6.1 it is shown that it is possible to obtain complete pump depletion in
a one-pump OPA, with suitable values of AS and other parameters. The same is true in
an OPO. If this happens, at the fiber end Pjy/2 has been transferred from the pump to
both signal and idler. The idler output power is then Pjy/2 , and the pump conversion
efficiency (idler output power over pump input power) is 50%. This is the maximum
conversion efficiency that can be achieved with this type of SRO. In real devices, the
conversion efficiency will be lowered by losses in the components.

To find the AB value for which maximum conversion can be obtained (for a given
pump power), we can use the condition A = y(P3y — Pj9/2) (see subsection 3.6.1),
which leads to complete pump depletion in a long fiber. Then, for long L, the conversion
efficiency from pump to idler will approach 50%.

As an example, consider a Fabry—Pérot SRO-U with y = 18 W' km™! and L =
200 m. The pump, with power Pjp = 0.5 W, first passes through an FBG with 100%
reflectivity at the signal wavelength and then exits through an FBG with 70% reflectivity.
A shooting method was used to solve for Psy: P3y was adjusted until TP;I)(L) = Py
was obtained after one round trip. The expression AB = y (P — Pjo/2) was used to
calculate AB, in order to ensure that near-complete pump depletion could be achieved.
With P3p = 0.58 W the pump power was almost exhausted, and a conversion efficiency
greater than 49% was obtained. Figure 8.2 shows the evolution of the three waves in the
cavity. Outside the cavity, the signal and idler powers are both nearly 0.25 W, confirming
that virtually 100% of the initial power of 0.5 W has been converted into signal and idler,
in equal amounts. (The calculations were performed with the equation after Eq. (3.64)).

Note that the signal power is greater than the pump power everywhere, which indicates
that stimulated Brillouin scattering (SBS) will be a greater concern for the signal than
for the pump.

(b) Bidirectional SRO
With SRO-B, the effect of XPM and SPM due to the backward signal must now be con-
sidered. Since we are assuming no fiber loss the backward signal power is constant. The
propagation equations for the forward waves in the preceding subsection must now be
modified. The pump and idler equations will include an additional XPM term, while the
signal equation will include an additional SPM term. The result is simply that AS/y in
Eq. (3.139) must be replaced by AB/y — P, , where P; is the backward signal
power. In the iterative algorithm given above, for the kth iteration we let P, = R, P;k)
where R; is the reflectance of the output FBG. Otherwise, the algorithm remains
unchanged. To ensure that near-complete pump depletion is obtained, we now set
AB/y = P3y — Pio/2 + R P3(k) ; alternatively, for a shooting algorithm one uses P; =
P3y/Ry and AB/y = Pyg — P19/2 + P30/ R;. Under these circumstances, the results are
the same as those obtained in the preceding subsection. The only difference is that the
ApBs are different for SRO-B and SRO-U.

If the pump frequency is modulated to reduce SBS, while the signal frequency is
not, then the idler frequency is also modulated. As a result, the backward and forward
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Fig. 8.2 Evolution of the intracavity powers of the various waves along a unidirectional SRO:
solid line, idler; broken line, pump; broken-and-dotted line, signal.

signals have different frequencies at most points along the fiber. Thus the phase mod-
ulation induced by the backward wave is to be calculated as XPM, because two sig-
nificantly different frequencies are involved. It can then be shown that this XPM, now
common to all three forward waves, has no effect on A/y and so G3 is completely
unaffected by it. Therefore in this case the analysis for SRO-B is identical to that for
SRO-U.

Conclusion

Little work has been done on the theory of fiber OPOs, in part because x ?-based OPOs
already provide excellent devices for tunable wavelength generation. In addition, the
basic fiber OPO theory (other than the gain theory) does not differ much from that of
OPOs based on other media.

Some aspects of fiber OPOs may prove to be advantageous in the long run. In particular,
fibers have the potential for withstanding high average powers and this could be exploited
for making OPOs with high average power values for situations where high-power sources
currently are not available. If activity in this area increases then it will become neces-
sary to develop a more accurate theory of fiber OPOs, including the detailed impact of
fiber-specific effects such as birefringence, ZDW fluctuations, SPM, and XPM as well
as the small spacing between longitudinal modes.
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Quantum noise figure of fiber OPAs

Introduction

In previous chapters we studied wave propagation in fiber OPAs from a classical stand-
point, i.e. starting from Maxwell’s equations. That approach provides only a partial view
of the rich nature of the electromagnetic field, namely its wave nature. However, a com-
plete description of the electromagnetic field requires quantum mechanics. This quantum
description of the electromagnetic field (called quantum electrodynamics, or QED) pre-
dicts fluctuations in measurable quantities due to the Heisenberg uncertainty principle
and sets ultimate limits on the performance of devices such as optical amplifiers. A
remarkable result of this theory is that the statistics and thus the noise performance
of a system are affected by the quantum statistics of the source and by the physical
measurement that is made. Thus a different analysis is needed depending on whether
homodyne, heterodyne, or direct detection (where the field simply impinges on a photo-
diode) is used. Direct detection reveals the particle nature of the electromagnetic field.
More specifically, energy arrives in discrete units, called photons, each of which may
create an electron—hole pair in a semiconductor photodetector. In particular, the number
of photons in an optical pulse can be thought of as a random variable having a mean
and a variance. By deriving the mean and variance of the photocurrent that would be
present if one performed direct detection of ideal laser light at the input of an optical
amplifier and then a similar measurement at its exit, one can quantify the degradation
of the signal-to-noise ratio (SNR) caused by the amplifier. This is defined as the noise
figure (NF), a very important figure of merit in optical communication. Because direct
detection is overwhelmingly preferred to homodyne or heterodyne detection in cur-
rently installed optical communication systems, we will consider only the NF for direct
detection.

In this chapter we will start from the quantum-mechanical propagation equations in
a nonlinear medium and calculate the NF for a non-degenerate phase-insensitive fiber
OPA, neglecting Raman gain. Two expressions will hold, depending on whether the OPA
is used as an amplifier or as a wavelength converter. We will then consider the NF for a
frequency-degenerate phase-sensitive OPA. Finally we will include the effect of Raman
gain and show that it leads to a deterioration of the NF.
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Quantum-mechanical derivation of the OPA equations

In Chapter 3 we derived in a purely classical way the OPA propagation equations, in
the general case where there is pump depletion. We found that the differential equations
satisfy basic photon-number conservation and total-power conservation.

In subsection 3.5.3 we found that in the undepleted-pumps approximation the OPA
propagation equations become linear and the solution is obtained in terms of a transfer
matrix, which is quasi-unitary (Appendix 1). In the case of wavelength exchange the
matrix is unitary. The forms of these classical matrices can be interpreted in quantum
mechanics as expressing the fact that the field operators are Bose operators.

Thus we find that although these derivations are purely classical (except for the assump-
tion that the photon energy is Aw), they are compatible with the requirements of quantum
optics. This is simply the result of the fact that photon-number conservation is already
built into the basic differential equations. To see this clearly, we now present the deriva-
tion of the propagation equations using the quantum-mechanical field operators and the
Heisenberg description of the system’s evolution. We confine ourselves to the scalar case.

The Hamiltonian for the nonlinear interactions

The starting point is the expression for the polarization density of the medium:
P =¢E =g(xVE + xPEY). ©.1)

Where x (1 and x® are respectively the first- and third-order susceptibilities (we assume
that the fiber has a negligible second-order susceptibility, which is well justified unless
the fiber has been specially prepared); g is the permittivity of the vacuum; E is the
electric field, which we assume to be linearly polarized parallel to the x-axis.

We also assume that x® is due only to non-resonant electrons and is therefore a
constant (i.e. independent of frequency), which we can take to be equal to the xxxx com-
ponent of the corresponding tensor). Light guiding in optical fibers can be accomplished
by a variety of means, but all have in common the fact that the refractive index must
vary in the direction transverse to the z-axis. In turn this refractive index is generally
accompanied by a transverse variation in x)(x, y). As an example, some highly non-
linear fibers (HNLFs) have a small core heavily doped with germania, surrounded by a
cladding of nearly pure silica; this results in a core with a nonlinear index about twice as
large as the cladding. Other examples are hollow-core and holey fibers, which are made
from a single material with hollow cylindrical regions parallel to the axis; in this case
the nonlinear index of the holes is zero, while that of the surrounding material is finite.

The energy density associated with the field is then U = U + Unp where UL is the
quadratic part of the energy and is present even in the absence of the nonlinear term in
x® and Uy is due to the nonlinear interaction. We have [1]

X(3)

1+ X(l)
5 E? Un = —aoTE“; 9.2)

UL = —&
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U is such that P = —dU/dE. (The negative signs in UL and Uyp will now be dropped
for simplicity and without significant consequences for the derivation and the results.)

The Hamiltonian is then obtained by integrating U over a suitable volume. When
studying the resonance modes of a cavity, the volume is that of the cavity. Here we study
traveling guided waves and perform the integration over a volume 7 bounded by two
planes perpendicular to the z-axis and separated by a distance L that is small enough
for the field envelopes to be considered constant over that distance.

We consider the interaction between four monochromatic waves with radian frequen-
cies wy, k = 1-4. We first consider frequency assignments suitable for an OPA, i.e.
satisfying w; + w; = w3 + ws = 2w,, where «, is the center frequency; later on we will
see how the procedure needs to be modified for wavelength exchange. We assume for
simplicity that all the waves are in the fundamental mode and with the same linear polar-
ization. (Cases involving different modes and/or states of polarization can be studied by
making simple modifications of the theory presented here.)

We make the transition to quantum mechanics by introducing annihilation and cre-
ation operators a; and a;, for the guided mode at wy; these operators satisfy the boson
commutation relation [ay, a;] = ara;, — a,ar = 1. We write the electric field for that
mode as follows:

| ko,
Ey(x,y,z,t)= m [ak(z) exp(ifrz — iwyt)

+ay(z)exp(—ifiz + i) |[Yr(x,y),  (9.3)

where ¥ (x, y) is the transverse profile of the main electric field component of the mode,
which we assume for simplicity to be real. Also,

Ri = f / G, e )P dxdy, 9.4)
=—00 Jy=—00

where n; = /1 + x (U is the refractive index at wy.
The constants in the square root in Eq. (9.3) have been chosen so that the linear
Hamiltonian H,fl) of the mode at wy takes on the canonical form

1
1 =Ly [ [ et Bt vz 0P drdy = howgian + 5. ©5)

. 2
where only the low-frequency terms in ()" have been kept.

The nonlinear energy density term due to the interaction of the four waves is then of
the form

3)
gox(x,y)
UnpL(x, y,z,1) = %E“(X,y,z, 1)

3) hZ
=~ 64(;2;) {Z \/7 ai(z) exp(ifrz — iwit)

4
+ay(z) exp(—ifiz + iwpt) | Y(x, y)} . (9.6)
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The nonlinear part of the Hamiltonian is then obtained by integrating Uxy, over the
volume V-

H® = / UnpdV. 9.7)
Vv

We look only for the terms with zero frequency after expansion of the product (which
means that we will be looking only at the evolution of the slowly varying envelopes of the
operators). Among them is a term that corresponds to non-degenerate four-wave mixing
and is of the form

Hewm = Hizsa + Hipss, (9.8)

where

Hipsa = 24Mp3sa1aza5ay expli(ws + ws — 0y — wp)t — (B3 + Bs — Pi — B2)z]
= 24Mp34a1a2a5a, exp(—i ABz) (9.9)

# W W] Wy W,
Migyn = / m ® mWndxdy. 9.10
kil 6Lyed\| RARR.R, //X Y Ymadxdy (9.10)

The factor 24 in Eq. (9.9) is due to the fact that there are 4! ways of obtaining the correct
frequency combination, by selecting one frequency in each factor within Eq. (9.7).

The point of making this detailed quantum mechanical derivation can now be seen
clearly. The form of the Hamiltonian that corresponds to non-degenerate four-wave
mixing (FWM) contains combinations of creation and annihilation operators that reveal
at the most fundamental level how photons are exchanged between the various waves.
In particular, the presence of ajaxajay in Hip3s indicates that it corresponds to the
simultaneous annihilation of one photon at w; and one at w;, and the creation of one
photon at w3 and one at w4. In Hj,, the roles of creation and annihilation are exchanged.
Thus these two processes operate simultaneously in the non-degenerate FWM term

and

Hewm.

In either case two photons are created and two are annihilated, and so there is no
net change in the number of photons. Thus for this type of FWM the total photon
number is conserved. (Note that this is not true of all types of FWM; for example, if
w1 + wy + w3 = w4 then three photons are annihilated when one is created, or vice versa,
which clearly does not conserve total photon number.)

The way in which the various photons are created and annihilated also indicates that
the following relations must hold:

Ay _dde Ny v, o1

dz dz dz dz
where N is the photon number density at wy. This type of equation, expressing a relation
between photon-number variations, is known as a Manley—Rowe relation. We came across
Egs. (9.11) in our classical approach in Chapter 3. At the time, we had no fundamental
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classical explanation for why these relations should hold; we now see that their origin is
actually quantum mechanical.

Finally, since the energy of one photon at wy is fiwy, with H,34 an amount of energy
(w1 + w;) = 2hw, is annihilated while an energy fi(w; + w4) = 2w, is created. Since
these energies are the same, there is conservation of total energy, as expected for this
closed system of four frequencies.

The preceding considerations show that the basic properties concerning photon-energy
conservation and photon-number relations hold at the most fundamental level of the
formulation. They must a fortiori also be present in any global result, such as in a transfer
matrix relating input and output quantities. The main properties of such matrices, such as
unitarity or quasi-unitarity, are simply the result of these fundamental local conservation
laws.

Inparametric devices it can often be assumed that two of the waves are much larger than
the other two and are not appreciably depleted by the interaction. Then their operators
can be replaced by constants (c-numbers) for most of the calculations. It is clear from the
preceding discussion, however, that no operators can be considered to be constant when
considering photon or energy conservation, because doing so would lead to erroneous
conclusions. For example, in an OPA with gain the energy received by the growing signal
and idler must come from the pumps, even though in relative terms the pump amplitudes
might experience little depletion.

The Heisenberg evolution equations

Using the Hamiltonian H® of Eq. (9.7) we can now set up equations for the evolution
of the operators of interest, namely the various creation and annihilation operators. The
basis for this is Heisenberg’s evolution equation for any operator O, namely

do
ihE =[0,H]=0H - HO. (9.12)

In our context, Eq. (9.12) needs to be slightly modified. Since we are looking at the
evolution of fields as a function of z, df needs to be replaced by

d nd

dt = _Z — _Z’

v c
where 7 = ¢f/w is the effective refractive index.

Let us now write down this equation for a;. To do this we select the part H"> of H®
whose terms have zero frequency and contain @, or @} (the terms that contain neither a;
nor a} will commute with a; and will therefore disappear from [a;, H1(3)]). The terms
corresponding to non-degenerate FWM are Hy34 and Hj,,,. There are additional terms
corresponding to self-phase modulation (SPM) and cross-phase modulation (XPM), for
which zero frequency is obtained from the frequency combinations w; + w; — @1 — w;
and w| — w; + w; — wg, k> 1. Altogether, we find that

3) 3) 3) 3)
H™ = Hygppm + Hi xpm + Hewms (9.13)
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where

3) ’ ’ /ol / l
HLSPM = Mml(alalalal + aya;a a1 + aja1a;aq

/ ! ! 7 7 !
+ajaa1a; + araraa) + alalalal), 9.14)

Hl(,};(PM = 6(a1a] + dajar)| M2 (axd) + abar) + Myy33(asal + ajas)
+ Mi144 (a4a4’1 + aga4)], (9.15)

and H}%\)/M is given by Eq. (9.8). After calculating the various Poisson brackets, we obtain
. fic dal 1 3)
o 4. H
oy @z =l ]
= Mi111(Ny + Day + [M11222N; + 1) + Myi33(2N; + 1)

+ Mi144(2Ny + 1)] a) + 2Myp3aabazase P, (9.16)

where Ny = aja is the photon-number operator of the mode at wy.
For a; we obtain

fic da3 1 3)
. das _ 10
"2n; dz Lo 7]
= M3333(N3 + Das + [M3311(2N1 + 1) + M332(2N; + 1)
+ M3344(2 Ny + 1)]613 + 2M1234a1a2a4"efmﬁz. (917)

We see that the form of these equations is similar to that of Eq. (3.34), which we obtained
from Maxwell’s equations by a classical argument. In particular, we recognize the SPM,
XPM, and FWM terms, which appear in that order on the right-hand side. The SPM and
XPM terms contain some extra terms, namely the 1’s appearing within the parentheses,
but these correspond to very small photon numbers and can be safely neglected when
strong (classical) pumps and signals are present.

As a check, we can make the transition to the classical equations by assuming that
all four waves are strong and dropping the “1” terms in Eq. (9.17). To obtain a more
familiar form, we replace a; by a classical complex amplitude A such that 4y 4} = Py,
the total power in the mode at z. This requires that

[l
a = Ay | B2V (9.18)
chwy,

where 71, = Bjc/wy. Making this substitution in Eq. (9.16) we obtain

dA
_id—z1 =y P41 + 2(yi212P2 + y1313 P + v1a1a Pa) A,

+2y1234 A3 Ay A5 2F2, (9.19)

3wy | Axiiig iy, /f 3)
L ndxdy. 9.20
Vai 4V RRER XYy Yadxdy (9:20)

where
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The convention used for the subscripts in Eq. (9.19) is the same as in Eq. (3.31). We
see that Eq. (9.19) has the same form as Eq. (3.31), which was obtained by purely
classical means, starting from Maxwell’s equations and the expression for the nonlinear
polarization (and a particular choice of multiplying function for eliminating the x and y
variations). The agreement between the two approaches shows that the classical method
is essentially equivalent to our method based on a quantum-mechanical Hamiltonian and
Heisenberg’s evolution equation. In both cases the quantities of interest are the slowly
varying amplitudes of the fields. The only significant difference between the resulting
equations is the “1” terms in Eq. (9.16), which are purely quantum mechanical in origin
and can be safely neglected for classical fields. At this level of approximation, the two
approaches provide identical equations, but the interest in giving a quantum-mechanical
derivation of the classical equations is that now we can explain why they satisfy the
Manley—Rowe relations; no obvious explanation of this appears when they are derived
from Maxwell’s equations.

It is also interesting to note that the classical form of the Hamiltonian H1(3) (in terms
of the 4; and A7) is such that if we use Hamilton’s equation

d4,  9H,
dz 34}’

we obtain the correct classical equation for the evolution of 4. This confirms that H1(3)
has the correct form, and it also shows that 4; and A} are conjugate variables with
respect to this Hamiltonian.

Noise figure of non-degenerate fiber OPAs

Here we calculate at the quantum-mechanical level the NF of a fiber OPA. We will
assume no pump depletion, and we will neglect the Raman gain. Since the form of the
propagation equations for the ay is the same as the equations for the classical 4; studied
in Chapter 3, the solution has the same form, and therefore we can again make use of the
OPA transfer matrix derived in Appendix 1. We leave out the exponential phase terms
relating A; and Cy, as they have no impact on the rest of the discussion and can be restored
if needed. With these assumptions, the operators a3(z) and a;(z) at a distance z from the
input are obtained form

a3(z) = mszaz + msaay,

9.21
ay(z) = mia3 + miay, ( )

where the subscripts 3 and 4 respectively refer to the signal and idler; a3 and a4 denote
the annihilation operators at the fiber input.

This approach indicates that during the interaction the field operators are evolving
while the system wavefunction remains fixed, i.e. we are using the Heisenberg repre-
sentation for the interaction. Since at the input the states of the signal and the idler are
independent, we assume that the total wavefunction of the system is of the form W, ;.
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The wavefunction for the input signal is Wy ; we assume it to be a coherent state (CS).
The wavefunction for the input idler is ¥;. We assume that there is no finite idler at the
input and therefore that it is in a vacuum state (VS), which is the same as a CS with
zero mean field. Thus we let ¥; = u, where u is the wavefunction for the harmonic
oscillator (HO) ground state with zero quanta in it. The wavefunction u, satisfies the
relations azuo = 0 and ajuy = u;, where u, is the one-photon HO wavefunction; u;
satisfies the relations ayu = uo and aju, = /2u5. Since the HO wavefunctions form an
orthonormal set we have (ug|ug) = (u1|u1) = 1 and (ug|u;) = 0, where (®|¥) denotes
the Hermitian product of some wavefunctions ® and V.

We can now make use of the expressions for the output operators to calculate the mean
and the variance of the signal photon numbers at the output, and hence the NF for signal
amplification, by means of the signal photon number operator at z, N3(z) = a;(z)as(z).
The mean signal photon number at z is

(N3(2)) = (a}(2)as(2)) = (W3 W4 |as(z)as(z)| W3 W)
= (W3 W (m3;d5 + miyas) (mszas + maaal) | W3 W)
= (U3 Wy|Im3s 2 asas + |msal*asdl, + mizmasdaial, + mimszasas| W3 Wy)
= GsN3o + Gi(Nag + 1) + m33mza{Ws | [W3)(Wy|ay| Wy)
+ m3yma33(Wslaz|Ws) (Wylas|Wy), (9.22)

where N3o (Nag) is the mean number of input signal (idler) photons. Since we assume
that there is no idler power at the input, N4 = 0. Also

(s ) = o o) = o) = 0
and
(Walaq|Ws) = (uolasluo) = (uo|0) = 0.
Hence, we simply have
(N3(2)) = GsN3o + Gi. (9.23)

It is interesting to note that, even in the absence of signal power at the input, there is
finite average power at the output ((N3(z)) = G5 — 1), which corresponds to the amplified
spontaneous emission (ASE) of the OPA.

We note that when G is large the ASE power is essentially proportional to G. Hence,
one can obtain information about the gain of a fiber OPA without injecting a signal into
it, simply by observing the output ASE. One can then infer the magnitude of the gain
at some wavelength by properly calibrating the detection apparatus; one can also easily
obtain the relative shape of the gain spectrum, which does not require any calibration.
This technique is commonly used in high-gain fiber OPAs.
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The variance of N3(z) is [§N3(z)]" = ([M3(2)]) = (N3(2))?. We have
([N3(2)1P) = (W3 Wa| (Im33]* dias + |msal? asal, + m3ymsasal
2
+ m;‘4m33a4a3) ’\IJ:; \IJ4)
= (U3 Wy|{Im33]* dsasdias + Imssl* asabasd),
+ |mysmaal? x (asazasdl + asayalas)
+ (Im3s)? asas + |mssl® asal) (mysmsadial, + miymssasas)
+ (m¥3masaial, + mimssasas)(Imss|* asas + |mssl* asal)
2 o * 2
+ (m§3m34) azasasa, + (m34m33) a,a3asa;
r ! r ! 2
+ |m33m34|2 (a3a4a4a3 + a4a3a3a4)} |\I’3‘~IJ4>
= G{N3(0)*) + Gi + 2GGiN3o + GsGi(N3o + 1). (924)
Since we assumed that the input signal is in a CS, its photon-number density has a Poisson
density function, for which is it known that the variance is equal to the mean; thus we
have [(SN;(O)]2 = <N3(O)2) — N320 = N3¢, which implies (N3(0)2> = N320 + N3p. Hence
[BN;@)F = ([N3@)F) = (N3(2))
= GZ(N3, + Ny) + G} +2GG;N3g + G;Gi(N3 + 1)
- (GSN30 + Gi)2
= G2 (N3 + N3g) + GI +2GGiN3o + GsG; (N3 + 1)
— GiN3) — G} —2G,GiN3G;
= G2 N30 + GsG;iN3 + G,Gi. (9.25)
To define the signal noise figure Fy, we introduce the input and output signal-to-noise
ratios. To translate into the language of signal detection, we divide the photon energies
by time, so that we are dealing with optical power. We assume that the optical signal
power is detected by a square-law detector, so that the electrical current is proportional
to the incident optical power and hence the electrical signal power is proportional to the

square of the optical signal power. The electrical noise power is then proportional to the
variance of the optical power. Hence we have

5 SNRw _ [ N3 T [8N: ()]

T SNRu  L{M:@) ] [8N3(0)F
_ < N3o )2 G2N3p + GsGi N3y + GG; ©26)

GsN3 + G N3o
We have G; = G — 1;thusin the limit where the input CS is strong enough that N3p > 1,

we find that
Arl4Sios b (9.27)
‘ Gy Gy

which is independent of N3o. We note that Fy; = 1 when G = 1, as should be the case,
because G = 1 means that there is no gain and so the OPA reduces to a piece of passive



9.4

9.4 Wavelength exchange 203

lossless fiber that does not alter the quality of the input signal. For large G5 = 1, the
noise figure F; approaches 2 (i.e. 3 dB) from below. This is expected from fundamental
principles applying to all phase-independent amplifiers (PIAs) [2, 3].

Idler noise figure
The calculation is similar to that for the signal noise figure F;. The necessary steps are

(Na(2)) = (a3 (2)as(2)) = (W3 Wa|d(2)aa(2)| W3 Ws)
s s+ s+ ) )
= (‘-IJ3‘IJ4’|’"34|2 azal + |ms3|* ayas + miymyzazas + miymssa,d, | W3 Wy)

= Gi(N3o + 1) + GsNyg = Gi(N3o + 1), (9.28)

(INs@)P) = (W3 W4 |(Im3alPasas + |m3sPabas + miymssazas + miymasahal)® | W3 W)
= (\113\I/4|{|m34|4a3a§a3a§ + |m33|*ajasalay + 2\m33mag|Pazaialas
+ (ImsalPazal + Imss|*ahas) (miymyzazas + miymssa,al)
+ (miymyzazas + miymssayal) (Imssl*asay + 1mss|*ajas)
+ (myymssasas)” + (mymaaaial)’
+ |m33m34|2(a3a4a4a§ + a2a§a3a4) }2|\Il3‘~114)
= G([N5(0) + 1]) + G.Gi(N3y + 1)
= G} (N3 +3Nso + 1) + GsGi(Nsg + 1), (9.29)

i

SNR;, Nyo 17 [8Ns(2)?
~ SNRow [<N4(z)>} (N> ()

N30 > G?N3o + GsGi (N3 + 1)
N (GiNSO + Gi) N3o '
In the limit where the input CS is strong enough that N3 > 1, we find that [4, 5]
Gs 1
G =2+ G (9.31)

Hence an OPA which has 100% conversion efficiency from signal to idler (G; = 1) has
an NF of 3 (i.e. 5 dB). As G; increases, Fj approaches 2, just as does F (but from above).

(9.30)

Fi~1+

Wavelength exchange

For wavelength exchange we consider that w; and w, correspond to two strong pumps on
the same side of w.; we are interested in how the signal and the idler, respectively at w;
and wq, exchange energy. The frequencies satisfy w; — w; + w3 — w4 = 0, which is not
the same as for an OPA. The Hamiltonian is still given by Eq. (9.13) but the four-wave
mixing (FWM) terms, in which we are interested, are different, since now the individual
frequency components are chosen to satisfy the above frequency condition. To find an
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equation for a3 we need the applicable part of the Hamiltonian, H3. Comparing with
the procedure for the OPA in Section 9.3, we find that the SPM and XPM parts remain
unchanged but that the all-important FWM terms are given by

HYY, = 24pajaralas expli(w) — wy + w3 — w4)t — i(B1 — o+ B3 — Pa)z]
= 24paia2a§a4e’mﬁz, (9.32)

where AB = B — B2 + B3 — Pa.

The combination of operators in Eq. (9.32) shows that, during an interaction, pump
1 gains one photon while pump 2 loses one photon and the signal gains one photon
while the idler loses one photon. Hence photons are exchanged between signal and idler
(as well as between the pumps). Thus, rather than wavelength exchanger (WE), a better
name for this device might be “photon exchanger.” Note that because the photons do not
have the same energies there is no conservation of energy between signal and idler, but
of course energy is conserved when considering all four waves.

The Manley—Rowe relations again apply, albeit with different labels since we have
relabeled the frequencies.

Calculating [a3, H3], we now find that

. he das (as. 1]
i—— = a3,
12p dz 38

= (N3 4 Daz + [2(N) + Ny 4 Ng) + 3]as + 2asa}az exp™'2%9,  (9.33)

where p is a coefficient that can be calculated from Eq. (9.16).

We see that when we have two strong pumps at w; and w, the equations become
identical to the classical equations that we derived in subsection 3.5.5, except that they
now apply to operators instead of classical fields. The integration of these equations then
proceeds as in subsection 3.5.5.

Noise figure
With the notation of Appendix 1, the relations between the initial and final field operators
are given by

a3(z) = ms3as + m3aaa,

9.34
ay(z) = —m3aaz + m3zay, 039

where m33 = cos6, ms4 = sinf, and 6 is real. We note that the form of the transfer
matrix M is exactly the same as that for a lossless, passive, beamsplitter (BS) [6, 7].
One difference between a WE and a BS is that in a WE the inputs (and outputs) are
distinguished by their wavelengths whereas for a BS they are separated by their physical
location. The transfer matrix M is a rotation matrix, which is unitary, an indication that
in a WE, as in a BS, photon number is conserved.

Another similarity between a WE and a BS is that in a BS incident photons go either
way in a random fashion. In a WE the same is true: an input photon changes wavelength,
or not, on a random basis. We therefore expect that the same probabilities will apply in
both cases, resulting in the same photon statistics, etc.
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Some important consequences of the similarity of a WE and a BS are as follows.

1. There is no ASE in a WE.

2. Total photon number is conserved (and, approximately, the total power of signal and
idler if the wavelengths are very close).

3. The NF for a WE is the same as for a BS, which itself acts as an attenuator in each
path between the signal input and the outputs. So the NF in each case is simply the
reciprocal of the transmittance. Hence we have the following NFs for the signal and
the idler:

1 1
o0 Fi= s (9.35)
In particular, when 6 = /2 the input signal is entirely converted to the idler wave-
length, with Fj; = 1, i.e. with no deterioration of the signal quality. (This may be
viewed as a consequence of the fact that there is no ASE associated with wavelength
exchange.)

4. To our knowledge, wavelength exchange is the only wavelength-converting mech-
anism that can convert a signal with 100% efficiency and no degradation in signal
quality. In comparison, an OPA-based wavelength converter with 100% conversion
efficiency (G; = 1) has F; = 3 (5 dB).

5. When 6 = 7/2, we have a4(z) = —a3. Hence the output idler annihilation operator
is equal (within a trivial minus sign) to the input signal annihilation operator. This
implies that a moment calculation performed on the output idler will yield the same
result as for the input signal. Hence the output idler must have the same wavefunction
as the input signal. In other words, when 6 = /2, wavelength exchange performs a
perfect translation of the input signal quantum state to the idler wavelength. To our
knowledge, this is the first optical device reported to have this interesting property.

6. One can use wavelength exchange to perform the same type of interference experi-
ments as with a BS, but the inputs are at two different wavelengths.

A WE does something that no other device can do. In principle, it can take the power
oftwo different lasers and add them. Since it is obviously a phase-sensitive device, this
may be hard to demonstrate with independent sources. Some optical (phase-locked
loop (PLL) or equivalent device would be required. Also, by changing the relative
phase of the waves one can switch the output from one wavelength to another.

Noise figure of degenerate fiber OPAs

In Section 9.3 we showed that a non-degenerate fiber OPA can have an NF approaching
3 dB under standard conditions. One way to interpret this result is to say that even when
there is no finite idler at the input a vacuum state is still present at the input at the idler
frequency, with fluctuations that are not correlated with the fluctuations of the CS at the
signal frequency. The parametric amplification process amplifies both types of fluctua-
tions and also mixes them. As a result, at the output the signal has fluctuations result-
ing both from signal amplification and from wavelength conversion of idler-frequency
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input fluctuations. In effect this results in a doubling of the output fluctuations in compar-
ison with what would occur if there were no wavelength conversion of idler fluctuations;
this is the origin of the 3 dB NF.

In a degenerate fiber OPA the signal and idler are indistinguishable, since the frequen-
cies of all the waves coincide. Thus the fluctuations that are present in the signal at the
input are the only fluctuations that can give rise to output fluctuations. These input fluc-
tuations are amplified along with the signal, and with the same gain. There is no doubling
of the output fluctuations owing to an idler contribution, as the idler is non-existent here.
As a result, since the input signal and fluctuations experience exactly the same gain, it
is clear that the NF is 1 (0 dB). This is in agreement with the general statement that
phase-sensitive amplifiers (PSAs) can have a zero-decibel NF [2—4].

While noiseless amplification is a potentially interesting phenomenon, the fact that it
is necessarily narrowband makes it unattractive for most optical communication systems,
which are designed to carry very broad optical spectra. However there might be other
applications, such as in sensing or special-purpose narrowband optical communication,
where a zero-decibel NF could be of potential interest.

Effect of Raman gain on OPA noise figure

In subsection 3.6.4 we showed that in a well-phase-matched fiber OPA the Raman gain
has little influence on the parametric gain spectrum. It has been shown, however, that
this does not necessarily mean that the NF for this nonlinear amplifier is the same as
that for an ideal OPA with no Raman gain [8—10]. In fact the NF can be several decibels
higher than the 3 dB expected for an ideal amplifier.

To show this, it is necessary to modify the quantum field equations that we introduced
earlier for a Raman-free OPA. Here, because of the asymmetry between signal and idler
we restrict the signal (subscript 3) to be on the low-frequency side of the pump (the
Stokes wave) while the idler (subscript 4) is on the other side (the anti-Stokes wave). It
can be shown that Eq. (9.21) now becomes

, . .
a3z(z) = m3zaz + magay + ity + cty,

A 9.36
a4(2) = mas +misd + . 30

where m33 and ms4 correspond to an OPA with Raman gain, subsection 3.6.4 and 7, and
f, are thermal field operators. They represent the interaction between the photons and the
phonons that is the origin of the Raman gain. The phonons are in thermal equilibrium at
temperature 7, with a mean phonon occupation number
1
 exphQ/KgT — 1’
where €2 is the phonon frequency and Kg is Boltzmann’s constant. The coefficients of
these operators are given by

2 2
1 =Kez, cn=+v1—-|K?c;, K =|m3ul" —|ms|

cscase3 = (1= Imss)? + ImsaH'?, ca = (1 — |mzal? + Im33 )2

i (9.37)
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Fig. 9.1 (a) Theoretical plots of fiber OPA NF versus the pump-signal detuning. (The OPA is
phase matched at each detuning.) Upper line, dispersion-shifted filter (DSF); dotted line,
single-mode filter (SMF); circle, experimental data point from [8]. (b) Noise factor versus gain
for a phase-matched ideal phase-insensitive amplifier (PIA), a PIA made with SMF-28, and a
PIA made with DSF at 1.38 THz pump-signal detuning. The crosses represent data points for
DSF from [8]. (After [9]).

Under the assumption of a strong CS at the input, the calculation of the NF for the
signal gain yields
Imsal® + (14 2n)| = 1+ |m33|* — |m3al?|

Fo=1+
’ Im33 |

(9.38)

By calculating the Raman contributions to the various coefficients from experimental
data, one can then calculate the NF as a function of wavelength. The results for a typical
fiber OPA are plotted in Fig. 9.1(a) in the limit of high gain (Fig. 9.1(b)) as would be the
case if the OPA were phase-matched for maximum gain at each detuning. The noise figure
is larger than 5 dB in the vicinity of the Raman-gain peak and drops as the wavelength
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decreases. It is still larger than 3 dB near the pump, where the Raman gain is very small.
The NF does not approach 3 dB until the signal is more than one Raman shift on the
short-wavelength side of the pump.

It is interesting to consider what happens when the signal is well beyond the Raman
shift, on either side of the pump. High (non-Raman) gain can be achieved for such signals,
by suitably tuning the pump (Section 5.3). Then the OPA is free from Raman influence,
and photon conservation in four-wave mixing imposes the relation |ms3|* — |m34|* = 1.
Substituting into Eq. (9.38) then yields

1 1

Fie F—2— —2_ 9.39
3 s |m33|2 GS ( )

regardless of ng. As expected, this NF is the same as for a Raman-free OPA, and it
approaches 3 dB at high gain.

Under the assumption of a strong CS at the input, the calculation of the NF for signal-
to-idler wavelength conversion yields

+ Imss? + (1 + 2n0)|—1 + |m33|* — [m3s]|

F4 =F=1
1 Imsql?

(9.40)

For a signal beyond the Raman shift the wavelength-conversion NF reduces to that of a
Raman-free OPA, i.e.

1 1
F=2+4——>=2+4—. (9.41)
1 Im3al? Gi

This theory has been extended to the case where the fiber loss is not negligible [10]. In
that case it is necessary to take into account additional vacuum fluctuations due to the
loss, which enter along the fiber in a distributed fashion. A series expansion is used to
calculate the gain in that case. The closed-form solution of subsection 3.6.5 could be
used to obtain an alternate formulation.

The conclusion of these studies is that Raman gain can add several decibels to the NF
of a fiber OPA for signals that are within a Raman shift from the pump. However, for
signals that are outside that range, the 3 dB NF limit is still achievable.

Another way to avoid NF degradation due to Raman gain is to use orthogonally
polarized signal and pump, i.e. the YXY architecture (see Chapter 4). Since the Raman
gain essentially vanishes (at detunings larger than 10 nm) for light orthogonal to the
pump [11], the signal and idler are not affected by the Raman gain. The Raman ASE
associated with the pump is polarized parallel to it and does not interfere with signal or
idler. In this case it should be possible to approach the 3 dB NF limit at signal wavelengths
beyond 10 nm.

The influence of Raman gain on co-polarized phase-sensitive non-degenerate fiber
OPAs has also been investigated [12]. It was shown that the minimum NF is about 0.4
dB, higher that the 0 dB expected in the absence of Raman gain but substantially lower
than for a phase-insensitive OPA.
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Conclusion

We have investigated the noise figure of fiber OPAs, starting from the appropriate
quantum-mechanical field equations. We have shown that for an ideal OPA, in the limit of
high gain and a coherent state at the input, the NF approaches 3 dB and for a frequency-
degenerate phase-sensitive amplifier (PSA) the limit is 0 dB. Even though Raman gain
can add a few decibels to these numbers, it remains the case that the quantum-mechanical
NFs of fiber OPAs are sufficiently attractive to be of interest for optical communication.
In the next chapter we will see that high-quality pumps are required for the OPA NFs to
approach the quantum limit.

The fact that fiber OPAs emit signal and idler photons in pairs leads to the emission
of correlated photons. This can be used for a number of applications, which will be
described in Chapter 12.

For readers interested in learning more about OPA NFs by reading the literature on
the subject [12, 14-20], it should be pointed out that the NF is a complex subject, which
should be approached with care. For example, one should realize that there are several
alternate definitions of the NF, which prove useful under different circumstances [12].
The definition used in this chapter is a valid one, although the actual measurement of
this NF poses some difficulties.
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Pump requirements

Introduction

The pumping requirements for fiber OPAs are substantially more demanding than those
for other types of optical amplifier. The difficulties are related to: (i) the relatively high
power levels required; (ii) the polarization requirements; (iii) the requirement of phase
matching, which imposes restrictions on the pump frequencies; (iv) the ease with which
stimulated Brillouin scattering (SBS) can be excited, which may require that the pump
spectrum be broadened by phase or frequency modulation; (v) the nearly instantaneous
nature of the basic nonlinearity, which provides little or no smoothing of gain fluctuations
resulting from the pump fluctuations.

The latter point is the most critical for communication applications, because it means
that any pump fluctuations (of either amplitude or frequency) can affect the gain and
therefore result in modulation of the signal and idler, which would lead to a deterioration
of the signal-to-noise ratio (SNR) and noise figure (NF).

In this chapter we discuss these issues, with particular emphasis on the last one as it
is of considerable importance for determining the levels of pump fluctuations that can
be tolerated if fiber OPAs are to be viable in communication applications.

Pump power requirements

Maximum gain and gain bandwidth are the primary considerations determining the
required pump power for an OPA.

Gain considerations

The phase-matched gain for an OPA with large gain is well approximated by G ~
8.6(y PyL) — 6, in dB. This implies that to have 20 dB of gain we need y PyL = 3. For
currently available highly nonlinear fibers (HNLFs), with y ~ 20 W~! km~! we need
PyL ~ 0.15 W km. We can then trade Py and L to obtain the desired gain. Very long
fibers, say longer than a few kilometers, are not desirable as they can be expensive, lead
to bulky packages, exhibit large zero-dispersion wavelength (ZDW) fluctuations, and
introduce losses that make performance deteriorate. Very short fibers would be desirable
but would lead to very high Py values: for example, for L = 10 m we would need
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Py = 15 W, which would not be acceptable for communication applications but could be
of interest for high-power wavelength conversion. Recent work with dispersion-shifted
fibers DSFs or highly nonlinear fibers HNLFs has used fiber lengths ranging from tens
of meters to a few kilometers and pump powers ranging from tens of milliwatts to several
watts. To be competitive in communication applications, pump powers should probably
not exceed those currently used for pumping Raman amplifiers; hence operating with Py
values of a few watts or less would be desirable. This would correspond to a few hundred
meters of HNLF.

Gain bandwidth considerations

As shown in Chapter 5, the gain bandwidth of fiber OPAs is an increasing function of the
pump power Py. Depending upon the location of the pump wavelength(s) with respect
to Ao, the wavevector mismatch AB will be dominated by either 8® or 8. The gain
bandwidth, defined as the wavelength region to one side of A, where g > 0, is of the
order of

A)"Zm ~

A2 [ 22m)ly Py
c [—m} . om=1,2. (10.1)

2me p@m

Hence, for a given fiber, AL, scales as (Py)'/? or (Py)!'/4, i.e. sublinearly with respect
to Py. Thus obtaining large increases in bandwidth may require increasing Py by many
orders of magnitude, and at some point P, might become too large to be practical.

We note that AA,,, is a function only of y Py/ B?™  Thus, when we compare different
types of fiber, if we find two that have similar ™ values but different y values then
the fiber with the larger y will have a larger bandwidth than the other for the same F.
This indicates that having fibers with a large y may be beneficial for obtaining large
gain bandwidths. This is indeed the case when one compares DSF and HNL-DSF, as
they have similar dispersion properties but y values differing by about one order of
magnitude: then using HNL-DSF is clearly a way of increasing the gain bandwidth.

Using a high-y fiber will not necessarily lead to a larger bandwidth, however because
B?™ may be very large for that particular fiber. This turns out to be the case for several
new types of high-y fibers, such as holey silica fibers or tellurite fibers, which have very
high values of 8® and consequently a relatively small OPA gain bandwidth [1]. Hence,
to exploit fully the potential increase in bandwidth associated with y and P, the design
and manufacture of fibers with low 8™ values will be necessary.

State-of-the-art HNL-DSF, such as that manufactured by Sumitomo Electric, has
P~ —5x107 s* m~' and y =20 W~! km~!. For A = 1550 nm and P, = 1 W,
the theory of [2] yields a gain bandwidth AA4 ~ 84 nm. This number is about twice as
large as the bandwidth of a C-band erbuim-doped fiber amplifier (EDFA) and shows that
fiber OPAs have the potential for making wideband fiber amplifiers of interest for optical
communication systems.

By going to a pump power of 16 W (pulsed) this bandwidth can be doubled, yielding an
amplifier with a full bandwidth 2AX4 &~ 336 nm. This has recently been experimentally
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verified: an OPA operating under similar conditions exhibited a bandwidth of the order
of 400 nm, a record bandwidth for any fiber amplifier [3].

Polarization considerations

The theory presented in Chapter 3 assumes that all waves are in same linear SOP; this
ensures that the OPA will have maximum gain compared with that arising from other
choices. In Chapter 4 we saw that alternative choices of SOPs can be made, leading to
OPAs with interesting properties such as polarization independence. Hence in general
it is desirable to control the SOPs of the pumps. One way to do this in practice is
to use linearly polarized lasers with polarization-maintaining fiber (PMF) pigtails and
polarization-maintaining couplers to combine them into a PM HNLF. This approach
guarantees the long-term stability of the system once it is constructed.

For laboratory experiments, one can use laser pigtails and couplers that are not made
of PMF, together with a PM HNLF (or a non-PM HNLF; these are more commonly
available). In that case one has to place a number of polarization controllers in the
system, which have to be adjusted to make sure that all the SOPs are correctly aligned.

Pump amplitude fluctuations (pump RIN)

If the pump intensity does not remain constant but varies in time in either a deterministic
or random manner then this will introduce both intensity and phase modulation in the
signal and the idler. Clearly the effect of pump relative intensity noise (RIN) is critical
for optical communication systems, and as such it has been the subject of a number of
detailed investigations [4—10].

In this section we analyze in detail how the pump intensity fluctuations evolve along
the OPA and are transferred to the signal and idler.

Evolution of pump amplitude modulation in fiber OPAs

In this section we first study how the pump intensity fluctuations themselves evolve along
the fiber. This is important because if these fluctuations changed, this would complicate
the calculation of their impact. However, we will establish that, under realistic assump-
tions, they actually do not change along the fiber length. This then allows us readily to
calculate their impact on the signal and idler co-propagating with the pump(s).

(@ One-pump OPA

To simplify the analysis, we will assume that the initial pump intensity modulation (IM)
is not accompanied by frequency modulation (FM); in that case IM is equivalent to
amplitude modulation (AM). We thus consider an OPA with a pump that at the input
has sinusoidal AM at a frequency f,,. This can be viewed as the superposition of three
waves: a carrier with real amplitude 4, (average power Py = (Apo)z); a signal sideband
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with real amplitude A at a distance f;, from the carrier (signal power Py = (4s)?);
an idler sideband with real amplitude A4;y = A at a distance — f,, from the carrier. In
the small-signal limit the carrier power remains unchanged throughout the OPA and the
carrier thus acts as a constant pump, providing parametric gain for the two sidebands.
The output amplitudes of the signal and idler are then given by the OPA output field
expressions (see Chapter 3):

I /K . /K
A(L) = [Aso coshigL) + - (5/150 + rA;g) sinh (gL)] exp[—l (5 - 2)/P0) L] ,

K

Ai(L) = I:Aio cosh(glL) + é (2 A + rA:O) sinh(gL)j| exp[—i (g — 2yP0) L] ,
(10.2)

where, for a one-pump OPA, g2 = r? — (k/2)*,r = y Py,andk = AB + 2y P,. Because
of the conditions on A4y and 4jy, these two equations yield the same result, i.e.

ALY = A(L) = Ay [cosh(gL) n é (g n r) sinh(gL)] exp[—i (g _ 2yP0) L] .
(10.3)

Assuming relatively small modulation frequences, we have A ~ 0, g ~ 0, k = 2y Py,
and hence A4(L) = A;(L) ~ Agx(1 + 2i®)exp®), where ® = y PyL. This shows that
the signal and idler amplitudes grow linearly with distance. On that basis we might expect
the AM to grow at the same rate. This, however, is not true, as shown by the following
argument.

Since we are assuming that A ~ 0, we can use the exact solution of the nonlinear
Schrédinger equation for the total field (see Section 6.4), i.e.

A(L,t) = A(0, ') exp[iy L1 4(0, t')[*] (10.4)
where t' =t — L /v, v is the speed of propagation of light in the fiber, and
A0,1") = Apo + Age ! + A" = Apo + 245 cos(wpt’) (10.5)

is the total input field, which is real. Since the exponential in Eq. (10.4) is purely a phase
term, we see that the instantaneous amplitude of the total output field is exactly the
same as that of the total input field (at the corresponding time). Therefore, there is no
growth in pump AM along the fiber in spite of the growth of the individual modulation
sidebands. The fact that the pump IM does not grow in spite of the finite parametric gain
of the individual sidebands is due to the fact that the growth of the latter corresponds to
self-phase modulation (SPM), not to IM.

(b) Two-pump OPA
We now consider a two-pump OPA, with pump frequencies w; and w;; pump 1 is assumed
to have initial IM, as above. Its modulation sidebands are then coupled to sidebands of
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the other pump, because non-degenerate four-wave mixing (FWM) involving the two
pumps is well phase matched. However, we may assume that the FWM interactions
generating new frequency components at or near 2w; — w; and 2w; — w; are poorly
phase matched, and so we neglect them. We thus consider the interactions between six
frequencies, those of the two pumps and the two sidebands for each pump. This situation
was previously investigated in subsection 3.5.6. It is known that, in the limit of very
low frequency modulation, g vanishes and that the OPA exhibits little gain if a single
sideband is present at the input. However, since IM involves the initial presence of two
sidebands for one pump, we need to examine this situation closely to ascertain whether
the IM grows, as we did for the one-pump case.

We consider only phase shifts due to pump SPM and XPM, and we neglect Raman
gain. The equations for the six waves are as in subsection 3.5.6 and lead to (see
Eq. (3.109))

d d
E(PI+P3+P5)=d_z(P2+P4+P6)=O'

As a result, the total field of pump 1 at L must be of the form A4,(L,t) =
A1(0, ") exp™ -1, where (L, t) is a real phase. Thus, if 41(0, #) has IM with a form
similar to Eq. (10.5), we conclude as in subsection 10.4.1(a) that A,(L, ¢) has exactly
the same IM. Therefore there is no growth in the IM of pump 1. Repeating the reasoning
for pump 2, which originally has no IM, we find that it does not acquire any IM due to
pump 1. (A more detailed proof of these properties can be found in subsection 3.5.6.)

In summary, we have shown that in a two-pump OPA the initial IM of each pump
remains unchanged over the amplifier length, as in the one-pump OPA case.

Impact of pump IM

Since the basic nonlinearity leading to parametric gain is very fast, the gain will follow
the pump intensity fluctuations almost exactly and this will result in IM of the signal and
idler. The generation of signal IM by pump relative initensity noise (RIN) is referred to as
RIN transfer as pump RIN induces signal RIN, with a magnification factor p. In addition
pump IM induces XPM of the signal and idler. In this section we present analyses to
quantify the impact of pump IM on signal and idler.

(@) Transfer of pump IM to signal IM
If a pump has IM, the variations in instantaneous power will modulate the OPA gain and
this will produce undesirable modulation of the amplitude of amplified signals. We will
calculate the impact of this effect in the small-signal-gain regime, by making use of the
gain expressions obtained in Chapter 3.

To simplify the notation, we use a quasi-steady-state approach, assuming that the
pump varies so slowly that we can apply the usual steady-state expressions to calculate
the gain. This allows us to suppress any explicit time dependence and to simply calculate
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the changes in gain by means of derivatives with respect to pump power. Thus we now
write the pump power in the form P, = Py(1 + m,), where P, is the average power and
my, is the IM index. Similarly, we write the signal output power as

Ps,out = GsPs,in = GSO(1 + ms)Ps,ina (106)

where P i, is the signal input power, free of modulation, G is the signal power gain,
modulated by the pump power, G is the reference power gain, i.e. G for m, = 0, and
my is the signal output IM index, which is the same as the signal power gain modulation
index. The relationship between m, and m; is obtained by expressing the fact that G
depends on m, through P, as follows:

dG
Gs = GS() + mpd >

dG,
= Gy Py— = Gy(1 s). 10.7
. 0 + np ode o(1 + my) (10.7)

Hence we find that the RIN magnification factor is
mg P 0 d Gs . P 0 d Gi

'O_mp " GyodP, 1+G10d—Pp’

(10.8)

where we have used the fact that in a lossless fiber OPA G, = 1 + Gj; here G; is the
signal-to-idler conversion gain, given by

P
JGi = L2 sinn(glL). (10.9)
g

To calculate p it is convenient to calculate the derivative of Eq. (10.9) with respect to
P;. This leads to

1 dGl «/Gi 1 dg
— 1= +/Gi[gL coth(gL) — 1] ——=, 10.10
2/, dP, P, ilg (gL) ]gde ( )
or
P, dG; b dg
=1 L coth(gl) — 1] -2 =, 10.11
2G,dP, + [gL coth(gL) ]gde ( )

Since g? = (v P,)* — (AB + uy Py)* /4, where u = 1 (2) for a two-pump (one-pump)
OPA, we have
dg

ir yiPy(4 — u*) —uy A (10.12)

4g
and
Py dg 4—ulx+u)

p - 10.13
gdP,  4—(x+u)? ( )
where x = AB/(y Py) is the ratio of the linear and the nonlinear phase shifts. Finally,

P, dG; G PydG; G P, d
= pdTi_Tilp —2—{1+[choth(gL)—l]—p—g}

P = G,dP, ~ G, G dP, "G, ¢ dP,
2 4 —
_ : . {1 + [g/® coth(g'®) — 1] Lﬂ?} (10.14)
[+ [g/sinh(g'®)] -Gt
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Relative intensity noise magnification factor

0 1 1 1 1 1 1 1 1 1

—4 -3 -2 -1 0 1
Normalized phase mismatch x

Fig. 10.1 Plots of p(x) for ® = 3: solid line, one pump; broken line, two pumps. The maximum
gain corresponds to x = —2 for the one-pump case and x = —1 for the two-pump case.

where g’ = g/(y Py) = /1 — (x + u)?/4 is the parametric gain coefficient normalized
to its maximum value and ® = y PyL is the pump nonlinear self-phase shift.

Maximum parametric gain (g’ = 1) is obtained for x = —u. For a typical OPA, & ~ 3
and so p &~ 2® = 6. This is a non-negligible value and shows that in a typical fiber OPA
the pump-to-signal RIN transfer can indeed be significant near maximum gain, which is
the region of main interest.

Figure 10.1 shows theoretical plots of the RIN magnification factor p(x) for ® = 3.
We see that p can be considerably larger than 6 away from maximum gain: for a one-
pump OPA, p varies from 2 to 13 across the gain bandwidth and for a two-pump OPA it
varies from 4 to 10. This strong wavelength dependence may have implications for the
design of practical fiber OPAs.

(b) Signal and idler phase modulation
In a one-pump OPA, if the pump has IM then it will induce phase modulation of both
the signal and idler, by simple XPM. This time-varying XPM is itself equivalent to FM,
and so the signal and the idler spectra will be broadened.

As an example, consider a pump of average power Py and intensity modulated at
frequency f,,, with modulation index m. At the OPA output the maximum frequency
excursion due to pump XPM (in Hz) is (8 )max = 2fmy PoLm. If we have y PyL ~ 3
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then (8 )max = 6mf,,. If m = 1 then (§f)max = 6 fin, and if f,, is of the same order as
the signal data rate then we see that (6 f)max Would exceed the data rate and significantly
distort the signal optical spectrum; this could cause difficulties in narrowband filters
and lead to performance degradation. This would occur when the pump is intentionally
modulated with m = 1 to exploit the benefits associated with the increased peak power
[11].

For a good-quality pump, however, the r.m.s. amplitude fluctuations are likely to be
well below 1% in the signal bandwidth; then spectral broadening by a single OPA stage
should be negligible.

(c) Impact of pump IM on the OPA noise figure

Since NF is an important performance measure for amplifiers, it is of interest to find out
the effect of pump RIN on the OPA NF. Because of the importance of this subject, several
in-depth investigations have been performed in this area [5—13]. In practice it is found
that the transfer of pump IM to signal IM is the main cause of OPA NF deterioration,
except for very low signal input powers [5]. Assuming that the signal fluctuations are
dominated by the pump RIN transfer, we can make use of p to express the electrical NF,
N F,. We adopt the definition of F, as a ratio of SNRs, namely

SNRi,
Fe= ’
SN Rout

(10.15)

where SNR, is the ratio of the square of the signal photocurrent and its noise variance
due to shot noise. It can be shown that SNRj, = P in/(2hv Av), where P, is the signal
input power and Av is the receiver bandwidth [11]; SNRy, can be understood in purely
classical terms when pump-induced fluctuations dominate the output noise. Then we
have

Py o) 1 1
SNRow = (7‘)2 =—= - (10.16)
(msPs,out) ms (mplo)
and finally
Lo fin oy, (10.17)
2hvAv P

The form of this result is in agreement with that published in the literature [6, 7].
Equation (10.17) then says that F; scales linearly with P;j, and quadratically with p
and m,. The dependences on p and m,, are in agreement with intuition: we expect the
quality of the output signal to deteriorate as RIN transfer increases (larger p) and/or the
optical signal-to-noise ratio (OSNR) of the pump gets worse (larger modulation index
my). Also, since we have seen that p increases with gain, it follows that the NF will
deteriorate as the gain increases.

The dependence on P j,, however, is not as intuitive. Equation (10.17) says that as
the signal input power increases, F increases. Since we regard the NF as an important
measure of performance, we might think that we should therefore try to operate with
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a low value of P j,. This reasoning, however, is misleading because, from a system
performance standpoint, what really counts is SNR,,. But in this regime we always
have SNRyy = 1/ (mp,o)z, which shows that SNR; oy is actually independent of P .
Therefore, in this regime it is actually not necessary to reduce Ps i, in order to improve
system performance.

It is also important to realize that the NF limitation due to RIN transfer is impor-
tant in current OPA experiments because most of these use erbium-doped fiber ampli-
fiers (EDFAs) to generate high-power pumps. High-power EDFAs generate a great deal
of amplified spontaneous emission (ASE) at and near the pump wavelength, which is
essentially impossible to filter out completely with the kinds of filter that are available
today. This ASE then introduces pump RIN, which degrades the amplified signals by
RIN transfer. One should realize, however, that this method for generating high-power
pumps is not the only one. It is in fact entirely possible that other methods will be
developed that can generate low-RIN high-power pumps, because this would not vio-
late any fundamental principle of physics. A step in that direction might be to use a
so-called ASE-free laser, made with a Sagnac ring interferometer within an external
cavity [14].

Pump phase or frequency fluctuations

There are two types of frequency variation that can affect a pump. The first is the natural
linewidth of the pump laser itself; if necessary, this linewidth can be reduced to very low
values (in the kilohertz range). The second comes from the pump-phase modulation, or
frequency modulation, required for stimulated Brillouin scattering (SBS) suppression; a
frequency excursion of several gigahertz is typically required (see subsection 2.7.2) and
so this contribution is generally more important than the first one.

If the frequency of the pump in a one-pump OPA (or the center frequency in a two-
pump OPA) varies in time by an amount §/ from some reference value, two potentially
detrimental effects can take place: idler frequency modulation and gain modulation.

In this section we will show that pump FM remains essentially unchanged along the
fiber when dispersion effects can be neglected, for both one- and two-pump OPAs. On
this basis we will calculate the impact of pump FM on OPA performance.

Evolution of pump frequency modulation in fiber OPAs

In the case of a one-pump fiber OPA, we can use the same starting point as that used
in subsection 10.4.1. We now take it that the signal and idler sidebands are imaginary
and have opposite amplitudes. Equations (10.2)—(10.4) remain the same, but Eq. (10.5)
is replaced by

A0, 1) = Apo + Ao + ALe™ " = Ay + 2i| Aol sin(wmt’).  (10.18)
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As a result,

A(L,t) = A(0, ") exp[iy L|4(0, ')*]
= A(0, "y exp[iy L(A2) + 2| Ax| sin*(@nt)) ]. (10.19)

The exponential in Eq. (10.19) contains terms that might lead to phase modulation. The
first term shows that all three waves acquire phase modulation due to pump SPM. The
second term is of second order in |A4y| and so under most practical circumstances is
negligible compared to the first. There is no first-order term in |Ag| and, as a result,
no additional PM at w,,. So we conclude that the input pump FM remains unchanged
through the entire length. This conclusion is in agreement with the work of Bar-Joseph
etal. [15].

In the case of a two-pump OPA we can use results obtained in subsection 3.5.6.
Specifically, Egs. (3.121)—(3.124) are valid in the absence of dispersion. Assuming that
both pumps only have FM at the input, we have /19 = o = 0, which implies that B; =
Ao, k = 3-6. Therefore there is no change in the initial pump sidebands, and the FM of
each pump remains the same along the entire fiber. It should be noted that if dispersion
effects cannot be neglected then the preceding conclusions may be invalid. In the case
of a one-pump OPA, the pump and its modulation sidebands are generally near the zero-
dispersion wavelength (ZDW), and therefore neglecting dispersion effects is likely to be
a good approximation under most circumstances.

In the case of a two-pump OPA, however, it is possible to imagine circumstances where
dispersion would not be negligible. The reason for this is that for broadband two-pump
OPAs the pumps can be far from the ZDW, perhaps as much as 50 or 100 nm away. In
this case, if the fiber is long there may be enough group-velocity dispersion (GVD) to
transform the FM of each pump into a significant amount of IM, which will then have
effects similar to those studied in Section 10.4. Such a situation was investigated in [16],
where it was shown that this phenomenon can indeed lead to additional performance
degradation.

Impact of pump FM

Having established that pump FM remains unchanged along the fiber, for either type of
OPA, we now investigate the impact that pump FM has on OPA characteristics.

(@) ldler frequency modulation

If the signal frequency is fixed and the pump frequency is changed by §f then the idler
frequency itself will vary by 2§ /. This can be a problem in wavelength conversion if § f
is larger than the linewidth desired for the idler. If this idler spectrum broadening must
be avoided, one has to resort to techniques such as the use of a two-pump OPA with the
two pumps modulated 180° out of phase. However, the signal frequency is not affected
and therefore this effect is not a problem if one is only interested in signal amplification.
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(b) Gain modulation

If 61 is large enough the shape of the gain spectrum may be altered instantaneously,
leading to detrimental gain modulation for the signals being amplified. Because of its
important practical significance, this effect has been the object of several in-depth inves-
tigations [16—20]. (In Chapter 5 we saw that the shape of the OPA gain spectrum can be
very sensitive to the location of the pump frequency with respect to A, particularly for
OPAs designed to have a very wide gain spectrum.)

This effect can be analyzed by taking the gain expression for an OPA and modulating
its pump frequency(ies). We will handle one- and two-pump OPAs simultaneously. For
a one-pump OPA, the modulated pump frequency has the form w; = wig + dw,, where
wio is the average pump frequency and dw, is a small fluctuation. For a two-pump OPA,
we assume that for the second pump w; = w;o + edw,, where ¢ = 1 (—1) for two pumps
with identical (opposite) FM. An amplified signal will acquire IM, because the signal
gain G depends on dw), through AB. For either type of OPA, the relative signal-intensity
modulation is found to be

dw, dGs
I
M7 UG, d(Swp)
1 — G dx
= ———[¢/® coth(g'®) — 1] (x + u) ——3w,, (10.20)
2(g/)2Gs d((swp) P
where
dx e+l

y Py d(&op) = T,BG) [(Aa)so)z — (Aa)po)z] _ '3(2) [Aa)so(s + 1)+ Aa)po(g — 1)]

@
6

G, = 1 + [sinh(g'®)/g']? is the signal power gain, g’ = /1 — (x + u)?/4 is the nor-
malized parametric gain coefficient, u = 1 (2) for a two-pump (one-pump) OPA (¢ = 1
for a single pump), x = AB/(y Py), ® =y PoL, Awpy = (w20 — w10)/2, Awgp = wgy —
weo, and B = d™ B /dw™ evaluated at the center frequency wq = (w19 + wg)/2. Other
notation is as in subsection 10.4.2. The modulation index my vanishes forx = —u (max-
imum gain), but it can reach large values elsewhere.

Figure 10.2 (left) shows the gain spectra to the right of Ay for one-pump and two-
pump OPAs. Figure 10.2 (right) shows the corresponding graphs of the signal IM mod-
ulation index mpy across the OPA gain bandwidths. We have assumed a maximum
gain of 20 dB, with ® ~ 3, 6w,/27 =3GHz, y =17 km™' W, Py =033W, L =
0.5km, D) = 0.02 psnm ™ km~!, and Ay = 1550 nm. Very large values of myy are
obtained at the edge of the gain spectrum. For the one-pump OPA, myy reaches 14%
within the useful part of the gain spectrum, which is of a considerable size. For the
two-pump OPA with ¢ = 1, mpy reaches 8%. For ¢ = —1 (shown with a magnification
of 100), my remains below 1% over the entire gain bandwidth. This shows that one way
greatly to reduce this effect is to use an OPA with two pumps having opposite FM.

[(Aww) (e + 1) + (Awp)*(e — D]; (10.21)
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Fig. 10.2 Plots for one- and two-pump OPAs. Upper figure, gain spectra: solid line, one pump;
broken line, two pumps. Lower figure, plots of my: solid line, one pump, broken line, two
pumps, co-dithered; broken-and-dotted line, two pumps, counter-dithered, shown at 100
magnification.
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This theory is valid for fibers with a fixed ZDW. In long realistic fibers, longitudinal
variations of ZDW are always present and may mitigate the effect of pump FM.

Conclusion

The choice of the pump(s) is critical for the operation of fiber OPAs in applications
such as communication or remote sensing, for which it is desirable to avoid detrimental
intensity or frequency modulation of the signal or the idler caused by similar pump
fluctuations due to the mechanisms described above.

Ideally one would therefore like to have pumps that have phase and amplitude fluctu-
ations due only to the inevitable quantum fluctuations. It is not possible to employ such
pumps in practice, and therefore one must deal with additional pump fluctuations due
to a number of sources. Most prominent are: the frequency modulation used to suppress
stimulated Brillouin scattering (SBS); intensity and phase noise due to amplified spon-
taneous emission (ASE) added by amplification by EDFAs; intensity and phase noise
associated with lasers with a relatively large linewidth.

As shown in the preceding discussion, these pump fluctuations will lead to corre-
sponding signal and idler fluctuations. The latter will have to be evaluated to determine
whether a particular type of pump is suitable for a given application.

The considerations in this chapter show that it is generally not a good idea to consider
using a laser with a relatively large bandwidth to pump an OPA for communication
applications. Consider for example a semiconductor Fabry—Pérot laser, with a bandwidth
of a few nm and a longitudinal mode spacing of 0.1 nm. The output of this laser consists
of a superposition of different frequencies, and thus the total intensity varies chaotically
in time. This intensity variation then gets transferred to the signal (and the idler) by means
ofthe instantaneously varying OPA gain. As a result, if the input signal is monochromatic
then the output signal has a spectrum that is broadened in the same manner as the pump
laser, because the signal intensity variations follow those of the pump. Other types of
laser would lead to similar results; this would be the case for EDFLs or Raman lasers,
which typically have output spectral widths determined by fiber Bragg gratings that are
typically of the order of 1 nm. Such lasers would not be suitable for communication
applications or sensing applications requiring narrow linewidths.

For such applications, it is necessary to use pumps with narrow linewidths and low
RIN and to keep ASE addition by amplification to a minimum by using narrowband
filters. These requirements, combined with the need for high power, make the design of
pumps for fiber OPAs a challenging matter.
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Performance results

Introduction

In this chapter we present the best results that have been obtained with fiber OPAs, in
terms of verifying their basic characteristics. We begin with pulsed devices, for which it is
easy to obtain the high pump powers that enable wide bandwidths and high gains. We then
cover continuous-wave (CW) devices, whose performance is important for applications
such as optical communications.

Pulsed devices
Pulsed OPAs

(@ One-pump OPA with 400 nm gain bandwidth and 70 dB gain
A fiber OPA with a gain bandwidth of 400 nm was reported in [1]. With such a large
bandwidth, it was actually difficult to find enough signal lasers at different wavelengths
to perform gain measurements. For that reason, the OPA amplified spontaneous emission
(ASE) spectrum was used as a substitute for the gain spectrum (since the two are closely
related); as we have seen, the ASE power in a certain optical frequency interval is
proportional to 2Gs — 1. Hence, for an OPA with a relatively large gain, the ASE power
is almost proportional to the gain and can therefore be used for estimating the gain. This
measurement is valid provided that only vacuum fluctuations are present at the input. In
a typical fiber OPA setup the pump is provided by a low-power distributed-fiber Bragg
(DFB) laser, whose output is amplified by a cascade of two or three erbuim-doped fiber
amplifiers (EDFAs). These EDFAs generate a considerable amount of ASE, which must
be attenuated in order that at the signal wavelength it is negligible compared with the
vacuum level. This can be accomplished by cascading several thin-film optical filters
or by using a single fiber Bragg grating (FBG) with a high rejection ratio. The latter
approach was used in [1], thereby eliminating the influence of EDFA ASE from the
measurements (except close to the pump where the filter cannot remove all the pump
ASE).

An important consequence of this approach is that, since signal lasers at various
different wavelengths are not needed, the measurements can proceed very quickly: one
only needs to record the OPA ASE spectrum, which can be done in a short time with
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Fig. 11.1 Experimental setup for measuring OPA ASE or gain spectra of a pulsed fiber OPA.
TLS, tunable laser system; MZ, Mach—Zehnder; VOA, variable optical attenuator; ISO, isolator.
(After [1], © 2004 IEEE.)

an optical spectrum analyzer (OSA). One can then use a tunable pump laser and rapidly
optimize the gain spectrum by monitoring its shape as A, is varied. In this manner, one
can easily maximize the gain bandwidth.

The experimental setup is shown in Fig. 11.1. The highly nonlinear fiber
(HNLF), manufactured by Furukawa Electric, had the following parameters:
L=30m, y=18W ' 'km™, A =1556nm, B3=049x 104 m™! (D, =
0.031 psnm~2km™'), and f® = —5.8 x 107°¢ s* m~!. The pump wavelength was
Ap = 1555.54 nm. The peak pump power in the HNLF was 20 W. The FBG and the
circulator removed EDFA ASE from the pump.

Measured OPA ASE spectra for this HNL-DSF are shown in Fig. 11.2. The widest
one-piece spectrum was obtained when the lower edge of the gain region reached about
1380 nm. Trying to obtain wider spectra by tuning the pump led to breakup of the
spectrum and the formation of a narrow peak moving toward shorter wavelengths (see
the next part of the subsection).

The average OPA gain was also measured, with the OSA, over a smaller spectral region
and then converted to a peak OPA gain. The similarity of the details of the graphs of the
ASE and the gain in the 1400—1500 nm region [1] confirms that the ASE spectrum and
gain spectrum are proportional at high gain.

The total ASE spectral width exceeded the range of the OSA. Indirect means were
used to estimate the bandwidth, relying on the fact that the gain spectrum is symmetric
in the frequency domain (see Chapter 5). Since the gain drops to 20 dB at 1380 nm on the
short-wavelength side, it will also drop to 20 dB on the long-wavelength side, at 1782 nm
(1/rga = 2/x1 — 1/A3 = 2/1555.4 — 1/1380 = 1/1782). This corresponds to a
20 dB gain bandwidth that is slightly over 400 nm. This is in good agreement with
the theoretical value calculated using the experimental parameters. A maximum gain of
70 dB was also measured with the same experimental setup. Such a high gain is relatively
easy to obtain with a pulsed pump, as compared with a CW one, since the need for
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Fig. 11.2 Measured broadband OPA ASE spectrum of an HNL-DSF pulsed fiber OPA. The
widest one-piece spectrum is obtained when the short-wavelength edge is about 1380 nm; this
corresponds to a full width of about 400 nm. The pump was near 1550 nm. (After [1], © 2004
IEEE.)

stimulated Brillouin scattering (SBS) suppression is greatly reduced by using a low duty
cycle.

(b) Tunable narrowband one-pump OPA

As shown in Section 5.3, with a one-pump OPA it is also possible to obtain narrow gain
regions away from the pump, by tuning the pump away from X¢. This was observed exper-
imentally with the same setup as that used for obtaining a 400 nm bandwidth, described
in the preceding section. The only difference was the change in pump wavelength, which
led to dramatically different gain spectra. Here again the existence of gain was inferred
from the presence of OPA ASE.

Experiments were performed with both dispersion-shifted fiber (DSF) and HNL-DSF.
In both cases, narrow gain peaks were obtained as low as 1350 nm, i.e. about 200 nm
away from the pump. The location of the peaks could readily be varied by tuning the
pump wavelength. As expected from the theory, it was observed that the peaks became
narrower as they moved further from the pump. The peaks were also narrower for the
DSF than for the HNL-DSF, owing to the smaller y value of the former. The results for
HNL-DSF are shown in Fig. 11.2 and those for DSF in Fig. 11.3.

Similar experiments have been performed with photonic crystal fibers [2—4]. In [4]
over 185 nm of tunability was reported, using a 1.6 W quasi-CW pump. Also, similar
experiments have been performed in the context of modulation instability (MI) [5].
Finally, the generation of picosecond pulses, tunable over 100 THz, was obtained in a
7-cm-long HNLF; tunability was achieved by changing the changing the chirp of the
pump pulses instead of the pump frequency [6].
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Fig. 11.3 Measured OPA ASE spectra of a DSF pulsed fiber OPA. The various spectra were
obtained by tuning the pump near 1550 nm. (After [1], © 2004 IEEE.)

(c) Two-pump fiber OPA with 95 nm low-ripple bandwidth

While the 400-nm-wide gain spectrum obtained with a one-pump OPA is impressive, it
is far from being flat. It is thus desirable to investigate the feasibility of making fiber
OPAs that display wide regions with constant gain, so that they can be used directly
without resorting to gain-flattening filters.

It is well known that two-pump fiber OPAs have inherently flatter gain spectra than
one-pump OPAs, and so they present a promising approach for developing flat-gain
OPAs. In recent work, a 95 nm bandwidth with less than 2 dB of ripple was obtained
with a two-pump OPA [7]. The fiber was a 160-m-long HNLF, withy = 7 W~ km~!.
It had zero-dispersion wavelength (ZDW) variations smaller than 0.15 nm. A gain of
23.5 + 1 dB was obtained over a 95 nm bandwidth, with total pump power 4.2 W; see
Fig. 11.4. This work is important because the bandwidth achieved is similar to the entire
EDFA range, and it is achieved in spite of fiber imperfections, namely ZDW variations
and random birefringence [8].

Another interesting aspect of the work is that it used pumps at 1499.6 nm and
1607.7 nm. The long-wavelength pump was obtained by amplification of the output
of a laser diode (LD) by an L-band EDFA, but the short wavelength fell below the range
of C-band EDFAs and had to be obtained by different means. This was done by ampli-
fying the output of an LD at 1499.6 nm in an auxiliary one-pump fiber OPA. By using
11 W peak power for the pump at 1560 nm, power up to 3 W was readily obtained at
1499.6 nm, which was quite sufficient for pumping the two-pump OPA. This demon-
strates the possibility of using different OPAs for fulfilling different roles in a single
system.

By using a fiber OPA to generate the short-wavelength pump, the resulting pump
quality is similar to that of the initial pump and signal LDs, which can be quite good
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Fig. 11.4 Spectrum of broadband two-pump fiber OPA. The gain was measured only on one side
of the center frequency, and the total bandwidth was calculated by assuming a symmetric
spectrum. (After [7].)

(with a linewidth below 1 MHz). This is in contrast with what would be obtained with
a Raman fiber laser, which typically has a much larger linewidth, of the order of 1 nm.
This approach would therefore be suitable in principle for communication applications,
where it is important to minimize spectral broadening.

(d) Phase-insensitive OPA with 3.7 dB NF

The NF of a pulsed fiber OPA was recently measured by a photon-counting technique
[9]. This was a non-degenerate OPA, operated in a phase-insensitive mode by injecting
only the pump and signal at the input of a nonlinear fiber. Launching weak signal pulses
into the OPA ensured that they were very close to being in a coherent state (CS), the
standard assumption for the derivation of the NF. To model a digital communication
system, “0” and “1” pulses were launched. For a “0” pulse there is no light at the input,
and therefore what is measured at the output corresponds to light generated within the
OPA, i.e. OPA ASE; the photons are then Bose—Einstein distributed. For a “1”, a finite
signal is launched into the OPA and the output is a combination of amplified signal and
ASE; the photons are then Laguerre distributed. The probability density functions for
photon numbers at the OPA output were measured for both cases and were found to be
in excellent agreement with theoretical predictions.

The OPA noise figure was calculated from

Fy =14 2ny(G3 — D]/ G,
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with ng, = 1.17; ng, is the excess spontaneous-emission factor. The plot asymptotically
approaches a value corresponding to about 3.7 dB for large gain. This is larger than the
3 dB standard quantum limit (Section 9.3). The difference is attributed to the effect of
Raman gain [10, 11]. This experiment confirms that fiber OPAs can have NFs compa-
rable with those of EDFAs and thus are possible candidates for optical communication
networks.

(e) Degenerate OPA with 1.8 dB NF

Degenerate OPAs are phase sensitive, and therefore their NFs can in principle approach
the ideal limit of 0 dB. Experiments were performed with a nonlinear Sagnac interfer-
ometer to verify this [12]. The fiber was a 3-km-long HNLF with y = 15.8 W~! km™!
and a loss of 0.7 dB km~'. Square pump and signal pulses, 160 ps long, were derived
from a frequency-stabilized erbuim-doped fiber laser (EDFL). The pump pulses were
then amplified to a peak power of 0.4 W by means of a low-noise EDFA. The resulting
gain was 16 dB, sufficient to put the phase-sensitive amplifier (PSA) in the high-gain
regime. Under these conditions, the theory for a lossy-fiber PSA predicts an NF of 0.3 dB
[13]. After detection of the output pulses, the NF was measured by means of a calibrated
electrical spectrum analyzer (ESA). As expected, the NF around 1 GHz was not good,
because of low-frequency fluctuations introduced by guided acoustic-wave Brillouin
scattering (GAWBS) [14]. However, the effect of GAWBS was negligible at higher fre-
quencies, and an NF of 1.8 dB was measured near 16 GHz.

While this result clearly verifies the ability of fiber-based PSAs to beat the 3 dB NF
limit that applies to phase-insensitive amplifiers (PIAs), the NF value achieved is still
significantly above the ideal 0 dB limit. Several factors contribute to the discrepancy,
including fiber loss (2 dB), pump RIN introduced by the ASE of the EDFA used for
boosting the pump, and possibly a contribution due to the Raman gain, which has been
found to be significant for non-degenerate OPAs (see the discussion in the previous part
of the subsection). Thus it is possible that, with improvements in some of these areas,
lower NFs will eventually be obtained.

Pulsed wavelength conversion

As described in Chapter 3, in parametric amplification one can in principle obtain 100%
pump depletion, which implies a conversion efficiency of pump power into idler power
of 50% (if the signal input power is included in the initial power, a somewhat lower
efficiency is calculated). Maximum conversion efficiency occurs for a signal wavelength
different from that corresponding to the maximum small-signal gain.

Experimental results showing high conversion efficiency by a pulsed fiber OPA were
first presented in [15]. Orthogonally polarized nanosecond signal and pump pulses were
injected into a 7-m-long ultralow-birefringence fiber, with y = 23.3 W~! km~!. The
weak linear birefringence was introduced by winding the fiber onto a drum with diameter
14.5 cm, which resulted in a beat length of 5.8 m. The signal was obtained by frequency
doubling the output of an Nd—YAG laser and shifting it into a CO, Raman cell; its
wavelength was 574 nm.
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Conversion efficiencies of the order of 20% were obtained over a bandwidth of about
0.5 THz (the full width at half maximum of the conversion spectrum), i.e. about 0.55 nm.
Good agreement with the results of numerical simulations was obtained. A quasi-CW
model was used, assuming that the exact Jacobian elliptic solutions could be employed
with instantaneous values of the parameters. Since the measured conversion efficiencies
corresponded to an average over the pulse duration, it is clear that higher efficiencies
were obtained at one or more instants during the pulse.

Similar results have been obtained with a single pump equally divided along the two
axes of a highly birefringent fiber [16].

Pulsed OPOs

Since high gain and large bandwidth can easily be obtained with pulsed OPAs, the
demonstration of pulsed fiber OPOs is relatively simple. One difficulty, however, is that
the pump and signal pulses must be synchronized within the cavity, since the OPA gain
does not exist outside the pump pulse. On the basis of this idea, a number of non-
degenerate pulsed fiber OPOs have been demonstrated [17-19].

The fiber OPO of [19] was tunable over a 40 nm range by adjusting the angle of a
ruled diffraction grating. The gain medium was a 105-m-long DSF with 1y & 1538 nm
and y = 2.4 W~! km~!. Together with a 50% coupler it formed a Sagnac loop, which
acted as a mirror keeping the pump on one side and the signal and idler on the other side
(see Fig. 8.1(d)). The signal round-trip transmittance of the cavity with the pump off was
T = 0.3 (5 dB loss), indicating that oscillation could be obtained with a gain of 5 dB or
higher. The pump was provided by a color-center laser with A; ~ 1539 nm.

Threshold was obtained for a pump power of 1.43 W. A pump depletion of 15% was
obtained for P, = 2 W, indicating fairly efficient internal conversion of pump to signal
and idler. A fraction of the signal and idler powers was tapped by means of a 10/90
coupler, and the output optical spectrum was observed on an OSA. The OPO output was
tunable over a 40 nm range.

More recently, a pulsed fiber OPO based on a flattened-dispersion fiber has been
demonstrated [20]; it was tunable in the ranges 1415-1505 nm or 1600-1750 nm.
Microstructure-fiber-based OPOs have also been demonstrated [21-23]; the OPA in
[23] could be tuned over 200 nm.

If a fiber OPO were operated with the fiber and pump used for obtaining an OPA with
a 400 nm gain bandwidth [1], one could make a source tunable over such a wavelength
range. This type of source could be of interest for investigating ultrawideband optical
communication systems.

A degenerate fiber OPO has also been reported [24]. It employed a nonlinear-fiber
Sagnac interferometer as a parametric amplifier. Synchronous pumping with 3.9 ps pulses
at 1544 nm yielded 0.83 ps pulses. The wide bandwidth of the fiber parametric amplifier
caused the oscillator to act as a pulse compressor. The output signal pulses exhibited
improved spectral symmetry and a reduced time—bandwidth product in comparison with
the pump pulses.
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CW devices
CW fiber OPAs

(@) High-gain OPAs

Obtaining high gain with continuous-wave (CW) OPAs is fairly easy in theory. All that
is needed is a large value for ® = y PyL. For example, to obtain 70 dB of gain, ® ~ 8.8
is required. Hence, for a given type of fiber and pump power, one needs only to use
a sufficiently long fiber. However, large values of & also imply that the pump power
is well above the stimulated Brillouin scattering (SBS) threshold, and that very strong
SBS-suppression measures must be used.

In practice, it is found that if only frequency dithering is used, with a single RF tone,
the required RF driving power for an external phase modulator is beyond the capabilities
of common laboratory equipment for high values of ®. Hence more advanced SBS-
suppression techniques must be used for obtaining high CW gains. In the following we
describe two approaches with which record high gains were obtained.

CW OPA with 70 dB gain

In [25] the approach taken for SBS suppression was to use two phase modulators (PMs)
in series to dither the pump frequency. The first PM was driven by a 10 GHz wave,
while the second was driven by the sum of four different RF tones (105, 325, 1000, and
3110 MHz). These five frequencies yielded 3° = 243 new frequencies, covering a 25
GHz range and providing a theoretical stimulated Brillouin scattering (SBS) increase of
10 log;o(243) = 24 dB.

The gain medium consisted of three pieces of highly nonlinear fiber (HNLF) spliced
together, with a total length of 500 m and y value 11.4 W' km~!. A maximum fiber
gain of 70 dB was measured for 1.9 W of pump power in the fiber. The gain was limited
by SBS on the amplified signal and by saturation due to ASE.

CW OPA with 60 dB gain

In [26], an isolator was used in combination with pump phase modulation for SBS
suppression. The phase modulation was implemented by means of two cascaded phase
modulators: the first was driven by a sine wave at 2.5 GHz and the second by a pseudo-
random bit sequence (PRBS). The fiber was a 1-km-long HNLF, withy = 17 W~ km~!.
With phase modulation only, a maximum gain of about 30 dB was obtained. To improve
SBS suppression the fiber was cut in half and an isolator was placed in the middle. It is
well known that such an arrangement stops the light reflected by SBS, so that the SBS
threshold power was then equal to that of one fiber segment, i.e. it was increased by a
factor 2. This improvement can be very beneficial when used in conjunction with phase
modulation, because the gain in decibels can itself be increased by nearly a factor 2:
hence an OPA with 40 dB gain without isolator has the potential for providing nearly
80 dB of gain with an isolator. Measurements confirmed this: after adding the isolator,
a 60 dB maximum gain was measured. The gain was actually no longer limited by SBS
but by saturation of the gain by EDFA ASE.
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Fig. 11.5 EDFA ASE spectra, with (squares) and without (circles) the FBG.

(b) Non-degenerate OPAs with low optical noise figure
While non-degenerate (and phase-insentive) OPAs in principle have the potential for
approaching the 3 dB NF quantum limit, a number of practical difficulties have to be
overcome for this limit to be achieved (see Sections 9.3 and 9.6). A major difficulty is
that currently OPAs operating in the telecommunication window around 1550 nm all
use as pumps DFB lasers amplified by EDFAs, which generate a large amount of ASE.
In a typical setup designed to generate a 1| W pump, the ASE level may be as high as
—30dBmnm~". This EDFA ASE is then combined with the signal by means of a coupler
and amplified in the OPA. If the ASE has not been reduced by optical filtering prior to
this combining process, it is then amplified to a very high level: for 30 dB of gain, the
OPA output ASE would be 0 dB m nm~', which would lead to a very high NF. To avoid
this, the pump EDFA ASE must be greatly reduced before it is combined with the signal.
One can use a thin-film filter and achieve a reduction of about 30 dB, but an insertion
loss of about 3 dB is incurred. By cascading two such filters one could achieve 60 dB
reduction, but the resulting cumulative loss would reduce the pump power so much that
it would no longer be sufficient for the OPA. If, however, one uses a fiber Bragg grating
(FBG) and a circulator to inject the pump into the OPA, one can obtain a reduction in
the ASE by up to 30 dB, with an insertion loss of only about 1.5 dB.

This idea was first implemented in [27]. By using an FBG, the EDFA ASE was reduced
to a level essentially equal to that of vacuum fluctuations near 1560 nm, the peak of the
EDFA gain; see Fig. 11.5. From the considerations of Chapter 9, it would appear that
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such a level of input noise is still fairly large and could lead to an NF of the order of
5 dB. Noise factor measurements over the OPA gain bandwidth gave a fairly constant
NF value, with an average of 4.2 dB. These values were the lowest reported at the time
and attracted attention to the field. This experiment, as well as the NF measurement of
a pulsed OPA described in subsection 11.2.1(d), yielded NF values around 4 dB. Such
NFs are comparable with those of commercial EDFAs and indicate that, with appropriate
attention to design and manufacturing, fiber OPAs should exhibit NFs sufficient for use
in optical communication systems.

It should be emphasized that the measurements just described were based on exper-
imental values of signal and optical power and thus constituted a measurement of the
optical noise figure (F,). While the optical NF is a useful performance measure for
fiber OPAs, the quantity that is eventually of most interest in optical communication
systems is the electrical noise figure F.. The latter is obtained by using a modu-
lated electrical signal, detecting it, and comparing the values of the electrical SNR
obtained with and without the device under test. The electrical noise figure F, is a
more complete way of measuring the amplifier noise figure than F|,, because the elec-
trical noise contains some fluctuations that are not captured by ASE measurements.
In particular, the signal in a fiber OPA may deteriorate because it experiences rela-
tive intensity noise (RIN) transfer from the pump, a fact that cannot be seen by ASE
measurements.

Measurements of F, have also been performed [28, 29]. It has been found that a low
value of Fg, in the range 4.4-5.0 dB, can be achieved, with a gain in excess of 20 dB,
for low signal input powers [28, 29]. When the pump optical SNR was 52 dB, which is
known to be too low to avoid RIN transfer [28], F, increased linearly with the signal
input power, as shown by Eq. (10.17).

(c) One-pump OPA with 100 nm bandwidth

We saw in subsection 11.2.1(a) that a gain bandwidth of the order of 400 nm can be
obtained with a fiber OPA if about 10 W of pump power is used. At the present time such
high powers can only be obtained on a pulsed basis. However, it is possible to pass several
watts through a fiber on a continuous basis and this can lead to fairly large bandwidths,
particularly if a fiber with suitable dispersion properties is used.

Recently a 100 nm bandwidth was obtained with a single-pump OPA [30]; see
Fig. 11.6. The fiber used was 100 m long and was similar to that reported in [31]. It
hady = 25 W~ 'km"and B® = 1 x 107%° s* m~!. The CW pump power was 4 W.
The high value y, the low value of 8, with the high pump power combined to yield
a large gain bandwidth. It was found that the gain had an average value 11.5 dB with a
1.5 dB excursion, over a 100 nm bandwidth. However, the product & = yPL = 10
leads to a theoretical maximum gain of 80 dB, much larger than that observed. From the
11 dB experimental gain value near the pump, which is theoretically equal to 1 + ®2, we
infer an experimental value of ® = 3, in which case the maximum gain would have been
reduced to 20 dB. That the maximum gain observed was even lower than this may be due
to the fact that the spectrum was optimized for maximum bandwidth and not necessarily
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Fig. 1.6 100-nm-wide gain spectrum of a one-pump fiber OPA. (After [30], © 2007 IEEE.)

for maximum gain. One possible reason for the discrepancy in & is that the actual value
of y appropriate for OPA calculations is probably smaller than that reported in [31], as
that value was obtained by measuring cross-phase modulation (XPM), not parametric
gain or four-wave mixing (FWM). Also, there may have been some uncertainty in the
pump power. In addition the presence of zero-dispersion wavelength (ZDW) variations
tends to reduce the peak gain, and flatten the spectrum.

Regardless of the mediocre agreement with theory, the characteristics of this optical
amplifier are impressive. In particular, the 100 nm bandwidth is very close to the 105
nm bandwidth obtained by combining a C-band and an L-band EDFA in parallel [32].

Since this amplifier is CW, it can amplify standard telecommunication signals with
arbitrary formats. The fact that a high pump power is used should lead to a significant
reduction in nonlinear crosstalk of wavelength-division multiplexing (WDM) signals
passing through such an OPA (see Chapter 13 for a detailed discussion of this important
topic). This work therefore represents a significant step forward in the development of
practical fiber OPAs for optical communication systems.

CW wavelength converters

(@) CW wavelength converters with low optical noise figure
The NF of an OPA used as a wavelength converter (WC) was investigated in [33]. From
the theory of Section 9.3, we would expect that, at high gain, the OPA would exhibit
almost the same NF whether used as an amplifier or asa WC. It was observed that the WC
exhibited a minimum NF as low as 6.8 dB for a conversion gain of +40 dB (this number
is 3 dB higher than that quoted in [33], because the formula used for calculating the NF in
that paper did not account for the fact that the ASE of a one-pump OPA is not randomly
polarized). It should be noted that all other types of WCs (based on semiconductor or
x @ devices) are generally lossy, i.e. have negative conversion gains and, as a result, very
high noise figures, generally in excess of 10 dB.

The fact that fiber WCs exhibit low NFs implies that they can be used in systems in
much the same way as EDFAs. For example, they could in principle be cascaded many
times to form long-haul systems. This represents a major improvement in performance
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for WCs of any kind and could have an impact on how network designers think about
WCs. This could then bring about the development of networks exploiting the properties
of WCs to a much greater extent than has been heretofore possible.

(b) CW wavelength converters with narrow idler spectrum

A difficulty with CW fiber OPAs is that they require strong SBS suppression, which is
generally implemented by means of frequency or phase modulation (phase modulation
is equivalent to frequency modulation for continuous phase variations). For a one-pump
OPA, w3 + w4 = 2w is applicable on an instantaneous basis. If we let w; = wig + Swy,
where w; = wy is the mean frequency of the kth wave and wy represents modulation
about the mean, this leads to

28w; = dwsz + Swy. (11.1)

Equation (11.1) shows that if the signal frequency is fixed (§w; = 0) then the idler
frequency is modulated twice as much as that of the pump (Sws = 28w)). This leads
to idler spectrum broadening, which could be unacceptable in optical communication
systems. One way to avoid this is to modulate the signal frequency with twice the
amplitude of the pump (26w; = Sdws); then the idler does not experience any frequency
modulation [34].

Another possibility is to use binary phase modulation for the pump, by arranging for
its phase to alternate between 7 /2 and —r /2. In the absence of signal phase modulation,
the idler’s phase then alternates between rand —; its total phase excursion is 25, which
is equivalent to 0 radians or no phase modulation. This has been experimentally demon-
strated for both one-pump and two-pump OPAs [35]. A problem with this approach is
that it is difficult to obtain very abrupt transitions at high modulation rates. During finite-
time transitions the ideal phase condition does not hold and idler frequency modulation
results. This has been found to be a substantial problem in practice [36].

For two-pump OPAs, Eq. (11.1) is replaced by

Swy + dwy = dwsz + Swy. (1 12)

To avoid idler frequency modulation, we must have dw; + dw, = dws, which offers
several possibilities. In particular, we can have ws; = 0 and §w; = —d8w;, i.e. no signal
modulation and equal but opposite modulation for the two pumps [37, 38]. This approach
is attractive because the signal is left intact, which could be useful if it were desired to
use the OPA as an amplifier as well as a WC. Appropriate modulation of the pumps
can be obtained by means of electro-optical phase modulators or by direct modulation
of the pump laser diodes; efficient reduction in idler spectrum broadening has been
demonstrated by both of these techniques [38]. Figure 11.7 shows the considerable
reduction in idler spectrum broadening that can be obtained: the idler spectral width was
reduced by almost two orders of magnitude in this fashion [39].

Pumps with opposite modulation can also be derived from a single modulated pump
by means of FWM; this automatically generates the correct amplitudes and phases for
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Fig. 11.7 Idler radiofrequency spectrum for pump FMs that are: (a) not controlled; (b) equal in
amplitude and 180° out of phase. (After [38], © 2002 IEEE.)

the two modulations, which might be difficult to accomplish by electrical means. This
method has been experimentally demonstrated and shown to be effective for reducing
idler broadening [39].

(c) CW wavelength converters with strong pump depletion and high pump

conversion efficiency

For WCs it is desirable to obtain a large conversion efficiency of pump power into idler
power or, equivalently, a strong depletion of pump power. This has been demonstrated
for both one- and two-pump fiber OPAs.

One-pump OPA

This experiment was performed with an 11-km-long DSF, with = 0.26 dB km™!,
y =24 W~ km™!, and a nominal 1o = 1560 nm [40]. The pump wavelength was set
at A = 1560.9 nm to optimize the gain spectrum; its power was set at 19.54 dB m at the
fiber output. The signal wavelength was set at A3 = 1557.6 nm to provide a A8 value
close to that required by theory. The signal power (measured at the fiber output) was
initially set at more than 10 dB m; it was then reduced by means of a variable attenuator
and the pump output power was measured during the process.

Figure 11.8 shows the experimental results, as well as a numerical simulation cor-
responding to the experimental conditions. It can be seen that they are in excellent
agreement. At best 92% pump depletion was observed. Some spurious FWM terms
were observed, but they were typically at least 10 dB below the signal and idler levels.
Hence most of the power extracted from the pump was indeed converted to the signal
and idler. Thus in this case large pump depletion is essentially synonymous with high
conversion efficiency.

Two-pump OPA
This experiment was performed with an 11-km-long DSF (a Corning LS fiber) with
a=02dB km!, y =2.1 W' km™!, D, =0.07 ps nm~2 km~!, and an average
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Fig. 11.8 Pump output power versus signal input power, showing a maximum pump depletion of
92%. (After [40].)

Ao = 1568.6 nm [41]. The pump wavelengths were set at A; = 1556.0 nm and X, =
1581.2 nm. The signal wavelength was set at .3 = 1557.6 nm. All three input waves had
the same state of polarization (SOP). Here the performance measure was taken to be the
conversion efficiency

_ Py(L) + Py(L) — P3(0)e "
 Pi(L) + Po(L) + Py(L) + Pa(L) — P3(0)et’

0 (11.3)

This definition coincides with that for pump depletion used in the preceding experiment
when spurious FWM and ASE are negligible. In a typical output spectrum, spurious
FWM terms were found to be at least 30 dB down from the signal and idler levels, which
indicates that their effect on the results should be minimal. Values of 7 in excess of 83%
were achieved, the highest recorded value being 88%.

An important feature of two-pump OPAs is that they can be made to exhibit a nearly
constant AB over a wider range than one-pump OPAs (see Section 5.3). As a result, one
can maintain the phase-matching conditions required for high conversion efficiency over
a wide wavelength range, which could be beneficial in some applications. The authors
report flat efficiency, within a £3% range, over a 25 nm wavelength range (the signal
power was adjusted at each wavelength to maximize n).

These two experiments confirm that high pump conversion efficiencies can indeed be
obtained in practice, with values close to those predicted by theory.
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CW fiber OPOs

(@) HNLF-based CW fiber OPOs

The first CW fiber OPOs demonstrated were singly resonant oscillators (SROs) [42].
The cavities, resonant at w3, consisted of two high-reflectivity FBGs. The gain medium
was HNLF. Two different OPOs were made, one with a 100 m HNLF, with FBGs written
directly into the fiber, and the other with a 1 km HNLF, with FBGs attached at the
ends by connectors. The HNLFhado = 0.2dBkm™',y = 17 W~ km~!, D, = 0.019
ps nm~2 km~!, and an average Ao = 1562.5 nm. The resonant signal wavelength was
fixed, being the same as the FBG wavelength, i.e. ., = A3 = 1560 nm. The idler was the
OPO output, and its wavelength could be tuned by tuning A;.

For the 1 km OPO, threshold was reached for 80 mW pump power emerging from the
OPO, or about 500 mW incident on it. The internal conversion efficiency reached almost
30%, which is to be compared with a theoretical maximum value of 50%.

The 100-m-long OPO had lower loss, but also lower gain, than the 1 km OPO. It was
found to have a threshold pump power of 240 mW (incident on the OPO), i.e. about
half that of the first OPO. It was also found that it could be tuned over a wider range:
oscillation was obtained over an 80 nm range. The output powers were low because of the
short fiber length, which was insufficient for high gain and substantial pump depletion
to be achieved.

More recently a CW OPO using a unidirectional ring cavity has been reported [30].
Up to 1.8 W of pump power was used; it was injected into the ring by means of a 50/50
coupler. A tunable filter with 2 nm bandwidth was placed in the cavity; it could be tuned
from 1510 nm to 1600 nm to select the signal wavelength. The pump and the idler did
not pass through the filter and were removed after each pass. The signal was extracted
by means of a 10/90 coupler. The cavity loss was 7 dB and the oscillation threshold
was reached for 1 W of pump power. Output signal powers between 1 and 20 mW were
obtained over the tuning range.

(b) Holey-fiber-based CW fiber OPOs

Continuous-wave fiber OPOs made with microstructured fibers have been reported
[4, 43]. In [43] the source reached threshold for a pump power of 1.28 W and satu-
rated for pump powers in excess of ~1.6 W. In [4], over 30 nm of sideband tunability
was demonstrated using a 300 mW pump.

CW wavelength exchange

(@) Demonstration of efficient wavelength exchange

In subsection 3.5.5 we described a variation in parametric amplification obtained by hav-
ing two pumps located asymmetrically with respect to the center frequency w, in a non-
degenerate FWM interaction. We showed that under certain circumstances this arrange-
ment is predicted to perform an essentially complete exchange of photons between two
signals symmetric to the two pumps with respect to w,.
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Fig. 11.9 Output spectrum of a WE. At the input the signal was at A; = 1573.44 nm and there
was no idler at 1, = 1579.88 nm. At the output, most light appeared at A4 = 1579.88 nm and
there was very little light left at A; = 1573.44 nm. (After [44], © 2002 IEEE.)

Experiments have been performed to verify this property [44]. An HNL-DSF had a
nominal Aq value of 1562.5 nm, d D/dAr = 0.03 psnm 2 km~',andy = 17 W' km™!.
Two tunable laser sources set at A; = 1544.94 nm and A, = 1551.06 nm provided
the pumps, which were amplified to a maximum output power of 27 dB m. Two other
tunable laser sources set at A3 = 1573.44 nm and A4 = 1579.88 nm provided the first
and second signal, respectively. The first signal was intensity-modulated by a 2.5 Gb/s
271 PRBS, while the second signal was intensity-modulated by a 10 Gb/s 27 —1 PRBS.
The input power of each signal to the HNL-DSF was +3 dB m. The SOP of each pump
and signal was adjusted by polarization controllers.

Partial wavelength exchange with only one input signal was first investigated in order
to verify the wavelength-exchange transfer characteristics. Figure 11.9 shows the output
spectrum in the vicinity of the signal and the idler: an extinction ratio of more than 28 dB
was obtained, confirming the ability of wavelength exchange to switch photons from one
wavelength to another with nearly 100% efficiency.

Full wavelength exchange was then demonstrated by feeding both signals into the
HNL-DSF. However, since both SOPs could not be optimized simultaneously, the extinc-
tion ratios of the first and the second signal were only 20 dB and 18.5 dB, respectively.
Figure 11.10 shows the output waveforms of the monitor receiver at A3 (1573.44 nm) and
A4 (1579.88 nm) respectively. The bottom trace in each panel represents the output with
only one pump, i.e. without wavelength exchange, while the top trace corresponds to the
output with two pumps, i.e. with wavelength exchange. We see that the original 2.5 Gb/s
signal was successfully replaced by the 10 Gb/s signal at A3, and vice versa at A4.

It is important to note that because the exchange is not complete (approximately
1% of the power of each signal is left behind by the exchange), there is crosstalk with
the output signal. Furthermore, since the exchanged and residual signals have virtually
the same frequencies, the crosstalk is quasi-coherent and can therefore degrade system
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performance. This was investigated by measuring bit-error rates (BERs) for the output
signals with the pumps on and off. It was found that wavelength exchange introduced a
power penalty of the order of 3 dB for a wavelength spacing of 0.01 nm between signal
and crosstalk. In order to reduce this penalty, the crosstalk needs to be reduced further.

(b) Demonstration of low-NF wavelength exchange

In Section 9.4 we discussed the quantum noise properties of wavelength exchange. We
showed that since a wavelength exchanger (WE) does not exhibit gain, there is no ASE
associated with it. As a result, its noise properties are the same as those of a lossless
beamsplitter. In particular, when the conversion efficiency is 100% the NF is 0 dB (this
does not include possible noise contributions due to the Raman gain or to coupling and
fiber losses).

Experiments have been performed to verify that low NFs can be achieved with a WE
[45]. The setup was similar to that for the preceding experiments. An external conversion
efficiency of 90% was measured. Taking coupling losses into account, a 99% internal
conversion efficiency was inferred.

A key point is that the residual noise from the pumps in the signal wavelength region
(1570-1580 nm) was well below —55 dB m, which corresponds to the vacuum noise level
(i.e. 2hv Av for 0.1 nm optical spectrum analyzer (OSA) resolution bandwidth). This is
shown in Fig. 11.11: when the pump is on, the optical noise that it contributes between
the signal and idler frequencies is about 10 dB below the vacuum level. This noise is
due to EDFA amplified spontaneous emission (ASE), attenuated by optical filtering. The
fact that the noise density is constant and does not show any increase at the signal and
idler wavelengths confirms that the WE does not add any ASE at these wavelengths; this
is the basis for the very low NF of the device.

Under these circumstances, and assuming that the signal was in a coherent state at
both input and output, a 2.1% external NF was calculated. Taking coupling losses into
account, an internal NF of 0.06 dB was inferred. This is indeed very close to the predicted
0 dB NF for ideal wavelength exchange. It should be possible to improve the external NF
further by reducing the insertion loss of the WDM coupler and the fiber splicing loss,
thereby approaching the sub-decibel value of the internal NF.

The NF calculated above is optical and does not include noise sources that could
affect measurements of electrical NF. In particular, the electrical NF would be affected
by pump RIN as in the case of an OPA. However, there are reasons why the impact of
pump RIN on wavelength-exchange electrical NF should be smaller than for an OPA.
These are: (i) there is no large gain, only unit conversion efficiency; (ii) the magnification
factor p contains the derivative of the gain with respect to the pump power, which should
vanish at maximum conversion efficiency. Hence the electrical NF may also turn out to
be very low.

(c) Wavelength exchange with 180 nm shift

In recent work [46], wavelength conversion by wavelength exchange with a shift as large
as 180 nm was demonstrated. One pump was near 1620 nm and was obtained from an
amplified tunable L-band laser. The other pump was obtained from a tunable Raman
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laser (RL) and was in the 1420-1450 nm range. These wavelength assignments, together
with a zero-dispersion wavelength (ZDW) of 1487.5 nm, permitted the conversion of a
signal in the 1515-1550 nm range to the upper range of the O-band (1260-1360 nm),
i.e. with a wavelength shift of the order of 180 nm, significantly larger than had been
obtained by wavelength exchange previously.

The fiber used was a 1.35-km-long large-effective-area fiber (LEAF), which has a
high SBS threshold but a correspondingly low value of y. This fiber has the advantage of
having low water-peak attenuation, which permits the use of wavelengths in the vicinity
of that peak. The pump power was not given but the conversion efficiency achieved was
only 1%, indicating that the pump power was probably low.

Another reason cited for the low conversion efficiency is the low coherence of the
RL. Raman lasers have a linewidth, determined by the FBGs making up the Fabry—Pérot
cavity, that is typically of the order of 1 nm. In addition to causing a low conversion
efficiency, the large pump linewidth is transferred to the converted signal (the idler).
This is undesirable for communication applications, because the idler then has amplitude
and/or frequency fluctuations that corrupt the desired information modulated onto the
carrier. It is thus apparent that, for this type of large-shift wavelength conversion to be
attractive for communication applications, progress will have to be made with high-power
narrow-linewidth pumps.

CW phase-sensitive OPA with two pumps

The phase-sensitive amplification of communication signals by a single pump having
the same frequency as the signal (see subsection 11.2.1(e)). It requires the use of an
interferometric arrangement to combine and then separate the signal and the pump.
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One way to avoid the above frequency degeneracy is to use a two-pump approach,
wherein the signal frequency is placed exactly halfway between the pump frequencies.
In this manner the signal and idler are exactly the same, which leads to phase-sensitive
amplification of the signal without requiring a separate idler. The advantage of this
approach is that the signal can be combined with the pumps by means of WDM couplers,
without resorting to an interferometric arrangement.

While this may sound much simpler than the all-degenerate approach, one should
realize that phase-sensitive operation can be achieved only if all the waves involved
are in a well-defined frequency and phase relationship, which generally requires some
sort of careful stabilization (much more so than with a phase-insensitive amplifier
(P1A)).

An experiment has been performed to demonstrate this approach [47]. In order to
obtain the proper frequencies and phases, the three frequencies were derived from a single
laser source. Its output was phase-modulated at 40 GHz by a lithium niobate modulator,
and an FBG selected modulation sidebands located at +-80 GHz and —80 GHz from the
carrier; these were then amplified to form the pump while the center frequency served as
the signal. Next, a low-frequency phase modulator was used to modulate the signal phase.
Phase-sensitive operation was verified by looking at the signal output variations, whose
power was a function of the signal phase, as expected. The gain varied from —4.5 dB
to 5 dB as the phase was varied.

It is also interesting to note that pump SBS was suppressed in a novel manner: the
40 GHz RF was frequency-modulated by a 500 kHz sawtooth. This broadened the spec-
trum of each pump with opposite FM, in such a way that the signal output spectrum was
not affected. This is an interesting method for simultaneously broadening the spectra of
two pumps spaced a few nanometers apart.
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12.1

12.2

12.2.1

Potential applications of fiber OPAs
and OPOs

Introduction

The potential for fiber OPAs and OPOs is based on some characteristic features that are
not present in other types of optical amplifiers and oscillators. Specifically, the features
that can be exploited are: (i) the availability of gain at essentially arbitrary wavelengths,
limited only by the availability of the necessary pumps and of fibers with suitable nonlin-
earity, loss, and dispersion; (ii) the availability of an idler; (iii) the nearly instantaneous
response of the gain to pump power variations; (iv) the all-fiber structure, which is capable
of withstanding high powers.

In this chapter we will discuss the main applications that can be envisioned and
describe the experiments that have been performed in some areas. For OPAs, the main
areas of applications that have been envisioned so far are in optical communication and
high-power wavelength conversion. We now discuss each of these areas in some depth.

OPAs in optical communication

This is the most advanced area, in part because of the availability of convenient fibers and
pumps, developed for conventional communication systems. These have been exploited
in recent years to demonstrate several applications of OPAs, naturally at wavelengths of
interest for optical communication.

Amplification

The realization that fiber OPAs could exhibit gain bandwidths as large as or larger than
those of erbium-doped fiber amplifiers (EDFAs), by the use of commercially available
fibers and the watt-level pump powers that are now considered reasonable, sparked
interest in their possible use in communication systems. The potential for obtaining gain
in any band within the 1200—1700 nm transparency window of silica fibers is attractive
for providing gain in regions not well served by EDFAs, such as between 1300 and
1500 nm or beyond 1600 nm. The other attractive feature is that it is in principle possible
for a single CW fiber OPA to cover a very wide band, perhaps in excess of 200 nm, if
fiber with suitable dispersion properties can be obtained.
In this subsection we discuss modifications of the basic OPA architecture.
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(@) Polarization-insensitive OPAs
Fiber OPAs face some limitations that need to be addressed before they can become
practical. A severe difficulty is that in their simplest forms, described in Chapter 3,
fiber OPAs exhibit gains that are a function of the SOP of the incident signal. This is
undesirable in optical communication systems as, over their length, transmission fibers
exhibit a random birefringence that also varies in time: as a result, the input SOPs of the
optical carriers drift randomly in time and would not remain aligned with the pump(s)
of a fiber OPA. The result would be that the amplified signal would experience strong
random intensity variations, which would be unacceptable in a communication system.
Fiber OPAs are not alone in exhibiting polarization sensitivity: SOAs and Raman
amplifiers also exhibit it to a certain extent, and so do wavelength conversion schemes
based on four-wave mixing (FWM) in fibers. Similarly, coherent optical receivers are
basically sensitive to the signal SOP. A variety of means have been used to overcome
polarization sensitivity in these devices, and variations on these have been investigated
for fiber OPAs. Good results have been obtained with two methods, which we describe
below.

Polarization diversity

The basic idea is similar to one employed first for FWM [1, 2]. The incident signal
SOP is broken up into a horizontal and a vertical component, and these components are
amplified separately in such a way that they experience the same gain. Thus, when they
are recombined the total signal gain is always the same, regardless of the ratio of the
polarization components, i.e. of the input SOP. This can in principle be applied to both
one-pump and two-pump OPAs.

This was first demonstrated for a one-pump OPA [3-5]. The pump was linearly polar-
ized at 45° with respect to the vertical and was incident on a polarizing beamsplitter
(PBS), which split it into horizontal and vertical components with equal power. These
two pump components were coupled into the opposite ends of a highly nonlinear fiber
(HNLF), which constituted the OPA. A polarization controller in the loop was adjusted in
such a way that the counter-propagating pump SOPs were orthogonal at the HNLF input,
and hence everywhere throughout the fiber. The PBS also decomposed the input signal
into its horizontal and vertical components and sent them toward the HNLF together with
the corresponding pump components. The HNLF then acted as an OPA in each direction,
simultaneously amplifying the two signal components with the same gain since the two
pump components had equal power. The waves were then recombined by the PBS. The
SOPs were such that all the waves emerged from the fourth port of the PBS, and nothing
was coupled back into the input fiber.

An obvious trade-off associated with this arrangement is that if the total pump power
is Py then only Py/2 is available for amplification in each direction. As a result, both
the gain bandwidth and the maximum gain are reduced in comparison with those of a
unidirectional OPA having all waves in the same linear SOP. The maximum gain can
in principle be made the same by doubling the fiber length, but the bandwidth remains
unchanged.
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By suitable adjustment of the SOPs, it is possible to obtain good performance with
this arrangement. This is illustrated in Fig. 12.1, where the signal gain is plotted versus
the angle of a linearly polarized signal; the angle is changed by rotating a half-wave
plate. As a reference, the gain for a conventional unidirectional OPA is also shown; it
can be seen that there is a very strong dependence on polarization angle, as the gain
drops dramatically when the signal is perpendicular to the pump. By contrast, with the
bidirectional setup the gain remains virtually constant over the whole range of angles.
This good performance was obtained for several signal wavelengths, which indicates
that this approach is suitable for wideband fiber OPAs.

The fact that this arrangement relies on the bidirectional propagation of light in the
loop raises some concerns that are not present in conventional unidirectional OPAs.
One concern is that waves traveling in one direction in the loop experience cross-phase
modulation (XPM) or self-phase modulation (SPM) due to the pump traveling in the other
direction. We discussed a similar situation occurring in linear-cavity OPOs in subsection
8.2.2. There we showed that in practice these contributions should all be equal XPM
contributions when pump dithering is used. As a result there should be no modification
of the gain or gain spectrum in comparison with a unidirectional OPA. Other possible
concerns are related to reflections. Any reflection of light traveling in one direction will
generate waves that will be superimposed on those traveling in the opposite direction,
potentially leading to performance degradation. Reflections may be due to imperfections
in the optical components, i.e. the PBS, splices, connectors, etc. Another source is
Rayleigh scattering, which is inevitable and increases with fiber length. Also, stimulated
Brillouin scattering (SBS) may occur even though pump-frequency modulation is used
to suppress it; suppression may not be complete for a moderate level of modulation.
All these effects will in general co-exist in such a system, and their relative influences
will have to be quantified and kept at a low level before these systems can be used in
practice.
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This polarization-diversity scheme was recently extended to a two-pump OPA [6].
The basic idea and loop arrangement are essentially the same as in the one-pump case.
The main difference is that at the PBS input there are two parallel LP pumps, inclined
at 45°.

Two-pump OPA with orthogonal pumps

An alternate approach to polarization independence is to use a unidirectional arrange-
ment, with two orthogonal pumps at different frequencies. This approach is appealing
because it does not require a loop arrangement or a PBS. It is an extension of a method
introduced to obtain polarization-independent FWM [7, 8].

To analyze how this system works, it is necessary to revisit the theory of Chapter 4 for
a two-pump OPA. We now assume that the two pumps have linear and orthogonal SOPs,
aligned with X and 7. An incident signal with an arbitrary SOP can be decomposed
into X and y components, and each component can be studied independently. The x
() signal generates an idler polarized along y (x). The main modification of the basic
propagation equations is that the coefficient of the FWM term needs to be changed from
XEJXX to either ng)xy = X)Ei’m /3 or XS)XX = X)Sc)xx /3. Since the maximum parametric gain
is proportional to this coefficient, we see that it is the same for both signal polarization
components, and is one-third that for the two-pump OPA with parallel pumps. The SPM
and XPM terms in the basic equations are affected, and this modifies Afny; as a result
the shape of the gain spectrum is also affected.

The main point, however, is that the gain spectra are exactly the same for both signal
polarization components, and this implies that the amplifier gain is insensitive to the
SOP of the incident signal. Of course, since the applicable element of the tensor x @ is
only one-third as large as that for a conventional OPA, one would need three times the
pump power, or the fiber length, to obtain the same gain in both cases. This is a trade-off
similar to that encountered with the preceding scheme.

Because of its relative simplicity, this arrangement has received a great deal of atten-
tion and experiments have been performed by several groups [9-12]. In the experiment
described in [9], polarization controllers were used to ensure that the two pumps had
orthogonal SOPs. Less than 0.5 dB variation was observed for a gain of about 15 dB.
As expected, this was a major improvement compared with the case of parallel pumps.
However, subsequent theoretical and experimental studies have shown that there are
difficulties associated with this approach. One aspect is that if the pumps are aligned
with the fiber PSPs then fiber birefringence introduces a tilt in the gain spectrum, which
increases with pump separation [13]. This is a problem when one is trying to make a
wideband amplifier, which requires a large pump spacing.

Also, in fibers with random birefringence, significant gain tilt and polarization-
dependent gain (PDG) can occur even if the pumps are not aligned with the principal
states of polarization (PSPs) [14]. Again, this is more pronounced for large pump spac-
ings. In addition the Raman gain associated with the pumps can also introduce gain tilt
and PDG [15].

For all these reasons it now appears that the two-pump polarization-diversity scheme
may have a better chance of being practical than the orthogonal-pumps scheme.
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(b) Phase-sensitive amplification

In the preceding chapters we have been mainly concerned with OPAs with no idler at the
input. In the non-degenerate case we saw that this resulted in a gain that is independent
of the phase of the input signal. In such cases, the OPA is said to be operated as a
phase-insensitive amplifier (PTA).

We did encounter one case where the gain depended on the phase of the input signal,
the degenerate case of a one-pump OPA in which the signal and the pump have exactly the
same frequency. This arrangement is then referred to as a phase-sensitive amplifier (PSA).
We saw that this PSA has some very interesting properties, including squeezing and the
possibility of obtaining a noise figure approaching 0 dB. Also, such PSAs can in principle
be used to combat the effect of dispersion in fiber transmission lines [ 16—18]. The analysis
of pulse propagation in such a fiber line shows that, owing to attenuation in the quadrature
orthogonal to the amplified quadrature, it is possible for a pulse to propagate without
significant broadening over lengths much greater than the usual dispersion length of the
fiber. Similar work has been done for soliton propagation [19]. Degenerate OPAs can
also be used for the regeneration of differential phase-shift keying (DPSK) signals [20]
and for compensating the Raman self-frequency shift of solitons in transmission lines
[21].

One should not conclude from the preceding discussion that the only PSAs are degen-
erate OPAs. In fact, any non-degenerate OPA is in general a PSA provided that both
finite signal and idler are present at the input. A classic demonstration of this utilized the
sidebands of a modulated carrier to provide simultaneously a signal and an idler with a
well-defined input phase relationship [22].

The physical reason for this phase sensitivity is simple to understand when the pumps
are not depleted. Then the signal and idler fields at the OPA output are related to their
input counterparts by linear relationships (a 2 x 2 matrix). Thus the output fields can
be viewed as the sum of contributions separately due to the input signal and idler. This
superposition of fields constitutes interference, and thus clearly the output fields depend
on the phases of the input fields.

These non-degenerate PSAs have properties similar to those of the degenerate PSAs.
In particular the noise figure (NF) of such an OPA, suitably defined, can also approach
0 dB. This offers the prospect of noiseless amplification without the severe practical
constraints associated with degenerate PSAs.

Because of these attractive properties, non-degenerate PSAs have been the object of
increasing attention in recent years. Novel configurations have been investigated exper-
imentally and theoretically [23-25].

In an experimental demonstration a non-degenerate OPA in the telecom band phase-
sensitively amplified an input signal, and the measured gain response agreed well with the
theory [26]. Efficient phase-sensitive amplification was achieved even after transmitting
an optical double-sideband signal over 25 km of single-mode fiber.

(c) Quasi-CW signal amplification in a pulsed-pump OPA
The highly nonlinear fibers available at the present time have a zero-dispersion wave-
length (ZDW) A that can vary by several nanometers over a few hundred meters. This
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Fig. 12.2 Principle of a one-pump OPA with a pump pulsed at a high repetition rate. (a) pump
waveform; (b) input signal waveform; (c) output signal waveform; (d) waveform of the filtered
output signal; (e) signal and pump input spectra; (f) output signal spectrum. (After [27], © 2006
IEEE.)

prevents the phase-matching condition from being maintained at its optimum value along
the fiber. As a result, to date continuous-wave (CW) fiber OPAs have not exhibited gain
spectra as wide as is predicted by the standard OPA theory, which assumes a fiber with
constant Ag. In contrast, by using a pulsed pump consisting of high-peak-power pulses
and a relatively short fiber, one can obtain very wide (>200 nm) gain spectra, with a
shape very close to that predicted by theory.

Unfortunately, the use of a pulsed pump means that amplified signals cannot in general
maintain their original temporal format, since the gain will not be constant in time but
will occur only during the pump pulses. The resulting amplitude modulation of the signal
appears to make this approach unsuitable for arbitrary signal formats.

Nevertheless, one method makes it possible to use a pulsed-pump OPA for signals with
arbitrary modulation formats, namely, the use of a high-repetition-rate pulsed pump OPA
followed by a narrowband optical filter [27]. (A similar idea was investigated, wherein a
gain increase was obtained by using a pump with a broadened spectrum [28].) As a result,
this arrangement works as a CW OPA but with a larger gain and gain bandwidth that are
determined by the peak power used rather than by the average power. A 90 nm bandwidth
and low-penalty amplification of 10 Gb/s non-return-to-zero (NRZ) signals have been
demonstrated using a 20 GHz pulsed-pump OPA. Asynchronous pulses can also be
utilized, as is essentially required for the amplification of signals in practical systems.

The principle of operation is shown in Fig. 12.2. The pulsed pump at A; is intensity-
modulated at 20 GHz, Fig. 12.2(a). The input signal at A3 is NRZ-modulated at 10 Gb/s,
Fig. 12.2(b). The amplified signal, Fig. 12.2(c), is the product of the input signal and
the periodic gain, which is a waveform with the same period as the pump. After optical
filtering the waveform of the output signal becomes similar to that of the input signal,
Fig. 12.2(d). The signal and pump input spectra are shown in Fig. 12.2(e). Since the pump
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Fig. 12.3 Experimental OPA gain spectra for both the CW and pulsed-pump cases. The average
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(After [27], © 2006 IEEE.)

is periodic in the time domain, its spectrum consists of evenly spaced delta functions.
The spectrum of the output signal is the convolution of the spectrum of the input signal
and that of the periodic gain and therefore consists of equally spaced replicas of the input
signal spectrum, Fig. 12.2(f). The narrowband optical filter then selects the central lobe
of that spectrum, resulting in the waveform of Fig. 12.2(d); it closely resembles that of
Fig. 12.2(b), indicating that the pulsed-pump OPA is suitable for the amplification of
modulated communication signals.

The calculation of the gain then proceeds as in Chapter 7. Experiments have been
performed to compare the CW regime and the pulsed regime. In the pulsed case, two
electro-absorption modulators were used to generate a 20 Gb/s pulse train, with a duty
factor of 20%. Figure 12.3 shows the signal gain spectrum measured for the two cases,
with a total average pump power of 28 dB m (631 mW). As expected the gain for the
pulsed case is significantly higher, and the gain bandwidth is also larger.

The input signal was then modulated by a 10 Gb/s NRZ sequence. The performance
of the pulsed-pump OPA is shown in Fig. 12.4. The “eye” patterns with synchronous
pump, where the 20 GHz pulsed pump was synchronized with the 10 Gb/s signal, are
shown on the left. Figure 12.4(a) is the waveform before the fiber Bragg grating (FBG)
filter. It shows that the input 10 Gb/s NRZ signal was sampled at 20 GHz by the pulsed
OPA. After passage through the FBG the 20 GHz spectral component was rejected and
the 10 Gb/s NRZ signal was recovered, as shown in Fig. 12.4(Db).

In order for this OPA to amplify input signals transparently, a narrowband optical filter
is necessary. However, if a pulsed-pump OPA is used as the pre-amplifier for an optical
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Fig. 12.4 Eye patterns for the pulsed-pump OPA. On the left, synchronous pump; On the right,
asynchronous pump. (After [27], © 2006 IEEE.)

receiver, an electrical low-pass filter can be a good alternative to the narrowband optical
filter. Figure 12.4(c) shows the received signal waveform obtained by using an electrical
low-pass filter instead of the narrowband optical filter.

In Figs. 12.4(b) and 12.4(c) the residual 20 GHz ripple is due to the imperfect char-
acteristics of the available filters; it could be reduced by using better filters.

Bit-error-rate plots for the output signal, corresponding to Fig. 12.4(b), are shown
in Fig. 12.5. Although a penalty of 1.5 dB was observed, error-free operation was con-
firmed, which proves the feasibility of using the pulsed-pump OPA for amplifying NRZ
signals. The penalty is thought to result mainly from the imperfections of the optical
filter characteristics, i.e. its bandwidth, dispersion, and dispersion ripple.

Asynchronous pumping was also investigated, where the repetition rate of the pulsed
pump was 2 Hz higher than twice the bit-rate of the input NRZ signal. The output eye
pattern from the asynchronous pulsed-pump OPA, triggered by the signal clock, is shown
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Fig. 12.5 Bit-error-rate performance of a 10 Gbs~! NRZ signal amplified by a 20 GHz
pulsed-pump OPA followed by a narrowband optical filter. (After [27], © 2006 IEEE.)

in Fig. 12.4(d). The eye opening for the signal recovered by the optical FBG filter is shown
in Fig. 12.4(e). Figure 12.4(f) shows the eye opening when an electrical low-pass filter
was used. Asynchronous pumping is not expected to induce any additional penalty, since
the only limitation of the proposed technique is that the repetition rate of the pulsed pump
should be higher than twice the bit rate of the input signal. A sufficiently narrowband
optical filter at the output can recover the original (amplified) signal irrespective of any
pump and signal synchronization mismatch.

Wavelength conversion

(@) Fixed-pump wavelength conversion

In an OPA where only a signal and the pump(s) are fed into the input, the generation
of the idler at the output can be interpreted as conversion of the energy of the input
waves to the idler wavelength. In optical communication, if the pump has constant
intensity and the signal is modulated then the idler itself is modulated, and it is natural
to regard this as a conversion (or transfer) of modulation from the signal to the idler.
This wavelength conversion of a signal could find a number of practical applications. For
example, it could be used for routing signals according to their wavelengths, by passing
them through dispersive elements such as prisms, arrayed waveguide gratings, etc. It
could also be used for switching received signals to wavelengths that are optimized for
long-haul transmission (e.g. conversion from the 1300 nm band to the C-band). Thus, in
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the context of communication, it would be useful to be able to switch signals, individually
or in bands, from one wavelength range to another. For example one might want to convert
from C-band to L-band, from C-band to S-band, from S-band to L-band, etc.

For communication applications, the use of a CW pump would be necessary to accom-
modate signals with typical modulation formats. Hence, a knowledge of the performance
of CW amplifiers, described in Section 11.3, is useful in understanding the potential of
wavelength conversion in communication. Basically, the wavelength coverage for such
wavelength converters can be obtained from the gain bandwidth of a fiber OPA used as
an amplifier. Hence all the results in subsection 11.3.1 are applicable. In particular we see
that one- or two-pump devices are possible and that conversion over tens of nanometers
about the center frequency is easily feasible; also, with further progress in nonlinear
fibers this could potentially be extended to hundreds of nanometers.

It is important to note that fiber OPAs are unique among wavelength converters in
having high conversion efficiencies as well as low noise figures (NFs). A wavelength
converter with NF 6.8 dB together with 440 dB of conversion gain, over tens of nanome-
ters, has been demonstrated [29]. This far exceeds the performance of competing devices,
such as semiconductor optical amplipfiers (SOAs) or devices based on periodically poled
lithium niobate (PPLN). Conversion for numerous closely spaced wavelength-division
multiplexing (WDM) signals has been investigated [5].

(b) Tunable-pump wavelength conversion

Another desirable type of wavelength conversion is the so-called any-to-any conversion,
meaning that a signal at an arbitrary wavelength can be converted to an idler with another
arbitrary wavelength. Clearly the only way that this can be accomplished with an OPA is
to have the freedom of adjusting the pump wavelength at will while maintaining a high
conversion efficiency.

From what we have seen in Chapter 3, we know that the conversion efficiency depends
on the wavevector mismatch AS, which itself depends strongly on the location of the
center frequency with respect to the ZDW of the fiber. As a result, it is clear that for a
given fiber we will not be able to choose the signal and idler wavelengths completely
arbitrarily, but that they will have to be confined to certain ranges over which phase-
matching conditions hold relatively well.

One way to obtain this type of any-to-any conversion is to start from an OPA designed
with a broad gain spectrum, and to tune the pump about its initial location [30]. One
can then define a tuning range for the pump, which might for example correspond to a
drop in idler power by 3 dB. This approach was considered in [31], where it was shown
that, for typical OPA parameters, an idler tuning range of the order of 10-20 nm can
be obtained. Using a standard HNLF, a conversion bandwidth of 61 nm, together with
a pump tuning range of 24 nm, was obtained [32]. By using a fiber with a large ZDW
variation, achieved by applying controlled stress distribution, an idler tuning range of
70 nm has been achieved [33].

It is important to note that this is actually not the only way to obtain tunable conversion
with a fiber OPA. One can also employ the phase-matching condition used to obtain a
widely tunable narrowband OPA [34]. By using a different part of the graph of A 8 versus
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Fig. 12.6 Spectrum at the output of a fiber OPA when the pump is either on or off. The signal
input power was —30.7 dB m. (After [27], © 2006 IEEE.)

Aw, one can obtain phase matching over a narrow region, far from the pump. Then, by
tuning the pump, one can move this gain region over a wide range, of the order of 100 nm.
Since the signal and idler must remain symmetric with respect to the pump this type of
wavelength conversion does not fit into the any-to-any category. Nevertheless, this type
of conversion is attractive for obtaining conversion between a tunable signal and an idler
that are widely separated.

(c) High-repetition-rate pulsed-OPA wavelength conversion

A very different approach to wavelength conversion is obtained by using a periodically
pulsed pump. As we saw in subsections 7.5.3 and 12.2.1(a), when such a pump is used
and a modulated signal is fed into the input, the output spectrum consists of a number
of peaks that all carry a replica of the signal modulation. As a result, if we select any
of these peaks by means of a narrowband optical filter, we can recover the original
modulation in the electrical domain after detection. In other words, this arrangement
provides multicasting of the original signal to a number of output wavelengths. It should
be noted that both the signals and the idlers carry the modulations, and so they can all
be used as signal replicas.

Experiments have been performed to demonstrate this mode of operation [35]. The
pump was intensity-modulated by combining two tunable lasers at 1563.13 nm and
1563.93 nm. Their 0.80 nm wavelength separation provided sinusoidal intensity modu-
lation of the input pump power at about 100 GHz. The average pump power at the input
of the highly nonlinear dispersion-shifted fiber (HNL-DSF) were 23 dB m per pump. A
low signal input power was used in order to avoid gain saturation.

The optical spectrum at the output of the HNL-DSF is shown in Fig. 12.6. The central
lobe (1558 to 1568 nm) corresponds to the pump spectrum, which consists of 12 main
peaks; the increase in the number of peaks, from two at the fiber input, is due to pump
SPM. The original signal and the multiple converted signals are located in the lobe to
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the left of the pump (1548 to 1555 nm); there are nine main converted signals. Several
of these have a net conversion gain, in contrast with what occurs with other multiple-
conversion techniques. To the right of the pump there is another lobe, centered about the
frequency w; of the idler, which would exist without pump modulation; w; = 2w, — w;.
Hence we refer to these peaks as the idlers; some of them exhibit net conversion gains as
well.

An NRZ-modulated input signal was used to test the performance of the wavelength
converter (WC) in an optical communication system. The signal (at 1551.32 nm) was
intensity-modulated by an NRZ signal at 10 Gb/s. A high signal input power, 5.6 dB m,
was used in order to obtain high optical signal-to-noise ratios (OSNRs) and low bit-error
rates (BERs) at the output. It was found that the signals had power penalties below 1.24 dB,
and the idlers below 3.66 dB. These measurements confirm that such an arrangement
could be used for multicasting optical communication signals.

(d) Multiband wavelength conversion

Yet another approach to making a WC is to use two pumps that are spaced close enough
for FWM terms other than the usual signal and idler to be well phased matched and to
grow to significant levels [36]. Under these circumstances, one finds that the following
types of wave need to be taken into account:

1. strong waves obtained by FWM between the pumps, which may be considered as
additional pumps;

2. weaker waves, which can be considered as new signals or idlers depending on their
frequency relationship with the original signal and idler. The new signals (idlers) have
the same spectrum as the original signal (idler), and so they constitute frequency-
shifted replicas of the original signal or idler. The presence of these multiple replicas
indicates that this arrangement can be used for multicasting, an important feature in
optical networking.

A useful feature of this arrangement is that the broadening of the new waves due to
phase modulation of the two pumps for stimulated Brillouin scattering (SBS) suppression
can be controlled. In particular, if the two pumps are modulated in phase then the original
idler has strong phase modulation but none of the new signals do [37]. Because it
requires only a single phase modulator, this method is potentially attractive compared
with opposite-phase modulation of the two pumps, which requires two modulators.

It is interesting to note that high-repetition-rate pulsed-OPA wavelength conversion,
described in (¢) and multiband wavelength conversion, described here, are fundamentally
part of the same phenomenon: in both cases the initial waves are two pumps and one
signal, and in both cases FWM between the two pumps generates a number of additional
pumps. The new signals and idlers can then be viewed as arising from FWM between
the original signal and the new pumps.

What distinguishes these two wavelength conversion mechanisms is the relative posi-
tion of the signal with respect to the pumps. For the first we have AAs > AA,, whereas
for the second we have AA; &~ AA,. These frequency relationships explain why the new
signals and idlers appear where they do in the two cases.
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Phase conjugation and spectral inversion

Since the idler 44 arises from the FWM term in the basic propagation equations (see Eq.
(3.34)), we see that A4 o< (A3)*,1.e.thattheidler is proportional to the complex conjugate
of'the signal. Complex conjugation has two related consequences, phase conjugation and
spectral inversion.

Phase conjugation applies to monochromatic signals. If a signal has phase modulation
¢(¢) then the corresponding idler will have phase modulation —¢(#). This property can
potentially be used for canceling undesirable phase modulation due to SPM or XPM,
which accumulates along transmission lines. The idea is to use phase conjugation in the
middle of a transmission link, so that the accumulated phase modulation at the end has
the same amplitude but opposite signs for the two halves, thereby leading to cancellation.

Spectral inversion applies to polychromatic signals. For such a signal, frequency
components initially lower (higher) than the carrier frequency become higher (lower) than
the new carrier frequency after FWM; hence the name spectral inversion. An important
application of spectral inversion is that mid-span spectral inversion (MSSI) can be used
for canceling the effect of the chromatic dispersion D [38, 39]. This can be understood
as follows. A part of the spectrum located AL away from the carrier experiences a
differential group delay (DGD) At = DAAL, where L is the fiber length. After MSSI,
that part of the spectrum is now — A\ away from the new carrier and thus experiences a
second DGD equal to —Art, in a second fiber opposite to the first. We thus see that this
part of the spectrum, and by extension the entire spectrum, experiences no net DGD as
it passes through this fiber span of length 2L, with MSSI.

Cancellation of DGD by MSSI was demonstrated with x ®-based devices a few years
ago. A limitation of these devices, however, is that they are lossy and therefore have a
high noise figure. They must be supplemented by conventional optical amplifiers such
as erbium-doped fiber amplifiers (EDFAs) to restore signal amplitude. By contrast, fiber
OPAs used as wavelength converters can provide high gain and a low noise figure [29]
and thus in principle do not require the use of auxiliary EDFAs. Differential group delay
cancellation by a fiber OPA used for MSSI has been demonstrated [40—43]. Numerical
simulations have shown that periodic phase conjugation by OPAs in long-haul networks
could be used to reduce the timing jitter of solitons [44].

Optical delay lines

A desirable function in optical networks would be the ability to delay incoming signals
in the optical domain. If the time delay were large enough this could allow for some
processing to take place in the node before sending the signal on to its next destination.
Delaying in the optical domain is also referred to as optical buffering.

One area where optical buffering is always desirable is for avoiding packet collisions
at a node. For example, if two packets arrive on different fibers in such a way that they
would collide at a node, one way to avoid a collision would be to deflect one packet by
means of an optical switch into an optical delay element and to release it only after the
first packet has passed.
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Fig. 12.7 Schematic of a delay line based on a highly nonlinear fiber (HNLF) and an arranged
waveguide grating (AWG) used bidirectionally to implement two different OPAs. (The
arrangement of the output frequencies may not correspond to that of an actual AWG, although
they could be rearranged by routing waveguides.)

A natural way of obtaining an optical delay is simply to use the propagation delay in a
long fiber. For example a 10-km-long fiber would provide a delay of about 50 us, which
is sufficient for many applications. One difficulty with this approach, however, is that, in
order to accommodate a number of different delays, one must have a number of fibers
of different lengths and optical space switches to switch between them. These switches
introduce losses and also they can be expensive if they have to be fast.

An interesting alternative to space switches has been proposed, based on wavelength
conversion by fiber OPAs [45, 46]. The idea is to use a single length of fiber to obtain a
number of possible different delays, in the following manner. If a packet with frequency
w enters the delay fiber, it passes through an OPA, which converts it to w;+Aw. A filter
then separates the new frequency from the original one and redirects it through the fiber.
This process is then repeated N times. In the end, one has available at the filter outputs
Nwavelengths with N different delays. One can then choose the desired delay by selecting
a particular wavelength with a wavelength switch.

One advantage of this method is that all these different delays require only a single
fiber length, so that long time delays can be obtained with a relatively short fiber. This can
be a significant cost advantage for very long delays. In addition, the OPAs can provide
gain to compensate for the losses that would accumulate for long delays.

Figure 12.7 shows a possible implementation [46]. A single HNLF is placed in the
middle of a delay line of length L. It is pumped in each direction by a single pump:
the clockwise (counter-clockwise) pump is at wp; (wp2). An arrayed waveguide grating
(AWG) is used bidirectionally as a wavelength multiplexer and demultiplexer. The system
works as illustrated in Fig. 12.7. The initial signal at @, enters the AWG and is coupled into
the first half of the delay line in the counter-clockwise direction. When it passes through
the OPA it generates a new frequency w, = w; + Aw (Fig. 12.8); w; and w; then pass
through the second half of the delay line and reach the AWG’s input port. The AWG sends
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Fig. 12.8 Diagram showing the consecutive conversion of frequencies taking place in the two
OPAs. The upper (lower) diagram corresponds to the clockwise (counter-clockwise) direction.

w and w, to two different output ports on the right: w, is reflected by a mirror and retraces
its path to the HNLF, where the OPA then generates w3 = w; — 2Aw = w; — Aw; o,
and w3 then pass through the second half of the delay line and reach the AWG?s right
input port. The AWG sends w; and w3 to two different output ports on the left: w;
is reflected by a mirror and then undergoes the same evolution as w,, except for the
difference in frequencies. The process is then repeated, and the sequence is eventually
terminated by omitting a reflecting mirror. The new frequencies form two series, namely
Wy = w1 +mAw and wypy ] = 0 —mAw,m=1,2,3, ...

Figure 12.7 shows the use of a single bidirectional N x N AWG. Alternatively, one
could use two 1 x N AWGs, each employed bidirectionally. Also, the converted fre-
quencies shown in Fig. 12.8 are obtained by assuming that w,; — wp = Aw/2. Other
distributions would be obtained by choosing wy, wpy, and w, differently [45], but that
would not change the basic principle of operation.

This arrangement has some features that distinguish it from other types of delay line.
Since there is no switching in time, there is no limit on the temporal duration of the input
signal and one can have streaming data of arbitrary duration entering the delay line. A
potentially interesting aspect is that, if desired, one can simultaneously extract from the
system all the outputs at w;, w,, w3, . . ., i.e. versions of the input signal that are delayed
by different amounts. Space switches could be used for selecting the desired version(s).

Alternative architectures based on the same principle are described in [45]. A major
difference from Fig. 12.7 is that propagation in the loop is unidirectional; as a result, two
different HNLFs are required to implement the two frequency conversions. There is a
single output, extracted by means of a fixed dropping filter; to obtain different delays, the
frequency of the input signal is shifted by means of an additional wavelength converter.

In any implementation, the practical number of different time delays that can be
achieved is limited by signal deterioration due to a number of causes: (i) amplified spon-
taneous emission (ASE) accumulation after multiple passes; (ii) nonlinear interaction
(FWM, cross-gain modulation (XGM)) between the various wavelengths. In [45] it was
shown experimentally that up to seven passes could be made around the loop; also sim-
ulations for an optimized system indicated that up to 100 passes could be made around
a 1-km-long loop, providing up to 0.5 ms of delay in 5 ps increments.
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It is interesting to note that there may also be additional applications for this basic
arrangement. In particular, if the wave at w; is not modulated then the arrangement
generates N equally spaced continuous waves, where N is an integer that can be chosen
at will. In other words, a frequency comb is generated. This is an important function for
optical communication applications, and a number of different approaches have been
used to implement it. The present approach has the advantage that in principle N can
be chosen, and also changed, by reconfiguring mirrors. On the negative side, since the
OSNR is degraded by every additional pass, an upper limit is placed on N by the minimum
quality required for all the waves.

Slow and fast light

Another desirable optical processing function would be the ability to vary the propagation
time of light in a continuous manner. Clearly this could be used for synchronizing optical
signals, etc. In recent years a variety of physical mechanisms have been proposed to
increase and/or decrease the propagation time of light in guiding structures. The terms
fast and slow light are often used to refer to this active field of research.

Recently fiber OPAs have been used for this purpose. In one approach, changes in
pump power are used to affect the shape of the gain spectrum, which is also accompanied
by a change in propagation delay [47]. The maximum delay and the tuning range can be
optimized with respect to each other by considering saturation effects in long fibers. The
proposed scheme offers tunable delay in the presence of gain, with a bandwidth that is
sufficiently wide to process digital data streams at a rate of tens of gigabits per second
as well as picosecond pulses.

In another approach the wavelength of the incident pulses is converted by an OPA
to an idler wavelength that can be varied by tuning the pump wavelength [48]. As the
idler pulses are propagated in a dispersive fiber they acquire a time delay that depends
on their wavelength. Finally, the idler pulses are reconverted to the original wavelength
by a second OPA. So the overall system can impart a variable delay on the input pulses
while conserving their wavelength. A major advantage of this approach is that the delay
is continuously variable. The demonstration in [48] used a pulsed pump for convenience.
Experimental conditions limited the maximum delay to about 800 ps. Simulations with
a CW pump showed that, with an optimized system, delays of tens of nanoseconds could
in principle be obtained.

Further progress in this area was made by using a two-pump fiber OPA with CW
pumps [49]. A maximum delay of 12.47 ns was demonstrated. Signals at 10 Gb/s were
delayed in an error-free manner. Because of the CW nature of this system, it could in
principle be used to delay signals with arbitrary modulation formats.

Storage of optical pulse trains

Another way to obtain long time delays is to store optical pulses in a fiber loop. If the
losses are compensated for by an amplifier inserted in the loop then the pulses can in
principle circulate forever around the loop. In reality there are several problems that make
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the pulses deteriorate in a finite amount of time. The first is the ASE of the amplifier,
which will degrade the OSNR over time. In addition, the same problems as those occuring
in long transmission lines, namely dispersion and nonlinear effects, will also cause a loss
in pulse quality.

In order to obtain long confinement times in such a loop, it is thus necessary to add
some means for regenerating the quality of the signals. For on—off signaling this can
be achieved by a variety of means. One possibility is to use a fiber OPA with a pump
modulated in synchronism with the data. This approach was implemented in [50], where
a degenerate fiber OPA which exploited a nonlinear Sagnac loop made of standard
polarization-maintaining fiber (PMF) was used. More recently, non-degenerate OPAs
were used [51, 52].

An important issue with a storage loop is how to load the information into it. A
variety of means involving switches have been used. In an arrangement based on four-
wave mixing, a 20 Gb/s-packet pattern was loaded and stored for up to several seconds,
corresponding to millions of circulations of the packet within the buffer [S1]. In the latest
version, the signal injection was accomplished by means of XPM [52].

High-repetition-rate source of short pulses

The nearly instantaneous nature of the fiber nonlinearity implies that its gain can be
modulated as fast as one can modulate the pump. Since modulation techniques have
been developed to modulate communication signals at up to 160 Gb/s, fiber OPAs can
therefore also be modulated at such speeds.

In addition to this high-modulation-rate capability, fiber OPAs can generate output
pulses that are considerably shorter than the pump pulses. The reason for this is the
nearly exponential dependence of the gain on pump power: for a Gaussian-shaped pump
pulse, the gain will be highest near the maximum and will drop rapidly near the edges.
The result is output pulses that can be several times shorter than the pump pulses. These
properties can therefore be exploited for making a source of very short pulses, emitted
at a very high rate.

These features have been experimentally demonstrated [53—58]. Short return-to-zero
pulses (~2 ps) were generated at bit rates of 40, 80, and 160 Gb/s using a fiber OPA.
The performance of the parametric pulse source was evaluated both back-to-back and
in a 110 km transmission link. A receiver sensitivity of —33 dB m back-to-back was
achieved after demultiplexing from 160 to 10 Gb/s. The power penalty at 160 Gb/s due
to 110 km transmission was less than 2 dB. Very short pulses (0.5 ps) were also achieved
when the parametric amplifier was used as a compressor.

In an alternative approach, a fiber OPO was used for generating dual-wavelength
picosecond pulses at a rate of 10 GHz simultaneously in the C- and L-bands [59].
A self-starting regeneratively mode-locked fiber OPO utilizing parametric gain in an
HNLF, together with intracavity soliton formation, yielded picosecond pulses. An
electroabsorption-modulator-based optoelectronic oscillator was used as an ultralow-
jitter pump source, enabling, by means of direct feedback injection locking, a significant
reduction in the timing jitter of the pulses.
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Optical clock recovery and multiplication

An important function in optical communication is to derive a stable clock from the
incoming data stream itself. Numerous all-optical techniques have been developed for
doing so. In [60] a wavelength-tunable dock recovery scheme for all-optical 3R (three
error) regeneration and simultaneous wavelength conversion was reported. The scheme
was based on a fiber OPO. The 2.9 ps clock pulses were recovered from the incident
pseudo-random data stream; the clock wavelength was tunable over the whole EDFA
bandwidth. Radiofrequency spectrum measurements showed that the recovered clock had
less timing jitter than the incident data stream. Two-channel clock-recovery experiments
demonstrated the feasibility of the scheme at a data rate of 100 Gb/s.

In addition, soliton trains can be parametrically generated in fiber loops when an
incoming soliton train interacts with a CW pump in the nonlinear fiber [61]. The idler
may either reproduce or multiply the incoming repetition rate, depending on whether the
corresponding cavity harmonic is exactly matched or differs by an amount equal to an
integer fraction of the longitudinal mode spacing.

Optical signal processing

(@) Pulsed-pump OPAs

The applications considered above rely on the properties of CW fiber OPAs. We now turn
to applications using pulsed fiber OPAs. In a pulsed OPA the pump consists of a train
of pulses. As a result, the gain is strongly modulated in time since it is a function of the
instantaneous pump power (recall that the maximum gain of a fiber OPA is approximately
G = 8.6y PyL — 6indecibels). The output signal and idler will then be essentially turned
on and off by the OPA, which can be thought of as acting as a type of switch. Several
applications make use of this feature.

TDM demultiplexing

A common problem in optical communication is the demultiplexing of time-division
multiplexed (TDM) signals. In a TDM system, the modulated pulses associated with a
number N, of channels are interlaced in the time domain and grouped in frames of N,
pulses. For example, the nth pulse in a frame can be associated with the nth channel.
The role of the demultiplexer is then to pick out the nth pulse in each frame, in order
to recover the pulses associated with the nth channel and hence the data carried by that
channel. The demultiplexing can be destructive if the pulses associated with the other
channels are lost in the process. However, it can in principle be non-destructive if all the
other pulses are preserved by the process; in this case, further stages of demultiplexing
can extract the other channels. In this case one could insert new pulses in the now empty
nth slot in each frame, thereby realizing an “add or drop” operation.

To make a TDM demultiplexer from a pulsed-pump OPA, one needs to have only
one pump pulse per frame and its duration should be at most that of a signal bit. The
pump pulses must be periodic and synchronized with the bits to be extracted. Under
these conditions, at the output of the OPA the signal pulses coinciding with the pump
pulses will be amplified compared with the rest of the signal pulses. If the gain is large
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enough, say 20 to 30 dB, most energy in a frame might correspond to the desired channel.
Then one could ignore the contributions from the other channels and use this output to
extract the desired channel by detection and thresholding. However, if the gain is not
large enough or the frames are very long then the unamplified pulses of the undesired
channels might contribute a significant amount of energy per frame and, hence, noise that
could cause errors in detecting the desired channel. In that case, it might be preferable
to use the idler as the output of the demultiplexer (DMUX). The advantage of the idler
is that only the desired pulses are present, which leads to a better SNR. With the idler,
one could in principle use relatively low gain and still obtain a good SNR.

The demultiplexing of TDM signals using the idler was first demonstrated for 20 Gb/s
signals with a gain of 19 dB and a 1.4 dB power penalty [62]; TDM demultiplexing using
the signal was demonstrated for 40 Gb/s signals with a gain of 40 dB [63] and a signal
that could be tuned over a 39 nm range.

We note that using the idler also leads to a non-destructive DMUX, since the pulses
of the other channels at the signal wavelength are essentially undisturbed and could
potentially be demultiplexed by further OPA stages.

Multiband bit-level switching

In related work, a pump modulated with a 10 Gb/s bit sequence was used for switching
bits from a signal synchronously modulated with another 10 Gb/s bit sequence [36]. This
work is interesting in that it was based on a two-pump OPA and the pump spacing was
small enough that multiple converted frequencies were created at the output. Multiple-
band bit-level optical switching was demonstrated over a bandwidth greater than 50 nm,
with a maximal conversion efficiency of 24.2 dB.

2R or 3R regeneration

In long-haul communication systems, signals can become distorted over long distances
because of the combined effects of fiber nonlinear effects, dispersion, and ASE added
by optical amplifiers. As a result, if one considers a return-to-zero (RZ) transmission
system, using a single optical pulse to represent a “1” bit and the absence of a pulse
for a “0” bit, the bits can get corrupted in a number of ways. The shape of the “1”
pulses can become distorted, generally becoming wider; their amplitudes can become
different from pulse to pulse; their position in the reference-bit time slot can vary from
pulse to pulse (timing jitter). Also, the “0”’s may become corrupted by the wings of the
distorted “1”’s, spreading optical energy where none should be present. In addition, ASE
and nonlinear effects may introduce random fluctuations in either level, leading to BER
degradations.

It may thus be desirable to try to correct these defects at periodic intervals along
the transmission line and to restore the initial pulse shapes as much as possible. This
is referred to as regeneration. Many types of regenerator have been investigated, some
correcting just one defect while others correct all defects. Depending on the number of
defects being corrected, they are called 1R, 2R, or 3R regenerators.

1R is simply reamplification, and can be accomplished by any type of optical amplifier.

2R is reamplification plus reshaping. Ideally reshaping means a return to the original
pulse shape. In practice, however, it is in general impossible to accomplish this and so
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reshaping means a partial reversal of some aspect of the pulse degradation: in one case it
could be improvement of the overall pulse shape and in another case it could be reduction
in noise in the “1”’s. There are therefore many possible ways to accomplish reshaping,
many of them involving nonlinear optical mechanisms.

3R is 2R plus retiming, i.e. reduction in the pulse timing jitter that may arise in a
transmission line due to effects such as ASE, Raman gain, the Gordon—Haus effect, etc.

Since fiber OPAs can provide a large gain (for either the signal or the idler), they
automatically provide 1R regeneration. Being fast nonlinear devices, they can also be
used for providing reshaping and retiming, and hence 2R and 3R regeneration, in a
number of ways.

For pulsed OPAs one idea is to use a pump whose intensity is periodically modulated
at the same rate as the data and synchronized with it. (It is assumed that a clock is
extracted from the signal by means such as a phase-locked loop.) Since the OPA gain is
a strong function of the instantaneous pump power, if the pump pulses have short rise
and fall times and if there is little or no intensity between the pulses, the amplified signal
pulses will be strong only during the pump pulses. This will provide retiming and some
reshaping of the “1” pulses. Regeneration should be performed before significant power
leaks to the center of the “0” pulses, otherwise this light would also be amplified, which
would be undesirable. This type of regeneration is attractive because the optical frequency
of the pulses is not altered, which implies that such regenerators can be cascaded many
times. However, one can also use the idler as the regenerated output; the performance is
then similar except for the wavelength shift.

The above type of regeneration has been demonstrated experimentally [64]. A 10 Gb/s
signal was amplified in a one-pump OPA. The pump was an actively mode-locked fiber
laser driven by synchronous modulation, obtained from the signal via a phase-locked
loop. This arrangement provided a reduction in timing jitter of 2.7 ps. A reduction in
amplitude fluctuations was also obtained, by operating the OPA in saturation.

A rather different approach consists of using the amplified signal as the OPA pump
itself. The pump modulation is then transferred to a CW input probe and emerges at the
output on both the probe wavelength and the idler wavelength; either of these waves can
then be used as the output for the regenerated signal. Because no clock is involved in this
arrangement, no retiming is possible. The gain is not the usual OPA gain but takes into
account the gain used for boosting the original signal as well as the conversion efficiency
from the pump to the output signal or idler. This arrangement can provide reshaping,
because of the nature of the transfer function from the pump to the probe or idler [65]. In
experiments, data was regenerated with an extinction ratio as high as 14 dB, an extinction
ratio enhancement of 5 dB, and a 5 dB negative power penalty [65].

It is interesting to note that a similar improvement in extinction ratio had previously
been observed in a comparable arrangement, which was being viewed primarily as a
wavelength converter rather than a regenerator [66].

The possibility of using fiber OPAs for the 2R regeneration of RZ-DPSK signals has
been recently investigated. It was shown that saturated amplification in a non-degenerate
fiber OPA is a potential candidate [67]. Note that this approach is not the same as that
based on degenerate OPAs [20].
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Optical sampling

Optical sources can generate short pulses at high repetition rates. These can be used for
sampling in the optical domain. This requires a very fast optical device that can respond
essentially instantaneously in comparison with the length of the sampling pulses. Fiber
OPAs can respond on a femtosecond time scale, and thus can be used for optical sampling.
The idea is similar to that of an optical DMUX except that now the pump consists of
pulses much shorter than the period of the optical signal to be sampled. There is one pump
pulse for every N, periods, occurring at a slightly different time in each signal period.
Then at the OPA output the idler consists of pulses coinciding with the pump pulses and
with about the same duration. This train of pulses with a relatively low repetition rate
can now be converted to electrical signals with relatively low frequencies, which can
then be handled by electrical circuits and displayed on a conventional oscilloscope. The
result is a display of the detailed structure of the periodic optical signal of interest, over
a one-period interval. In particular, this method is useful for displaying periodic signals
such as the bit patterns used for measuring bit-error rates. In addition, if sampling is
used on an aperiodic signal, such as a typical communication signal, the eye pattern of
the signal can be displayed; this provides very useful information about pulse distortion,
timing jitter, Q-factor, etc.

This idea has been demonstrated experimentally [68]. By using OPA pump pulses
of picosecond duration, the authors were able to implement optical sampling and to
display a time-resolved periodic 300 GHz waveform. A commercial optical sampling
oscilloscope based on this principle has recently been introduced [69]; it has a temporal
resolution of 1 ps.

In related work [70] a Kerr switch was operated with pump pulses of 0.9 ps duration
and 15 W peak power in a 20-m-long HNLF. The ZDW was at 1579 nm and the pump
was placed very close to it. The signal wavelength could be anywhere in the 1535-1565
nm range. This arrangement provided optical switching with a parametric gain of 7.6
dB, which was used for demultiplexing signals at 160, 320, and 640 Gb/s. The power
penalty was less than 0.2 dB at 160 Gb/s, and increased to 2.5 dB at 640 Gb/s. The same
arrangement was also used for optical sampling of the optical signals at these rates,
permitting the display of eye patterns for these very-high-speed signals.

(b) Continuous-wave OPAs
Some functions that can also be viewed as optical processing functions can be performed
by OPAs operating on a CW basis.

Amplitude-noise reduction

This application exploits the facts that the gain of fiber OPAs saturates as the signal input
power increases beyond a certain level Py, and that this saturation is instantaneous. As
a result, fluctuations around the high input level result in relatively small fluctuations
around the high output level. Thus, if one considers a binary input signal, with a low
level near 0 and a high level above Py, at the output the resulting binary waveform has
noise at the high level that is compressed compared with that at the high input level. In
other words, we have amplitude-noise reduction for the high level.
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It is important to note that this is possible only because the OPA gain responds almost
instantaneously to the input signal fluctuations. This is in contrast with what occurs
in EDFAs, where the gain is modified only by reducing the population inversion, the
latter being controlled by the average power not by short-term fluctuations. Hence in
EDFAs the gain for the entire waveform is reduced by the same amount by saturation,
and saturation does not lead to beneficial amplitude-noise reduction.

This mechanism has been studied theoretically and experimentally [71-73] and it
has been verified that it does lead to a reduction in amplitude noise. The mechanism
has also been used in combination with timing jitter reduction [74]. In a variation, the
processed output is obtained from a higher-order FWM wave. It can be shown that these
waves exhibit a stronger dependence on signal power, and therefore they have a transfer
function that has a flatter top and is better suited to the reduction of amplitude fluctuations
[75-77].

Phase- and amplitude-noise reduction

Differential phase-shift keying (DPSK) has emerged in recent years as an important
modulation scheme for long-haul optical transmission [78—81]. If it is to be used over
very long fiber links, it may need to be regenerated along the way. In that case, all-optical
regeneration would be desirable. By using a degenerate PSA it is in principle possible to
reduce phase fluctuations.

Recent experiments performed with a nonlinear Sagnac interferometer have shown
that it is indeed possible to reduce phase error and that amplitude fluctuations can be
reduced at the same time [81]. Maximum phase errors of 82° were reduced by a factor
2, and the SNR was simultaneously improved by nearly 6 dB. The performance of the
phase-sensitive amplifier (PSA) was found to be robust with respect to input SNR and
phase noise.

Monitoring of network parameters

A rather different area of application of OPAs in optical communication can be contem-
plated if one uses an amplified communication signal as a pump and a weak unmodulated
probe as a “signal” for a fiber OPA. In such a situation one can use the idler as the output.
Clearly the shape of the idler pulses will depend strongly on the shape of the pump
pulses, and therefore any change in the latter will affect the former. Thus by monitoring
the characteristics of the idler pulses one can in principle infer changes in the incoming
pulses, which can be affected by a number of features of the transmission network.

This idea was first used to measure the accumulated residual dispersion of the input
signal [82]. The concept was successfully demonstrated with 40 Gb/s RZ signals. This
approach potentially works for data rates up to terabits per second and can be applied to
provide a feedback for automatic dispersion compensation.

A major advantage of this type of technique is that it permits the indirect monitoring
of some features of very short pulses (peak power, pulse length), without requiring the
use of very fast detectors and electronics.
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In an alternative approach a conventional OPA is employed, using a strong CW pump
[83, 84]. An incoming communication signal now serves as the input “signal” of the
OPA. By using high gain and fairly strong output signals, higher-order FWM terms are
generated within the OPA. The amplitude of these terms depends very strongly on signal
peak power and therefore on their duration, which is itself related to dispersion. Hence
monitoring the high-order FWM terms can lead to a measurement of the dispersion
accumulated in the transmission network by the signal pulses.

This method has attractive features. Since it uses an OPA employed in a conventional
manner, it could be readily be implemented in systems using fiber OPAs for either
signal amplification or wavelength conversion. And, of course, if the OPA is used for
amplification then it generates an idler, which can potentially be used for other purposes.

In experiments, dispersion monitoring with 11 ps pulses that experience a net dis-
persion of +180 ps per nanometer has been demonstrated, with an OPA gain of more
than 18 dB. These pulses are similar to those to be used in high-bandwidth (~40 Gb/s)
communication systems; the device is compatible with 160 Gb/s systems.

A related method was introduced to monitor optical SNR changes in incoming trans-
mission signals, again using the average power of a high-order FWM term in an OPA
[85]. The basis for the idea is that, for a constant input power, the average FWM power
is a function of the signal OSNR: a signal consisting of noiseless well-formed pulses
will generate a higher average power via FWM than a signal consisting of noisy pulses.
The method was validated, in controlled laboratory experiments, by adding a variable
amount of noise to a signal in the form of ASE and measuring the corresponding changes
in average power of the FWM term.

It also was proposed to measure chromatic dispersion and OSNR simultaneously with
the same setup, since the average power of the FWM term depends on both these features
[86].

While these network-monitoring techniques are in principle attractive and have been
demonstrated in carefully controlled laboratory experiments, it is not clear whether they
could provide accurate information in actual communication networks, where the signal
quality might be affected by additional effects. In such situations it might be difficult to
ascertain the origin of some variations in the FWM level and to determine the contribution
of each possible mechanism accurately.

Quantum effects

In Chapter 3 we studied fiber OPAs using a purely classical formalism, based on
Maxwell’s equations and the expression for the nonlinear polarization density. A more
advanced treatment, based on quantum electrodynamics, was presented in Chapter 9. We
will now describe without proof a number of quantum-related features of fiber OPAs,
which may find application in the future. Most of these features are related to the fact
that the signal and idler are strongly connected at the quantum level.

A remarkable aspect of the signal and idler photon pairs generated by fiber OPAs is
that they can be used to generate entangled quantum states. Since these photons have a
common origin they behave like twins, in the sense that some of their properties remain



272

Potential applications of fiber OPAs and OPOs

identical even if they propagate in very different directions. In particular, if the signal
and idler are in the same classical state of polarization (SOP) (say circular) and are
analyzed by means of a vertical polarizer followed by a photon detector, one would find
that all photon-detection events would be exactly the same in both arms. Hence, there
would be a perfect correlation between the two measurements. This is different from
what would happen with two independently generated laser beams, in which case there
would be no correlation between the photon-detection events in the two arms. The fact
that such photon pairs maintain such a strong correlation regardless of separation in
space and time is regarded by some as being “spooky”, because it appears to imply the
instantaneous transfer of information between two locations. In fact, one can show that
this does not occur, and that these correlations, while perhaps surprising, do not violate
any fundamental laws of physics [87].

Such correlations can potentially be used in a number of applications, in systems
based on the properties of quantum states of single particles. In optics, this means that
the systems in principle should be able to emit, transmit and detect single photons, ideally
with unit efficiency. While there are considerable practical difficulties in making such
systems, a great deal of theoretical work has been done to understand their potential.
Entangled states could be exploited in the following areas: cryptography, computing,
teleportation, and dense coding [87].

Experiments have been performed to demonstrate the properties of the photon pairs
generated by fiber OPAs. Pulsed twin beams of light have been generated in a Sagnac-
loop non-degenerate fiber OPA [88]. For a gain of 2.2, the intensity noises of the amplified
signal and the generated idler (conjugate) pulses were found to be correlated by 5.0 dB,
and the subtracted noise dropped below the shot-noise limit by 1.1 dB (2.6 dB when
corrected for losses). The generation of twin photon pairs in microstructure fiber has
also been investigated [89].

In [90] a source of quantum-correlated photon pairs based on parametric fluorescence
in a fiber Sagnac loop was reported. The photon pairs were generated in the 1550 nm
fiber-optic communication band and detected with InGaAs—InP avalanche photodiodes
operating in a gated Geiger mode. A generation rate greater than 103 pairs per second
was observed, limited by the detection electronics. The non-classical nature of photon
correlation in the pairs was also demonstrated.

Another interesting feature of fiber OPAs is their ability to reduce fluctuations in light
intensity below the so-called shot-noise limit. The shot-noise limit is obtained with a
laser output that is in a coherent state (CS). In this case, the light intensity fluctuates about
its classical mean value with a standard deviation o, that can be calculated by quantum
electrodynamics. This variance is the same at any time during an optical cycle. Optical
parametric amplifiers, however, can generate squeezed states of light with noise variances
o that are different for the two quadratures: experiments show a minimum value o,
and a maximum value oy, such that ominOmax = (0¢)>. This implies that oy, < oc, SO
that the fluctuations are reduced below the standard shot-noise limit for one quadrature;
hence the name squeezed light. Squeezing approaching 10 dB has been demonstrated.
Unfortunately, squeezing is very difficult to obtain, and to maintain in the presence of
loss; hence, it is correspondingly difficult to use it in optical communication. At this
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Fig. 12.9 On the left, the experimental setup: VCO, voltage-controlled oscillator; DFB,
distributed-feedback laser; TBF, tunable bandpass filter; WDM, wavelength-division
multiplexing; OSA, optical spectrum analyzer. On the input, a typical OPA output optical
spectrum displayed on the OSA.

time it appears that squeezed light might be most useful for improving the sensitivity of
interferometers such as those used for the detection of gravitational waves.

From a practical standpoint, squeezed light can be generated by degenerate fiber OPAs,
in which all waves have the same frequency. Experiments have been performed with
fiber Sagnac interferometers, and several decibels of squeezing has been demonstrated
[91,92].

12.3 OPAs in high-power wavelength conversion

Since single-mode fibers are capable of withstanding relatively high average powers
(more than one kilowatt for large-core fibers), fiber OPAs may also be useful for appli-
cations requiring high average or CW powers. In particular, high-power wavelength
conversion can potentially be an important area of application for fiber OPAs, as it could
generate from existing sources high-power waves in spectral regions currently without
such sources. For example, efficient high-power fiber lasers exist between 1 and 1.1 pm
(ytterbium-doped fiber lasers, YDFLs) and between 1.53 and 1.62 um erbium-droped
fiber lasers (EDFLs) but not outside these bands. Fiber OPAs have the potential for mak-
ing efficient wavelength converters, taking the power of one (or both) of these sources
and transferring it to another region.

Experiments have been performed to verify some of the quantitative predictions made
in Section 5.6 [93]. The schematic of the experimental setup is shown in Fig. 12.9.

The C-band signal was supplied by a DFB laser with a nominal wavelength 1562 nm,
which could be tuned over a few nanometers by temperature control. It was amplified
to a power of the order of 1 W by a C-band amplifier EDFA1. (The OPA could also
be operated with a signal provided by an external cavity laser, tunable over the entire
C-band; in this mode, the idler could be tuned from about 1660 to 1700 nm.)

The L-band pump was supplied by a distributed fiber Bragg (DFB) laser with a nominal
wavelength 1611 nm. It was amplified to a power of the order of 1 W by the L-band
amplifier EDFA2, and this was followed by a narrowband tunable bandpass filter TBF
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Fig. 12.10 On the left, the idler output power as a function of pump input power for 0.82 W
signal input power. The idler wavelength was approximately 1665 nm. The pump wavelength
was optimized near 1612 nm to maximize idler output power. On the right, typical optical output
spectrum displayed on the OSA; the peaks labeled FWM result from four-wave mixing among
the three main waves.

to remove ASE produced by EDFA2; EDFA3 then amplified the pump to a power of up
to3 W.

In order to obtain CW operation it was necessary to suppress stimulated Brillouin
scattering (SBS) in the OPA HNLF. To do this, the linewidths of both lasers were
increased by modulating their currents with the 150 MHz sinusoidal output of the VCOs.
This produced some intensity modulation of the DFBs but, more importantly, substantial
frequency modulation (FM). In this manner it was possible to increase the linewidths to
several gigahertz, which was sufficient to suppress SBS efficiently. The SBS suppression
was monitored as the powers were increased by means of a 1% tap inserted between the
WDM coupler and the HNLF (not shown). A fused-fiber WDM coupler combined the
signal and pump, with low loss, into the HNLF.

The HNLF was manufactured by Sumitomo Electric. It had the following
nominal parameters: Ap = 1612 nm;y = 12 w-! km_l;D,\ = 0.024 psnm—2 km_l;
Bi=—1x10"Ps*m™"; L =40 m.

Figure 12.10 (left) shows the measured idler output power P; as a function of the pump
power Py, for a signal input power Py = 0.82 W. The maximum value P; = 0.9 W was
obtained for Py, =3 W. This corresponds to an optical conversion efficiency of 23%
(defined as the ratio of the idler power and the input pump power plus the signal power).

Figure 12.10 (right) shows a typical OPA output spectrum displayed by the OSA. The
three main peaks correspond to the signal, pump, and idler. The two smaller peaks labeled
FWM are due to spurious four-wave mixing between the three main waves. They are at
least 30 dB lower than the main peaks. This shows that: (i) they have a negligible impact
on the optical efficiency; (ii) the three-wave analysis used for the theoretical model is
well justified. The ASE level between the main peaks is at least 40 dB less than the peak
level, which shows that the three output waves have a high optical SNR, desirable in
some applications.

Experiments were also performed with A; about 20 nm longer, and comparable results
were obtained.
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0POs

Wavelength conversion can also be accomplished by using OPOs instead of OPAs. There
are trade-offs involved in choosing one approach or the other. The most obvious is that
an OPO does not require a signal source to seed it. Only the pump source is required,
and this may lead to a simpler system as well as to a higher conversion efficiency (idler
output power divided by total input power).

An important trade-off concerns the linewidth of the output. In an OPA, it is basically
determined by the linewidths of the signal and the pump and with proper design can be
as small as a few kilohertz. With an OPO, the idler linewidth depends again on the pump
and signal linewidths but now the latter is determined by the OPO’s optical cavity. A
difficulty with fiber OPOs is that the cavity length is typically many meters long, so that
the frequency spacing between the longitudinal modes is small, typically of the order of
1 MHz. As a result, it is difficult to make an intracavity optical filter that can select and
track a single frequency. For example, the reflective FBGs that could be used in a cavity
as end mirrors may have a bandwidth of a few GHz at best, which implies that many
longitudinal modes will oscillate simultaneously. It is in principle possible to design more
complex filtering systems that could achieve single-frequency operation, but they would
be lossy. To date, this difficulty has prevented the single-frequency operation of fiber
OPOs, and achieving it while maintaining desirable properties such as high efficiency
and tunability poses a significant challenge.

The advantage of a pulsed OPO source is that one can have a high peak power with
a moderate average power, in combination with a low duty cycle. The peak power is
particularly useful for obtaining a large gain bandwidth, which can reach hundreds of
nanometers (see subsection 11.2.1); this can in principle be used for making a light
source with output tunable over this wide range.

The performances obtained with the first fiber OPOs are quite respectable and indicate
that, with future improvements, such devices should eventually approach their theoretical
performance and provide interesting new types of light source. Their performance was
reviewed in Chapter 11.
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13.1

13.2

Nonlinear crosstalk in fiber OPAs

Introduction

Fiber OPAs have a number of features that are potentially attractive for optical com-
munication systems. In particular there is the prospect of using amplifiers with several
hundred nanometers of gain bandwidth for the construction of wavelength-division mul-
tiplexing (WDM) systems with tens of terabits per second of capacity. However, before
this potential can be realized a number of effects that can degrade the signal-to-noise ratio
(SNR) must be addressed. Specifically these effects are: cross-gain modulation, mediated
via pump depletion; four-wave mixing (FWM) between signals or between signals and
a pump; cross-phase modulation (XPM) between signals. The physical origin of these
effects is simple: efficient OPA operation generally requires that all the waves of interest
be close to the zero-dispersion wavelength (ZDW) of the fiber, and this in turn implies
that a number of other unwanted nonlinear interactions will also be well phase matched
and so may generate large undesired effects. This origin indicates that these effects are
fundamental in nature and may therefore be difficult to suppress.

Because of the importance of this issue, these effects have been investigated in depth
by several research groups [ 1-12]. It has been found, through simulations and experimen-
tally, that some of these effects can indeed be quite large under certain circumstances,
to the point where they bring into question the viability of using fiber OPAs in WDM
communication systems. It is therefore important to analyze in depth the origin of these
effects and to quantify their dependence on the various parameters, in order to design
strategies to minimize their impact on system performance.

In this chapter we provide simplified analyses of FWM, cross-gain modulation (XGM),
and cross-phase modulation (XPM). This approach has the advantage of showing how
the various terms scale with the system parameters, so that strategies can be designed to
minimize them. We begin with a study of FWM crosstalk, which has received the most
attention in the literature. We then consider XGM crosstalk, which has been the object
of fewer studies. Finally, we consider the possibility of XPM crosstalk.

Four-wave mixing

It is well known that multiple optical carriers in long transmission fibers can interact
with each other by means of signal-signal FWM, generating new waves that can fall
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Fig. 13.1 Spurious FWM in a one-pump OPA: ws is due to signal-signal interaction and ws and
w7 are due to pump-signal interaction.

at the same frequencies as other carriers and so degrading their SNR. It is also known
that the same phenomenon can occur in amplifiers such as erbium-doped fiber amplifiers
(EDFAs), semiconductor optical amplifiers (SOAs), and Raman amplifiers, because of
the relatively high nonlinearity of the gain media and the good phase matching that
prevails over their short lengths.

Fiber OPAs are subject to the same phenomenon, for the same reasons. The problem
is exacerbated by the fact that, in order to have a large bandwidth, fiber OPAs need to be
operated in the vicinity of the zero-dispersion wavelength (ZDW). This in turn implies
that chromatic dispersion is small, so that signal-signal FWM between closely spaced
signals can be very well phase matched. When combined with the high nonlinearity of
the fiber medium, this results in the generation of FWM terms that can exceed the levels
encountered in EDFAs.

In addition, in a fiber OPA with moderate to large gain, idlers are generated that have
almost the same amplitude as the corresponding signals over most of the amplifier length.
These idlers will in turn give rise to FWM terms, by interactions among themselves, with
the pumps, and with the signals.

One-pump OPA

To clarify the nature of the possible FWM terms, let us first consider a one-pump fiber
OPA with a pump at w;, which generates gain for signals at w; and wy; see Fig. 13.1. For
simplicity, the idlers are not shown; they would be to the left of the pump. Figure 13.1
shows some of the FWM terms that are generated by the signals and the pump.

In Table 13.1 are listed all the possible types of undesired FWM term that arise from
two signals and their associated idlers, in either a one-pump or a two-pump OPA. The
initial signals are denoted by S| and S,, the idlers by I; and I, and the pumps by P, and P,.
An “x” in a box signifies that the corresponding wave is involved in the generation of the
FWM term corresponding to that line. On each line there are either two x’s (degenerate
FWM) or three x’s (non-degenerate FWM). For each line with two (three) x’s, there are
actually two (three) FWM frequencies. Thus the total number of FWM terms is simply
equal to the number of x’s in the table. (However, for a one-pump OPA one of the two
FWM terms associated with lines 12 and 13 is actually the idler corresponding to that
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Table 13.1. FWM terms due to two signals in one-pump and two-pump OPAs

S Sy I I P Py
1 X X
2 X X
3 X X X
4 X X X
5 X X X
6 X X X
7 X X
8 X X
9 X X
10 X X
11 X X X
12 X X
13 X X
14 X X X
15 X X
16 X X
17 X X X
18 X X
19 X X X
20 X X X
21 X X X
22 X X
23 X X
24 X X X
25 X X
26 X X
27 X X X
28 X X X
29 X X X
30 X X X
31 X X X
32 X X X
33 X X X
34 X X X

signal and should not be counted as a spurious FWM term, but for a two-pump OPA it
should be kept in that category.)

For any OPA, lines 1-10 are applicable as they contain only signals and idlers; this
corresponds to a total of 24 terms. For a one-pump OPA, with pump Py, lines 11-20 are
added, corresponding to an additional 26 terms that involve P;. Hence a one-pump OPA
has a total of 50 — 4 = 46 spurious FWM terms.

For a two-pump OPA, new FWM terms arise from the interaction of P, with signals
and/or idlers (but not with P;). These corresponds to lines 21-30, which are the same as
lines 11-20 but with P; replaced by P,. In addition, there are four terms involving both
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P, and P,, and one signal or one idler; these correspond to lines 31-34. Subtracting the
four terms that simply correspond to the signals and idlers, we find that that there are a
total of 88 — 4 = 84 spurious FWM terms.

Simulations do not show this many spurious frequencies, for either the one-pump or
the two-pump case. The reason is that some FWM terms are degenerate, in the sense
that they have exactly the same frequency.

In typical communication applications the OPA pump powers used are much larger
than the signal powers (about 100—1000 times larger). Hence it is clear that FWM inter-
actions that involve a pump have the potential for yielding undesired FWM terms that
are much stronger than interactions involving only signals and/or idlers. Therefore we
can classify all possible FWM interactions into two groups, depending on whether they
involve a pump: interactions involving a pump will be referred to as being of first order
while those not involving a pump will be said to be of second order. The reason for this
terminology will be made more explicit below when we calculate the magnitude of the
FWM terms in certain situations.

In all OPAs with moderate to large gain the idlers have almost the same magnitude as
the signals, and so the signals, idlers, and pump(s) always have a spectrum consisting of
symmetric frequencies. As a result, the spectrum of the resulting FWM terms will have
the same property (note that the amplitudes of symmetric components may be slightly
different). Symmetric pairs of FWM terms will behave as a signal and idler pair and will
be amplified by the OPA gain as such. It is important to note that this amplification will
be phase sensitive, because both FWM terms initially arise independently; this phase
dependence may provide opportunities for selective FWM reduction.

Finally, it is worth noting that when calculating the output spectrum of an OPA by
numerical means such as the split-step Fourier method (SSFM), one may see a number
of terms that are not accounted for in the list of Table 13.1. These terms are the result of
further FWM of terms listed in the table, which may mix with each other and/or possibly
with a pump. Generally these terms are smaller than those discussed so far, and for that
reason we will not consider them further.

(@) Second-order FWM

Let us consider for example the case where the two initial signals of Fig. 13.1 mix, to
yield a FWM term at ws = 2w3; — w4. We assume that the signals exhibit maximum
parametric gain, so that g3 = g4 = g5 = g = yPjo, and also that the gains are
nearly exponential [i.e. the power gain G & e%¢?/4], which is a good approximation for
moderate to large gains. We also assume that the FWM interaction is perfectly phase
matched, which provides a worst-case situation.

We use here an approximate analysis in order to estimate the magnitude of the FWM
terms. This approach has been used previously for studying FWM in other types of
amplifier, such as EDFAs [13], erbium-doped waveguide amplifiers (EDWAs) [14, 15],
and Raman amplifiers [16]. A key assumption is that the FWM terms are amplified by
the parametric gain, just as signal and idler, but we do not consider in detail the equation
governing the idler associated with the FWM term. We let Py, k = 1, 3, 4, denote the
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powers of the three initial waves. With these assumptions the field at ws, 45, is governed
by

dA iy A%, A2
T2 = g ds +iy 434G = gds + IV 730740 3¢z (13.1)
The solution is
As = iy A3 A% o8l — i A3, 45 ol (13.2)
16g 16P1()
In terms of powers, we find that the ratio of the FWM crosstalk power to the signal output
power is
Ps 1 [Py s 1 [ GPy 21 Piow\’
PSS B () e S = (=22) . sy

where Py out = G Py is the signal output power.

Equation (13.3) predicts that this type of crosstalk depends only on the pump power
and the signal output power. It does not explicitly depend on the gain or the signal input
power. It is also completely independent of the type of fiber used and is the same whether
dispersion-shifted fiber (DSF) or highly nonlinear fiber (HNLF) is employed. This is a
very important design tool, because it tells us how we should choose the pump power and
output signal level to achieve a particular level of crosstalk. This should be done without
considering the OPA gain required or the signal input level; these should be dealt with
separately, choosing the OPA gain necessary to overcome the span loss and/or give the
necessary bandwidth.

We also note that the FWM power depends on the square of the ratio of the signal
output power and pump power (which should be a small number in a typical OPA for
communication applications). This is why we classify this type of FWM as being of
second order.

It is interesting to note that the quadratic dependence of X 7y on Py oy predicted by
Eq. (13.3) is in good agreement with experiment. In [12] it was found that when plotted
on a logarithmic scale the graph of crosstalk power versus signal output power was nearly
linear, with a slope of 2.2; this is close to the value 2 expected for a quadratic relationship.

It is also often convenient to use decibels for the various quantities in Eq. (13.3); this
leads to

(XTss)dB = 2(1')4,out - PlO)dBm — 6. (134)

This form is particularly useful when dealing with experiments, for which the output
pump and signal powers can simply be read off an optical spectrum analyzer (OSA),
directly in dB m. It is also interesting to note that because only the difference between
these two powers enters Eq. (13.4), it is actually not necessary for the OSA readings to
be calibrated to provide absolute powers; relative powers are sufficient.

Let us consider an example. In a long-haul communication system we may want to
have Py oyt = 0 dBm. If we want a crosstalk level (X7),s = —46 dB, which may be
adequate for a communication system, we find that we need P;p = 20 dBm. This is a
reasonable pump power for a fiber OPA.
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It should be noted that Eqs. (13.3) and (13.4) correspond to a single FWM term,
generated by two signals. In a wideband WDM system the number of signals Ny may
be as large as 100. These signals generate a large number, of the order of N2, of FWM
terms. Hence some FWM terms may fall on a particular signal; this number is of the
order of N2. Assuming that these FWM terms add up on an incoherent (power) basis then
the crosstalk level given by Eq. (13.3) should be multiplied by a term of the order of N2.
For example, if Ny is an even number and the signals are symmetrically distributed about
an empty channel then it can be shown that the number of FWM components falling on
the empty channel is well approximated by

3Ns [N
Nrwm ~ 578 (75 - 1) + 1. (13.5)

Then Eq. (13.4) should be modified as follows:
(XTs)ap = 2(Ps.out — P10)aB m — 6 + 1010g;o(Nrwm)- (13.6)

The predictions of Eq. (13.6) are in reasonable agreement with the experimental results.
In [12] results of crosstalk measurements as a function of N are presented. As Nj is
increased from 4 to 8, (X 7y g increases by 6 dB; this is to be compared with the increase
of 7 dB predicted by Eq. (13.6). This good agreement indicates that Eq. (13.6) can be
used for obtaining an approximate idea of how the signal—signal crosstalk scales with
the number of signals.

Equation (13.6) indicates that for Ny = 100 the signal-signal FWM crosstalk would
be larger by about 20 dB than for two signals. This is a considerable increase, which
should be taken into account when choosing the desired values of the pump power and
the signal output power.

However, one should remember that Eq. (13.6) is pessimistic, in that it is based on
the assumption that all the signal-signal FWM interactions are perfectly phase matched.
While this may well be correct for closely spaced signals, in a 100-channel system some
FWM interactions will be between signals that are at least 10 nm apart, and these could
well be poorly phase matched. Hence Eq. (13.6) should be viewed as a conservative
upper limit.

As in transmission systems, a number of other approaches can be used to reduce the
impact of signal-signal FWM in OPAs. For example, one could use uneven spacing of
the carriers, to make some unwanted FWM terms fall between carriers.

Also, one could use alternating polarization states for the carriers; this has the effect of
significantly reducing the FWM terms due to channels with orthogonal SOPs. Overall,
this leads to a reduction in total signal—signal crosstalk by about a factor 2. (Note that for
this approach to work, the OPA has to be polarization-independent; the benefit associated
with this approach has been experimentally demonstrated in such an OPA [11].)

We also see from Eq. (13.3) that using a higher pump power can significantly reduce
signal-signal FWM. Using high power in turn reduces the fiber length required to obtain
a given gain, and this reduces problems associated with ZDW fluctuations and random
birefringence. Therefore increasing the pump power to reduce FWM brings about addi-
tional benefits, related to the reduced fiber length.
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(b) First-order FWM
Let us now consider an example where the pump mixes with one or two signals. The
pump at @ and the signals at w3 and w4 mix to yield new waves at wg = w3 + w4 — W
and w7; = w; + w4 — w3, corresponding to two types of FWM; the locations of these
terms are shown in Fig. 13.1. The first type of first-order FWM also yields degenerate
terms (e.g. with w3 = wy), but the other type does not. The terms of the first type falls
away from the pump, beyond the signals, whereas the other term falls between the pump
and the signals (see Fig. 13.1).

With assumptions similar to the equation for the signal-signal case, the growth rate
of either type of pump—signal FWM term is governed by an equation of the form

dAg o
—— =gdes +2iy A1 4344
dz
[y A%y Az A
= g+ w =3 (13.7)
This leads to an expression for the relative pump—signal crosstalk:
4P 4P, 4Py ou
XTpS = 6 = 40 G = 4 t; (138)
GPy Py Py

here P4 out = G Pao is the signal output power. Thus the relative pump-signal FWM
crosstalk is proportional to the ratio of the powers of the signal and pump at the output.
This is why we refer to this type of FWM as being of first order.

We note that X Tj,; & 8./ X T, and so the pump—signal crosstalk is generally larger than
the signal-signal crosstalk. In fact it appears that pump-signal crosstalk could be very
large and hence possibly harmful. Consider for example a situation like before, where
(XT)ag = —46 dB. Since (XTys)ag = (X Ts)ap/2 — 9, the previous relation predicts
that (X T,s)qg = —14 dB, which is quite large. Such a value however, is not necessarily
observed in practice. One reason is that pump—signal interactions can be poorly phase
matched and therefore will fail to reach the magnitude predicted by the above theory,
which assumes perfect phase matching. Also, the gain for the FWM term itself may be
lower than that for the signals, which violates the conditions behind Eq. (13.8) and leads
to a lower result.

An aspect of pump—signal FWM that tends to make it less dangerous than its signal—
signal counterpart is that the number of such terms grows more slowly with the number
of channels. Specifically, it can be shown that the total number of such terms is of the
order of st, whereas it is N;’ for signal-signal terms.

These FWM terms can also be relatively easily separated from the carriers in a one-
pump OPA. One way is to place the pump halfway between two grid frequencies if the
signals are on a regular grid: then all the FWM terms will fall between two carriers [1].

Another way is to use a sub-octave signal spectrum, i.e. a band of carriers that occupy
the region [, + Aw, w, + 2Aw]. Then pump-signal FWM terms will fall in the region
[w: + 2Aw, o, + 4Aw] or the region [w., w. +Aw], i.e. they will all fall outside the
signal band.

Equation (13.8) shows that pump—signal FWM will also be reduced if the pump power
can be increased.
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Fig. 13.2 Output spectrum for a one-pump fiber OPA, with parameters y = 11 W= km™!, A =
1550 nm, B@ = —58x107 s*m~!, D, = 0.03 psnm~2 km~!, L = 500 m, P}y = 0.5 W,
A = 1550 nm, A3 = 1508 nm, and A4 = 1509 nm; P3y = P4 = 0.1 mW. The signal-signal
FWM is near 1509 nm. The pump-signal FWM terms are near 1468 nm as well as adjacent to
the pump.

Let us now compare the results predicted by the approximate relations derived above
with the accurate results of a split-step Fourier method (SSFM) simulation. Figure 13.2
shows the output spectrum of a one-pump fiber OPA, calculated by the SSFM. The
parameters were adjusted to yield a maximum gain of about 20 dB near 1505 nm. Two
signals were introduced at 1508 and 1509 nm with powers P3g = P4 = 0.1 mW, while
the pump power was Py = 0.5 W. The figure shows that Py o,y & 10 mW. According to
the preceding calculations, we would expect that X7,; ~ —11 dB and X T ~ —40 dB.

From Fig. 13.2 we obtain X T, &~ —43 dB. So the agreement for signal—signal crosstalk
is quite good.

For the pump-signal crosstalk away from the pump, we obtain from Fig. 13.2 the value
XT, p’s ~ —67 dB, which is far lower than that predicted by the approximate result given
in Eq. (13.8). There are two reasons for this: (i) the interaction is poorly phase matched,
as the wavelengths are far apart and not centered on the ZDW; (ii) the OPA gain for the
FWM term is much lower than for the signals, which violates the assumptions behind
Eq. (13.7).

For the pump—signal crosstalk close to the pump, Fig. 13.2 yields the value X Tp/s ~
—23 dB, which is closer to the —11 dB predicted by Eq. (13.8). This is as expected
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Fig. 13.3 Output spectrum for a one-pump fiber OPA, with the same parameters as in Fig. 13.2.
The signal wavelengths are now A3 = 1540 nm and 14 = 1541 nm. The signal-signal FWM is
near 1540 nm. The pump-signal FWM is near 1531 nm as well as adjacent to the pump.

because: (i) the interaction is well phase matched, as the extreme wavelengths are close
together; (ii) the OPA gain for the FWM term is not much lower than for the signals, in
reasonable agreement with the assumptions behind Eq. (13.7).

Overall then, in this situation two types of FWM crosstalk (signal-signal and pump—
signal far from the pump) are below —30 dB even though the signal output power is 10
mW, which is quite high by communication standards. The pump-signal FWM term close
to the pump is significant and potentially dangerous; if in reality it is a threat then it can
be reduced by lowering the signal output power or simply by not placing signals where
such FWM terms can be generated. This example shows that, with realistic parameter
values and suitable wavelength assignments, FWM crosstalk can be kept within tolerable
bounds for a one-pump OPA.

Figure 13.3 shows results obtained with the same OPA, but with the signal wavelengths
changed to 1540 and 1541 nm. Because in this region the OPA phase matching is not
perfect, the gain is not maximal and the signal growth is linear rather than exponential.
The gain is about 10 dB (compared with 20 dB at the maximum). Under these circum-
stances the assumptions behind the preceding crosstalk derivations are not valid, and
we do not expect the conclusions to apply closely. Nevertheless, we expect qualitative
agreement with the general trends. Specifically, we expect that, since the signal output
power is lower than in the previous example, the crosstalk levels should be lower.
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From Fig. 13.3 we see that X7, &~ —52 dB while X7,; ~ —28 dB near the pump and
—35 dB away from it. The difference in these values of X T, is due to finite dispersion
at the signal wavelengths: X TES away from the pump is larger than in the previous case
because the gain of the FWM term is larger, and the phase matching is better, since the
frequency spacings are much smaller that in the preceding example; X T p/s near the pump
is smaller than in the previous case because the gain of the signals is smaller.

Depending on the wavelength allocations of the signals, the pump—signal terms may
cause problems here. As before, potential counter-measures include reducing the signal
output power and judicious placement of the signals.

(c) Relative amplitude of the crosstalk terms for linear gain
It is interesting to note that under some circumstances the levels of the various FWM
terms exhibit a form of clustering when viewed on a logarithmic scale. For example, in
Fig. 13.3 we note that the signals are about 30 dB down from the pump and that the pump
sidebands and the pump—signal term are on about the same level, another 30 dB down.
Finally, the sidebands around the signals are yet another 30 dB down. A similar structure
is found in Fig. 13.2, with a 20 dB spacing; the pattern does not hold for the pump-signal
term, however, probably because the phase matching is poor. This can be understood in
the case of perfect linear phase matching by using the expression for the exact total-field
solution introduced in subsection 6.4.1. (This would apply to a one-pump OPA with the
signals close to the pump, where the signal amplitude gain is linear with distance.)

Let us consider that the total input field consists of one pump and two signals. The
slowly varying envelope (SVE) of the total field has the form

A0, 1) = Ajgle™ ™ + u(e ' 4 eI, (13.9)
where u = A4/ A0 is the signal input amplitude relative to that of the pump; we will
assume for simplicity that u is real. Then the field at a distance z and time ¢ is given by

Az, t) = Ayole ™" 4+ u(e™ " +e 7))
x exp {i®le” " +u(e™ " + e )P}, (13.10)
where ® = y Pjpz and T =t — z/v. We can rewrite Eq. (13.10) as
Az, t) = Ay exp(id))[e_iwlr + u(e—iw3r + e—iwﬂ)] exp {icb[u(e—i(wl—ws)r + e—i(w1—w4)t)
+ u(e—i(—w|+w3)r + e—i(—a)|+w4)r)] + u2(e—im3r + e—iw4r)(eiw3r + eiwu)}.
(13.11)
We now expand the exponential in powers of its argument and keep only the dominant
terms, i.e. those that are significant for our discussion of FWM in OPAs. Specifically, we
find that
A(Zv t) A e—iw]t + u(e—iwsr + e—iwﬂ) + l'@u(e—iwﬂ + e—iwﬂ)
Am CXp(i CD)
+ l-q)u(e—i(Zwl—a);)r 4 e—i(2w1—w4)1:)

2
B guz(e—i(zm—wl)r 4 oot | pemi@rtos—onry

2

l'(DS 3/ —iRws—w4)T —i(Qws—w3)T
— (e e i), (13.12)
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Fig. 13.4 Some spurious FWM terms in a two-pump OPA: the idlers associated with the two
signals are to the right of w,. (dotted lines); wy is due to degenerate FWM interaction between
the pump at w; and the signal at w3; w( is due to the idler associated with w; and to FWM
between the idlers corresponding to w; and w4 and the pump at w,.

The first three exponentials correspond to the original fields. Next two exponentials
constitute an amplified version of the input signals. Combining these contributions, we
see that the signal gain for either signal is 1 4+ i ®, i.e. it is linear with distance; hence
the power gain is G = 1 + ®2, as expected near the pump for a one-pump OPA. The
terms in the second line of the equation correspond to the two idlers. As expected, they
have a power conversion gain G; = ®2. These results are the same as those obtained in
subsection 6.4.1.

The terms in the third line correspond to pump—signal FWM while those in the fourth
line correspond to signal-signal FWM. Converting the amplitudes of these FWM terms
into crosstalk, we find that

2
X & Thow g XTy ~ ! (PS""“) (13.13)
It is interesting to note that the forms of these crosstalk terms are quite similar to those
arrived at by integration in the case of exponential gain, even though we here we have
linear gain. In particular, we find as before that the pump—signal and signal—-signal terms
are respectively of first and second order in the ratio P out/ Pio.

We see from Fig. 13.3 that these relations are in fact in good agreement with the
numerical simulations. In that figure we have P qy/Po = 2 X 103 and we see that
XTps ~ —28 dB (near the pump) and X T ~ —52 dB, close to the values expected from
Eq. (13.13).

Two-pump OPA

In two-pump fiber OPAs the generation of spurious FWM terms is somewhat more
complex than in a one-pump OPA. Although the nature of the FWM terms is quite
similar to those for a one-pump OPA (because terms simultaneously involving the two
pumps correspond to signals and idlers, not to new FWM terms), the complication arises
from the location of the pumps with respect to the ZDW and hence the differences in
phase matching and location of the FWM terms with respect to the signals and idlers.
The situation is illustrated in Fig. 13.4. For the signal-signal FWM the situation and
the countermeasures are similar to the one-pump case. For the pump-signal FWM the
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situation is more complicated. In comparison with Fig. 13.1, significant additional terms
arise.

1. Aterm at wg = 2w; — ws. This term can be viewed as the idler associated with w;
for one-pump parametric amplification by pump 1 alone, just as in Fig. 13.1. Here,
however, it is undesirable. For an OPA with a wide pump spacing, such terms will be
significant only when the signals are very close to pump 1, because of phase matching.
For signals inside [w1, w,], such terms fall outside [w;, ;] and so do not interfere
with the signals. In addition, it is generally undesirable to have a signal close to a
pump because in such regions the flatness of the OPA gain cannot be maintained in
any case [8].

2. Terms associated with interactions with pump 2. Some of these terms are of the form
w9 = 2w3 — wy; when the signals are between w; and w, they fall outside the region
[w1, w,] and are not shown in Fig. 13.4, as they lie too far to the left. Other terms are
of the form w19 = wy; +w3 — w4; wyg 1s due to the idler associated with w7 and to
FWM between the idlers corresponding to w3 and w4 and the pump at w,.

For some FWM terms the counter-measures are similar to those in the one-pump case.
Placing the pumps between grid points, when the signals are on a grid, makes all such
terms fall halfway between grid points. However, if a sub-octave spectrum is used, with
say signals restricted to [w + (w; — w1)/4, w.], then some FWM terms due to pump
1 (i.e. wg) fall in [w, w,], which overlaps with the idler spectrum. To prevent this, one
would need to restrict signals to the range [w; + (w; — w1)/3, w.]. It is important to
note that for we-type terms the phase matching can be very good, because the center
frequency is close to the ZDW; hence it is difficult to use phase mismatch to weaken
these terms.

As in the one-pump case, increasing the pump power will reduce the relative influence
of all the spurious FWM terms.

Figure 13.5 shows the output spectrum of a two-pump OPA calculated using the SSFM.
The pump-signal FWM is near 1570 nm and the pump—idler FWM near 1530 nm. Since
these terms fall between the pumps, they could interfere with a very broad wavelength-
division multiplexing (WDM) signal spectrum; however, they are over 50 dB lower than
the signals and could thus be manageable. The signal—idler FWM terms are near 1510
and 1590 nm; they are more than 70 dB lower than the signals and thus insignificant for
most purposes.

Cross-gain modulation

Let us now consider another nonlinear phenomenon that has been identified as a possible
source of impairment in fiber OPAs, namely cross-gain modulation (XGM). This mech-
anism exists in all types of amplifier in which the gain responds very quickly to signal
variations, such as Raman amplifiers and semiconductor optical amplifiers (SOAs); in
contrast, EDFAs are essentially immune to XGM. In fiber OPAs, XGM corresponds to
the mechanism shown schematically in Fig. 13.6. An IM signal at A3 is amplified by the



13.3 Cross-gain modulation 293

30 T T T T T T

20 1 A

' Cll

0 1 1
1480 1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)

Fig. 13.5 Output spectrum for a two-pump fiber OPA, with the parameters y = 10 W~ km™!,
Ao = 1550.0nm, B4 = —1x1073 s*m~!, D, = 0.0615psnm 2 km~', L = 250 m, Py =
Py = 1 W, A = 1502.6 nm, A, = 1599.4 nm, A; = 1535.0 nm, Ay = 1536.0 nm, and Pz, =
Py = 1 pW.
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Fig. 13.6 Schematic illustration of the signal quality degradation due to cross-gain modulation
(XGM) in a one-pump OPA configuration.

parametric gain due to a pump at A;. As it grows, it draws power away from the pump,
since the total optical power must remain constant. Hence the pump power itself has IM,
inverted with respect to that of the signal. If we now consider a probe at A, without
initial IM, traveling with the pump and signal, it will experience different gains at differ-
ent times, depending on whether it travels with a depleted part of the pump. Therefore
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the amplified probe itself will exhibit IM, attenuated and inverted with respect to the
signal IM. This IM transfer from the signal to the probe constitutes XGM crosstalk. If
the probe is replaced by a second signal then its amplitude will experience fluctuations
due to XGM crosstalk and this will lead to deterioration in its signal quality.

In the following we are going to evaluate XGM crosstalk on a basis similar to that
for the FWM terms studied in the preceding section. We consider a one-pump OPA for
simplicity and model XGM crosstalk analytically, by making a number of approximations
to derive a closed-form expression for the crosstalk. Specifically, we take the following
steps.

1. We assume that all waves have the same state of linear polarization.

2. We assume that only the pump, signal, and idler propagate and that initially the pump
is not depleted by the signal. This allows us to calculate the signal and idler power at
every distance z along the fiber.

3. We then make use of power conservation, which allows us to calculate the pump
power at every z.

4. We next calculate the probe gain from the z-dependent pump power by making use
of the WKB approximation.

5. Finally we calculate the crosstalk by comparing the probe output powers obtained
when the signal is low or high.

Let Py and P3(z) respectively denote the signal power at the input and at the distance
z. We have

P3(z) = G3(2) Pso = [Ga(2) + 1] P3, (13.14)

where G4(z) and G3(z) = G4(z) + 1 are respectively the idler and signal power gains for
an undepleted OPA of length z. Specifically, we have

p 2
Ga(z) = [y 10 sinh(g3z):| : (13.15)
8
where Py is the pump power and g3 is the signal parametric gain coefficient, given by
1
g = E\/—Al%(Algs + 4y Pio); (13.16)

A B3 is the wavevector mismatch for the signal (as opposed to that for the probe, which
will be introduced later).
In a lossless fiber, the total power must remain constant, and therefore

Pi(2) + P3(2) + Pa(z) = Pi(z) + P30 + 2P4(z) = Pio + Pso, (13.17)

where Pj(z) and P4(z) are the total pump power and the idler power at z, respectively.
Hence

Pl(Z) = P10 - 2P4(Z) = PlO - 2G4(Z)P30 = P]() + AP(Z), (1318)
where

10

y P 2
AP(z)=—2P30|: . sinh(g3z):| (13.19)
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is the pump—power change due to depletion. Equation (13.18) shows how the total pump
power is depleted as a result of the signal amplification.

Let us now introduce an unmodulated probe. We assume that its amplitude is small,
so that it does not modify the preceding calculations significantly. Using Eq. (13.19),
we see that the probe experiences a parametric gain coefficient that is a function of z,
namely

1
&) = 3/~ BBl DBy + 4y PI(2)]

1
= —\/—Aﬂpr[Aﬂpr +4y(Pio+ AP)]

2
4y AP ABy
= gu(0) 1+ =T
o [gpr(o)]2
AByy AP
~ gr(0) - — 2
o 2gpr(0)
ABoy P P 2
=@@+Jﬁﬁqlﬁmmm}
gpr(o) g3
= g(0) + K sinh?(g;2), (13.20)

where A B, is the wavevector mismatch for the probe and

_ﬂ@ﬂ%ﬂﬁf
gpr(o) 3

Assuming that the signal and the probe both experience maximum parametric gain, we
have ABp; = —4y Pio, gpr(0) = g3 = vy Pig, and so K = =2y Py,.

Equation (13.20) shows that g,(2) is a relatively simple function of z, which can easily
be integrated with respect to z. Hence this is a case where we can make use of the WKB
approximation for the overall power gain, by integrating g,.(z) (See Appendix 2). The
WKB approximation in this case states that, at the fiber end, the idler associated with the
probe has a total power-conversion gain

ror(O)rpe(L) . L }
Gori — P PR cinh? (2)d
peilL) &@&@fl{Lﬁ“”

(13.21)

K [sinh(2gsL
~ sinh? {gpr(O)L + 2 [M - L]}
2 2g3

sinh(2y PoL) L] }

(13.22)
2y Py

= sinh2 {]/Pl()L — )/P30 |:

where we have assumed that the probe experiences maximum parametric gain at every
point along the fiber, so that g,,(0) = r(0) and gp (L) = rp(L).

Equation (13.22) can now be used to calculate the crosstalk. We define the initial

probe power as P, (0) = Pp0. Then the probe idler output power when the signal is low
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(P30 = 0)is
Py(L) = Pyro[Gpri(L)]lio & Porosinh® (y PioL). (13.23)
When the signal is high (P3¢ > 0), the probe idler output power becomes
P;‘:(L) = Poro[Gpri(L)]ni

(13.24)

inh(2y PioL
A Py sinh? {yPloL — Pyl [m - 1]} .

2 Y P 10 L
We define the difference in probe output power between these two levels as the crosstalk
experienced by the probe,

APXGM = PprA,O LGpr,i(L)J lo — Lpr,0 LGpr,i(L)Jhi

smh(2yP10L) L]

13.25
2y Py ( )

~ —2)/ P3()Ppr‘() smh(2y PIOL) [

To obtain the final expression in Eq. (13.25) we have assumed that the magnitude of the
second term within the braces in Eq. (13.24) is small compared with 1. It can be shown
that this is valid for typical OPA parameters, as follows. Let A denote the second term;
it is given by

(13.26)

inh(2y PyoL
A=—2yPyL [M_l].

2}/P10L
When the gain G is large,
sinh(2y PjoL) ~ exp(2y P1oL)/2
= 2[exp(2y PoL)/2]* ~ 2G

(where G denotes either the signal or the idler gain, since they are almost the same for
large gain). Then

G
y PioL
P P out

Py
=220 (Pl — G~ —2G N = p 3w
Py 10 Py Py

(13.27)

If strong pump depletion is avoided, P3 oy << Pjo and therefore | 4| < 1; this justifies
the assumption made to obtain the final form of Eq. (13.25).
Then A Pxgwm can be simplified as follows:

P inh(2y PioL
APgan ~ — 2 Sinh(2y Py L)2y Py [w}
4 2)/P10
G Py))? P ou 2
_ _2( 30) _ _2( 3 0ut) ’ (13.28)
Py P

where we have assumed that Py, o = P3o.
To place this crosstalk in the same context as that of the FWM terms studied in
Section 13.2, we now assume that the signal modulation is sinusoidal. Then XGM of the
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probe generates symmetric sidebands about the probe. Let P, denote the power of each
sideband. The probe’s temporal power variation is then of the form

Pu(t) = [GPy + /P, cos(a)at)]z A G Py + 2y G Py Py cos(wyt).  (13.29)
To relate this picture of XGM to the preceding FWM picture, we set

(GPy)

APxgm =GP, Py = 7 . (13.30)
10
From this we find that the relative crosstalk due to XGM is
Pa GP3O : (P3 out :
XT: = = = : 13.31
XM G Py ( P ) Py ( )
or, in decibels,

(XTxgm)aB = 2(Ps gy — Pro)dBm- (13.32)

According to our preceding definition for FWM, this says that the crosstalk due to XGM
is of second order and hence rather small. For example, if the signal output power is
25 dB lower than the pump then the XGM sidebands flanking the probe are about
50 dB lower than the probe.

This conclusion is confirmed by numerical simulations. Figure 13.7 corresponds to
the same input conditions as Fig. 13.5 except that a probe has been added at 1545 nm.
The sum of the two signals is equivalent to a carrier located halfway between the signals,
with 100% IM. This IM in turn causes XGM, i.e. IM of the pump and the probe. Indeed,
we can see that the pump will exhibit sidebands, already seen in Fig. 13.5, which can
be interpreted as corresponding to pump IM. Furthermore, we see that the probe is also
flanked by two sidebands, which are about 50 dB down as expected from Eq. (13.32).

(Actually this needs to be qualified. The reason is that the sidebands around the
probe also have another origin, namely direct FWM between the signals and the probe.
From what we saw in Section 13.2, this FWM is also of second order and therefore the
sidebands associated with it are also about 50 dB down compared with the probe. Thus,
without a more detailed investigation we can only conclude that the sidebands flanking
the probe represent an upper limit for the XGM crosstalk. At any rate, it is clear that
XGM generates rather small crosstalk contributions in this case.)

In the preceding discussion we have defined XGM crosstalk as the ratio of the power
of the XGM sidebands and the probe power. The advantage of this definition is that it
is the same as that adopted for FWM crosstalk in Section 13.2. As a result, we have a
uniform basis for the comparison of crosstalk due to either FWM or XGM.

Since XGM crosstalk may be detrimental, it is important to find ways to minimize
it. If a two-pump OPA is used, XGM crosstalk is three times smaller when the pumps
are orthogonal than when they are parallel [9]. The reason for this can be understood as
follows.

Consider two two-pump OPAs, one with parallel pumps (XXXX), and the other with
two orthogonal pumps (XYXY) (this notation is explained in Chapter 4). We assume
that they have the same maximum gain, which requires the total pump power for XY XY
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Fig. 13.7 The conditions are the same as for Fig. 13.5, except that a probe has been added at
1545.0 nm. The sidebands around the probe are due in part to XGM. Their low power indicates
that XGM crosstalk is low in this case.

to be three times as large as for XXXX. A signal injected into either amplifier grows
at the same rate in both. Because in an OPA the total power is conserved, the power
corresponding to the growth in the signal must come from the pumps. Hence the total
pump power is reduced by the same amount in both cases. However, because the XYXY
pump power is larger by a factor of 3 (in a fiber without polarization-mode dispersation
(PMD) and by a factor 2 in a fiber with PMD), it experiences an amount of depletion
that is relatively smaller than for XXXX. Therefore, the gain experienced by a probe,
that depends on the pump power, is less affected in XY XY than in XXXX, i.e. we expect
XGM crosstalk to be smaller in XYXY than in XXXX, by a factor of 3 (5 dB) in a
fiber without PMD. The benefit of using orthogonal pumps for reducing XGM has been
verified experimentally [10, 11].

Coherent crosstalk

Some FWM terms studied in Section 13.2 can have the same frequency as a carrier. For
XGM, we saw that IM sidebands are created around a carrier. In both cases the total field
in the vicinity of the carrier frequency thus needs to be calculated as the coherent sum
of the carrier and these crosstalk terms.
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In the preceding sections we investigated FWM and XGM crosstalk by calculating
the power of the new frequency components created by these nonlinear mechanisms.
We saw that the powers of the second-order terms can be quite low under typical OPA
conditions, i.e. they can be about 60 dB lower than the signal output power.

On the basis of such numbers we might think that the impact on system performance
will therefore be low. This, however, must be re-examined in view of what is important
from a system standpoint, which is eventually the SNR. To do this we need to look at
the signal variations in the time domain and see how they fluctuate owing to detrimental
nonlinear effects.

We have seen that XGM corresponds to signal IM caused by pump IM. Since IM
sidebands are always in phase with the associated carrier, the total field is obtained by
the coherent addition of in-phase components, generating substantial fluctuations. For
example, IM sidebands that are 60 dB down from the carrier will lead to temporal power
variations which are only about 30 dB down from the average power and may therefore
be non-negligible. Thus the XGM contributions will need to be carefully assessed to
determine their impact on system performance.

For FWM terms the situation is more complex, as the FWM terms that fall on a
particular carrier generally have random phases, i.e. phases that have no particular rela-
tion with that of the carrier or with each other. Thus while the addition of these terms
and the carrier is coherent, since they have the same frequency, the fact that these
FWM terms have random phases implies that the amplitude of their sum will have
zero mean with a standard variation proportional to the square root of the number of
terms. At any rate, a single FWM term that is down by 60 dB from a carrier may
cause power fluctuations of the signal that are only 30 dB down from the signal-power
variations.

These numbers will be even larger for first-order FWM, and it may thus be neces-
sary to prevent these terms from overlapping with signals, by a proper choice of signal
frequencies.

Cross-phase modulation

Cross-phase modulation (XPM) between signals in optical amplifiers is a concern in
the design of WDM systems. Erbium-doped fiber amplifiers can generate XPM levels
comparable with those due to long transmission fibers, because XPM can be very well
phase matched over short lengths [15]. This concern is further heightened in amplifiers
using highly nonlinear media, such as tellurite EDFAs [13] or discrete Raman amplifiers
[16]. Here we investigate signal-signal XPM in fiber OPAs. We find that signals are not
affected by XPM as severely as one might anticipate if it were calculated in the same
manner as for EDFAs; the reason is that a probe experiences additional XPM due to the
idler and the pump, instantaneously depleted by the signal gain. The net XPM is then
about the same as if the OPA had no gain.

Consider an unmodulated probe and a signal with IM fed into an optical amplifier. We
assume that there is no walkoff due to dispersion. For an EDFA, the XPM of the probe



300

13.6

Nonlinear crosstalk in fiber OPAs

at the output is then
L L
O(L,t+L/v)=2y / Pi(z,t")dz = 2y P3(0, t)/ G(z)dz, (13.33)
0 0

where v is the speed of light in the fiber, ¢’ = ¢ + z/v; P3(0, ¢) is the signal input power,
and G(z) is the signal power gain between 0 and z. If the pump power is increased then
G(z) increases everywhere and @, increases.

In addition, in fiber OPAs: (i) an idler is generated, with the same IM amplitude as
the signal; (ii) the photons gained by signal and idler come from the pump and thus the
pump acquires IM, twice as large as the signal, but with opposite sign.

Hence, the probe XPM at the output is

L
o, =2y [0 [Ps(z, 1)+ Py(z. 1) + Pi(z, )]dz. (13.34)

Since total power is conserved along the fiber, we have
P3(z, 1) + Py(z, 1) + Pi(z, 1) = P, (13.35)

where Py is the total input power. As a result ®, = 2y PyL, i.e. the XPM of the probe is
independent of the amplifier gain.

This remarkable result sets OPAs apart from other types of fiber amplifier, as far as
XPM generation between co-propagating signals is concerned. Of course, the fact that
the signal XPM does not increase with gain does not mean that there is no XPM, just
that it has the same value as if the pump were turned off. Depending on the length and
type of the fiber, a significant amount of XPM may still be generated in a fiber OPA. If
XPM is a concern in a particular system, its magnitude should be calculated.

Since the signal-signal XPM is the same as in a passive piece of fiber, the calculation
is simple. In fact, it is quite clear that in some OPAs XPM is expected to be negligible
compared with what it is in a transmission line. For example, if a high-power pump is
used with a short length of dispersion-shifted fiber (DSF), which has about the same y
value as the transmission line then the OPA XPM will be only a fraction of that in the
transmission line.

Experiments have been performed to verify this theory [17]. The measurements were
complicated by the presence of cross-gain modulation (XGM), which interfered with
the coherent detection system used for measuring the phase. This was circumvented by
using two signals with opposite IM to eliminate the pump IM. The net results showed
good agreement with theory: while XPM in an EDFA showed a strong increase with
gain, the signal-signal XPM in an OPA was found to be essentially independent of gain.

Conclusion

In this chapter we have considered the main third-order nonlinear effects in fiber OPAs
that can potentially have a detrimental effect on the performance of communication
systems using such amplifiers. Specifically, we considered two types of FWM, XGM,
and XPM. We found that XPM is the least troublesome effect, but that XGM and FWM
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can both lead to significant signal degradation under certain circumstances. We showed
that the power of the crosstalk terms scales either linearly or quadratically with the ratio
of the signal output power and the pump power. Hence one way to reduce all these terms
is to use as low a value as possible for this ratio, which means increasing the pump power
and/or reducing the signal output power.

Both XGM and signal-signal FWM generate second-order crosstalk, which is diffi-
cult to separate spectrally from the signals but can be of moderate amplitude. However,
pump-signal FWM generates first-order crosstalk which can have a large amplitude but
which can be separated from the signals by a proper choice of pump and carrier fre-
quencies. These considerations show that the transmission of WDM signals with low
impairment through fiber OPAs is not a simple matter. While one should be able to trans-
mit a few signals through a few OPAs while avoiding significant penalties, transmitting
many signals through several OPA stages will be challenging. In order to exploit the
large bandwidth of fiber OPAs by transmitting dense WDM spectra over long distances,
careful OPA and system design will have to be undertaken.

Another avenue for reducing some of these nonlinear effects is to use a fiber with a
large value of 8, because this will have the effect of increasing D for wavelengths that
are not very close to the zero-dispersion wavelength (ZDW). This in turn will reduce
FWM between waves away from the ZDW. An interesting aspect of this approach is that
in principle it can be used without affecting the overall OPA gain spectrum, since the latter
depends only on the even orders of dispersion, 8%, B etc. (see Chapter 5). Ideally, then,
one would like to have a fiber with a high value of ) and simultaneously low values of
B® and ™. This is feasible in principle, but it may be difficult to find suitable designs
for such fibers and actually to manufacture them. This poses an interesting challenge for
fiber designers and manufacturers.
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14.1

Distributed parametric amplification

Introduction

During recent years much research has been performed with the aim of developing
fiber Raman amplifiers. Some work was done on discrete Raman amplifiers, but now it
appears that the best way to utilize Raman gain is in distributed amplification, i.e. the
amplification of communication signals along transmission fibers rather than in discrete
amplifiers located between such fibers. Some system manufacturers have developed long-
haul systems based on distributed Raman amplification (DRA). Such systems, however,
generally require high pump powers, sometimes in excess of 1 W, and this raises concerns
about safety and reliability.

Concerning fiber OPAs, to date most efforts have concentrated on discrete devices,
i.e. subsystems that could eventually be used as a substitute for other discrete optical
amplifiers, such as erbium-doped fiber amplifiers (EDFAs) [1, 2]. Raman and parametric
fiber amplification are related third-order nonlinear phenomena, which occur in common
silica fibers in the presence of strong optical pumps. Whether a particular amplification
mechanism is best suited for discrete or distributed amplification depends on a number
of parameters, such as the gain bandwidth, the required pump power, the noise charac-
teristics, etc.

Distributed parametric amplification (DPA) has previously been investigated as a
detrimental effect, because strong carriers can further amplify in transmission fibers the
amplified spontaneous emission (ASE) generated by the discrete EDFAs used to amplify
signals between fiber spans. This has been done for one-pump [3-19] and two-pump
[20] parametric amplification. Here we take the opposite view and investigate a possibly
beneficial application of DPA, namely the parametric amplification of signals along a
transmission fiber by using a co-propagating pump.

In comparison with DRA, DPA has the following potential advantages:

1. Pump power DPA requires less pump power than DRA to obtain the same gain.

2. Double Rayleigh scattering (DRS) Parametric gain in fibers occurs only for co-
propagating pump(s) and signals, and so DPA is free from DRS, a significant problem
for DRA.

3. Pump attenuation DPA pumps can have about the same wavelength as the signals,
and so the pumps and signals have about the same loss. In contrast, DRA pumps
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Fig. 14.1 Theoretical DPA gain spectra for one pump, at A; = Ay = 1550 nm, and for two
pumps, at A, = 1540.04 nm and 1, = 1560.00 nm. The total pump power is 66 mW in both
cases. (After [21], © 2005 IEEE.)

generally have wavelengths about 100 nm shorter than the signals; hence the pumps
typically have higher losses than the signals.

4. Idler generation In DPA an idler is generated that is not present in DRA. The idler
has several important properties, which make it potentially interesting for improving
the signal-to-noise ratio, etc.

Even with long transmission spans (which are generally >40 km) the pump power required
to compensate for fiber loss is relatively small, of the order of 100 mW. This implies
that the gain bandwidth will be relatively small, at most about 10 nm. Therefore DPA
cannot compete with approaches providing larger bandwidths, such as DRA, tellurite
EDFAs, etc. However, DPA may be a useful supplement for these techniques: for example,
DPA could be used for transmission near 1300 nm in a system using standard single-
mode fiber (SMF) for transmission in the C-band. Also, DPA could be used for coarse
wavelength-division multiplexing (CWDM), by employing several pumps separated by
tens of nanometers. It is also possible that fibers with two or three zero-dispersion
wavelengths (ZDWs) could be used for increasing the total DPA bandwidth.

In Section 14.2 we discuss a theoretical and experimental investigation of DPA per-
formed with a 75-km-long DSF. We then discuss possible extensions of this DPA
approach in several directions, particularly the possibility of using phase-sensitive ampli-
fication to obtain low noise figures (NFs).

DPA experiment in 75 km of DSF

Fiber loss in DPA is relatively large (e.g. about 20 dB for 100 km of dispersion-shifted
fiber (DSF)). Hence we must use the solutions for lossy fibers presented in subsections
3.5.4 and 3.6.3 to calculate the gain spectra.

Figure 14.1 shows theoretical gain spectra for one- and two-pump DPAs using DSF,
with the following parameters [21]: L = 75 km; a = 0.2 dB km~!, p® = —5.0 x
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1073 s*m™!; 49 = 1550 nm; D;, = 0.07 psnm 2 km~';y = 2 W~ km™!; total input
pump power Py = 66 mW.

The gain spectrum for the two-pump case is interesting, being similar to the Chebyshev
spectra that can be obtained with lossless fibers [22], even though here the total fiber
loss is considerable (about 15 dB). Both gain spectra are relatively wide; in particular,
the two-pump gain spectrum covers most of the C-band and is almost as wide as that of
an EDFA.

However, the gain shapes of Fig. 14.1 are very sensitive to the pump wavelength(s).
This is particularly true for the two-pump OPA case: decreasing A; by 0.01 nm leads
to a drop of about 5 dB of the center of the spectrum. This is due to the fact that we
assumed that A is constant along the fiber. In real fibers, however, 1 varies along the
fiber with a standard deviation oy of the order of 1 nm. Then the gain spectrum cannot be
affected by changes in A; much smaller than op. This has been verified experimentally
[20]: a 2.5 nm change in A; was required for the gain to drop by 5 dB. Therefore the
gain shape in real fibers, while not exactly predictable, should be relatively insensitive
to pump wavelength. Variations in Ay can also be helpful for obtaining a flat-topped
spectrum, as found in [20].

Distributed parametric amplification experiments were performed with a single pump
to check the theoretical predictions. The transmission fiber consisted of three 25 km DSF
spools, with average ZDW about 1550 nm, D) = 0.07 psnm~—2km™',y = 2W~'km™!,
and @ = 0.2 dB km™!. The fiber had a total loss of 14.5 dB. A tunable laser set at
A1 = 1551.13 nm served as the pump source. The CW pump was phase modulated by
two modulators in cascade to suppress stimulated Brillouin scattering (SBS). They were
both driven by a 2.5 Gb/s! pseudo-random bit sequence (PRBS) [24].

Polarization controllers aligned the SOP of the pump with the phase modulators. The
pump was then amplified by a C-band EDFA and filtered by a 1.3 nm band-pass filter to
reduce the EDFA ASE. Three other tunable laser sources, set at 1549.14, 1549.46, and
1549.76 nm, served as signal sources. They were modulated by a 10 Gb/s~! non-return-
to-zero (NRZ) 223 — 1 PRBS; a single Mach—Zehnder modulator was used for the first
two signals and the third was modulated separately. Signals 2 and 3 served to generate
crosstalk for signal 1. Maximum gain was achieved by aligning the signal and pump
SOPs. The signals and pump were then combined by a 3 dB coupler and entered the
DSF. The signal input powers were below —18 dB m, while the input pump power was
18.23 dB m (66.5 mW). This ensured that the pump was not significantly depleted and
that nonlinear effects related to the signals, such as cross-gain modulation (XGM) [25]
and four-wave mixing (FWM), were kept to a minimum. The optical spectrum at the
output of the DSF was observed with an optical spectrum analyzer (OSA). A bandpass
filter selected the desired signal wavelength before detection by the O/E converter.

Figure 14.2(a) shows the amplified EDFA ASE spectrum only. It has a 10 dB band-
width of about 2 nm on each side of the pump, which can be used for amplifying mod-
ulated signals. As expected, the gain bandwidth is smaller than that predicted by theory
(Fig. 14.1); this is probably due to substantial longitudinal ZDW variations in this three-
segment link. A non-destructive measurement of the fiber dispersion map [26, 27] would
be essential for designing a DPA scheme.
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Fig. 14.2 (a) Amplified spontaneous emission (ASE) output spectrum at the output of a
distributed parametric amplifier (DPA) with 18.23 dB m of input pump power. The spectrum at
the DPA output for (b) a single channel on (channel 1), (c) two channels on (channels 1 and 3),
and (d) three channels on (channels 1, 2, and 3). (After [21], © 2005 IEEE.)

A bandpass filter was then inserted to suppress EDFA ASE, and the signals were
turned on one by one. Three cases were examined: (i) only channel 1 on; (ii) channels 1
and 3 on, in which case XGM was generated; (iii) all three channels on. The choice of
the channel wavelengths was such that channels 2 and 3 generated an FWM component
at the wavelength of channel 1. Therefore, both XGM and FWM effects were generated
on channel 1 in case (iii).

The powers of channels 1, 2, and 3 at the DSF input were —18.74, —20.71, and
—20 dB m, respectively. The corresponding on—off signal gains were 14.4, 16.9,and 16.5
dB. These gains were sufficient to compensate the transmission loss of the DSF (15.52
dB), in good agreement with the theoretical predictions. The optical spectra observed at
the output of the DSF for these three cases are shown in Figs. 14.2(b), 14.2(¢c), and 14.2(d),
respectively, when the pump was on (solid lines) and when it was off (broken lines).

The amplified signal at 1549.14 nm (channel 1) was then selected by a filter and
detected by an optical receiver. The eye patterns were displayed on an oscilloscope for
the above three cases. Examples are shown in Fig. 14.3(a); the clear opening indicates the
high quality of the received signal. By varying the received power using an attenuator,
the BER was also measured; BER plots are shown in Fig. 14.3(b), together with a
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Fig. 14.3 (a) Eye patterns and (b) BER plots for the received signal at 1549.14 nm for the three
cases examined and for the back-to-back configuration (the baseline). (After [21], © 2005
IEEE.)

reference baseline for the transmitter and receiver back-to-back. It can be seen that the
DPA leads to a power penalty of the order of 1.2 dB in cases (i) and (ii) and 2.1 dB in case
(iii). The signal degradation in case (i) was mainly due to intensity noise transfer from
pump to signal [28] and the conversion of pump phase modulation to signal intensity
modulation along the DSF [29, 30]. Both these effects degraded the mark level of the
signal eye. Another possible source of degradation was stimulated Brillouin scattering
(SBS), which is generally more severe for a distributed OPA because of the long fiber.
Figure 14.3(a) confirms that the eye opening was limited by excess noise in the mark
level. The power penalty for (ii) was the same as that for (i); the lower input signal
power levels in comparison with the pump power guarantee substantially low cross-gain
modulation (XGM) effects. For (iii) the penalty increased to 2.1 dB. Figure 14.4 shows
the spectrum at the output of the DSF when only channels 2 and 3 were present. These
channels created a four-wave mixing (FWM) component at the wavelength of channel
1, which was found to be 27 dB below the power level of channel 1. Therefore, the
increased penalty when all three channels were on was mainly due to imperfect filtering
of the interfering channel 2 at the receiver.
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Fig. 14.4 Spectrum at the output of the distributed OPA when channels 2 and 3 were on. The
FWM component due to the mixing of those channels falls at the wavelength of channel 1. It
was measured to be 27 dB lower than the power level of the signals. (After [21], © 2005 IEEE.)

The DPA scheme was then compared experimentally with DRA, using single-channel
transmission. The signal input power was —5 dB m in both cases. The experimental setup
for DPA was similar to that discussed above; 79 mW of pump power provided 14.1 dB
of signal gain, about 1.4 dB less than the total loss of the DSF. Increasing the pump
power to compensate for the fiber loss substantially degraded the signal quality; this was
attributed to strong SBS effects. The output was then filtered and the transmitted channel
was detected by an optical receiver; BER plots indicated a penalty of 1.2 dB at a BER
level of 107°.

The setup was then modified for DRA. Backward Raman pumping was used, since it
provides better noise performance than forward pumping [31]. The pump was a high-
power fiber Raman laser. A pump power equal to 282 mW provided 14.1 dB of signal
gain. A BER plot indicated a 1.09 dB penalty at BER level of 107, about the same as
for DPA.

The experimental results verified that it is possible to transmit communication signals
over a typical fiber link by DPA with relatively low pump power. Additional channels
did not cause large degradation due to nonlinear crosstalk. Direct comparison with a
backward-pumped DRA system showed that DPA required only about one-third the
pump power of DRA, which could be a significant advantage.

Because the pump power Py required to compensate fiber loss is relatively low (less
than 100 mW), the theoretical DPA gain bandwidth is fairly small, of the order of 10 nm
or less. Furthermore, in practical fibers the bandwidth depends on the X, distribution
along the fiber length. In [21] it was found to be reduced from a theoretical value of
about 20 nm (assuming constant Ay along the fiber span) to about 2 nm (for an actual
three-spool span). This is much smaller than for DRA, and so DPA will not compete
with DRA but could be operated to provide supplementary capacity.

An important aspect that should be taken into account is polarization dependence.
The gain for DRA showed a dependence on the input signal polarization of less than
1 dB, much less than that in the DPA case (of the order of 10 dB). In the rela-
tively polarization-independent DRA, only half the pump power contributes to signal
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amplification. Therefore, for a fair comparison a polarization-independent DPA scheme
[32] should be employed. While such a scheme has not yet been demonstrated in long
fibers, the fact that parametric amplification with two parallel pumps works well in a
25-km-long DSF [20] indicates that there is a good possibility that the same would be
true with two orthogonal pumps. As discussed in subsection 4.4.3, in such a case twice
as much pump power would be needed (i.e. 158 mW). Nevertheless, this comparison
confirmed that DPA is capable of performing similarly to DRA while using less pump
power. These considerations would be important in a multiple-segment link, where it
would be necessary to use polarization-independent amplification to handle the random
polarization of signals.

Possible extensions of DPA

The experiments described above were preliminary, and there are a number of avenues
that can be explored for improving these results further.

(@) Cascaded stages with idler removal

The simplest possibility is to cascade additional links using DPA as in the first link. In
order to have the same initial conditions as for the first link, the idler must be removed
after each stage by means of a band filter. Because the idlers have been removed, the
gains of the links do not depend on the relative phases of the pumps and the signals and
so there is no need for phase tracking, locking, etc. Furthermore, the pump frequencies
in the various stages do not have to be exactly the same because the signal frequency
is not affected by the pump frequency. In this situation, all links will perform in the
same manner. Therefore the gain of the chain will simply be the product of the gains
of the individual links. Also, noise accumulation in all the links will be the same as in
the first link; hence the noise power will grow linearly with the number of links. This
arrangement has the advantage that it is easy to understand and to implement once the
first link has been implemented.

(b) Cascaded stages without idler removal

The preceding arrangement, however, has the disadvantage that when the idlers are
discarded power is lost that could otherwise potentially be used for improving the SNR
at the receiver. The reason for this is that an idler carries essentially the same amount of
information as its associated signal (albeit in a slightly different form if phase modulation
is used). We could thus consider letting the idlers propagate all the way along with the
signals. Now all stages after the first would have both signal and idler present at the
input, and their amplification would therefore be phase sensitive. In effect stages 2 and
beyond would become phase-senoitive amplifiers (PSAs). If the pump power were kept
the same as in the first stage, the signal power gain would be four times larger in each
following stage; hence to compensate for the same fiber loss, it would be necessary to
reduce the pump power in stage 2 and beyond.
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While this is in principle feasible, it poses some technical problems. In particular, in
order to obtain maximum gain there would be a need to track and control the relative
phases of the waves. In addition, the pump frequency would have to be exactly the
same in all stages because it has to remain precisely halfway between the signal and
idler frequencies. It would then be necessary to use a means for precisely adjusting the
frequency and phase, such as laser seeding, a phase-locked loop, etc.

The main benefit to be derived from this approach is that, because there are fewer
open ports, less vacuum fluctuations enter and so the NF of the signal at the end of the
system would be better than in (a). In fact, in a long system most of the noise will be due
to the losses in the fibers, and the contribution of the open idler port of the first fiber will
be relatively negligible.

An experimental demonstration has been performed with two stages cascaded in this
manner [34], albeit with short fibers exhibiting little loss. The second stage exhibited
the anticipated PSA behavior, as its gain was found to be affected by the phases of the
input waves; these could be altered by changing the length of a different type of fiber
connecting the two stages.

(c) Signal and idler fed into cascaded PSA stages

The system of (b) will in effect behave in almost the same way as if the signal and idler
had been present at the input of the first fiber, each with half the amplitude of the input
signal in (b). This suggests another possibility: make all the stages PSAs, by having the
signal and idler simultaneously present at the input of the first fiber and at the inputs of
all the following stages. Then there will be no open port at all and the only noise will be
due to fiber loss. Hence this arrangement will have a better NF than (b), but of course
it will be somewhat more difficult to implement than the latter because of the need for
additional phase adjustment at the input of the first stage.

A related experiment was recently performed on a single-stage PSA, with a 25-km-
long DSF [34]. Input signal and idler were obtained by using the two sidebands of a
modulated carrier, a method previously used for studying phase-sensitive FWM. The gain
obtained was in good agreement with the theory for phase-sensitive amplification. The
emphasis here was not on distributed amplification, since the fiber loss was relatively low.

This work was then extended to a 60-km-long fiber [35]. In this case the fiber length was
sufficiently large that it could be considered to correspond to a typical communication
link. Therefore this work represents the first demonstration of a one-stage distributed
PSA link, suitable for communication applications. Cascading several such stages as
described above could lead to a long practical phase-sensitive distributed parametric
amplification (PS-DPA) system.

(d) PS-DPA system with constant pump power

So far we have considered DPA in which the pump is attenuated along with the signal as
they co-propagate through the fiber. Vasilyev recently proposed a form of phase-sensitive
DPA in which the pump power is kept essentially constant along each fiber by means of
distributed Raman amplification [36]; the signals are still subject to fiber loss, which is
compensated by DPA.
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This has several advantages. By reducing the required signal and pump launch power,
the signal-signal interactions (i.e. FWM and XPM) and pump-signal interactions (FWM)
are reduced. Also, the scheme yields a further improvement in SNR at the receiver. In
fact this scheme in principle can provide the best SNR that can be obtained at the end of
a series of lossy fibers, using any type of amplifier.

In addition to low-noise amplification of the amplitude, PSA by definition performs a
complete regeneration of binary phase information, such as that in differential or binary
phase-shift keying. Since interchannel and intrachannel nonlinearities tend to distort the
signal phase and frequency, leading to timing jitter and ghost-pulse formation, continuous
regeneration of the phase by PSA counteracts these effects.

An important practical consideration is that the Raman gain brings about a reduction
in the required pump launch power, which seems to imply that SBS suppression should
become easier. However, since the pump power is maintained at the same level over the
entire fiber, there may actually be no benefit. In fact, if the same pump were allowed to
propagate through several consecutive fibers then the SBS threshold would be further
reduced. Hence a careful investigation of SBS in this type of PS-DPA will be necessary
to determine its impact.

Another practical difficulty is that it is assumed that the Raman pump SOP is arranged
to be parallel to the parametric pump and orthogonal to the signal and the idler, in order
to avoid Raman amplification of the signal and deterioration of the NF. Such SOP
control is difficult to maintain in typical communication fibers, that are not polarization-
maintaining (See Chapter 6).

It is of interest to calculate the parametric pump power required to compensate signal
fiber loss in this case. This can be done simply by equating the signal field gain and loss
coefficients, which means that g = «/2, where g is the usual parametric gain coefficient.
Under optimum phase-matching conditions we have g = y Py, and so we find that the
required pump power is Py = «/(2y). For a typical communication fiber, « ~ 0.2 dB
km' or 0.045 nepers km!, and y ~ 2 W~! km~!. This yields Py ~ 11 mW, a remarkably
low power, which has important practical implications. On the positive side this low pump
power can readily be supplied by inexpensive semiconductor lasers, at any wavelength in
the 1200—1700 nm window. On the negative side, however, a low power implies that the
gain bandwidth is going to be small, i.e. even smaller than the 1 nm obtained in recent
DPA experiments with a pump power of the order of 60 mW [21].

CGonclusion

The experimental investigations described in Chapters 11 and 12 dealt primarily with
the operation of fiber OPAs that are relatively compact in size and can be considered to
be discrete or lumped devices compared with the vast length of fiber transmission lines.

By contrast, in this chapter we have considered the occurrence of parametric ampli-
fication in long transmission fibers, which we then considered to be distributed. It has
been known for a long time that DPA can occur in transmission fibers, simply as a result
of the presence of one or more strong signals that then lead to the amplification of ASE
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produced by the EDFAs used periodically for boosting the signals. This amplified noise
can cause SNR degradation, and it has therefore been the object of intense research by
several groups. We have chosen not to dwell on this topic in this book, because it is
rather specialized and constitutes a negative effect of parametric amplification that must
be dealt with in those systems affected by it.

We have dealt at length, however, with the more positive aspects of DPA, which
can potentially be exploited by designing communication systems rather differently. We
have seen that by using pumps of moderate power (100 mW, or less) it is possible to
generate enough gain in typical communication fibers to overcome their loss, in the
same manner as with distributed Raman amplification. We have described the results of
experiments that have verified the possibility of transmitting several 10 Gb/s~! signals
in this manner. We have also discussed the possibility of extending this work in several
directions, concluding with what would be the ultimate communication system from the
point of view of SNR, namely PS-DPA with a Raman-amplified pump. While there are
considerable practical difficulties associated with making further progress in this area,
it may be that improvements in fiber-optic technology will render the implementation of
these advanced DPA schemes possible. If so, this will bring about what could be a new
generation of optical communication systems.
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15.2.1

Prospects for future developments

Introduction

In the preceding chapters we have reviewed the state of the art in fiber OPAs, in terms of
the current theoretical understanding and of their experimental performance and progress
toward applications. Along the way we have identified a number of obstacles that stand
in the way of further progress. In this chapter we review some areas of technology where
advances would be desirable for the development of fiber OPAs or related devices. We
also look at areas that have not been investigated much to date and may yet present
interesting research and development opportunities.

Fibers

Conventional fiber structures, consisting of a cylindrical core surrounded by a cladding
made from a lower-index material, offer limited opportunities for optimizing the fiber
properties of fiber OPAs. In contrast, as mentioned in Section 2.1, holey fibers (HFs) have
the potential for providing new generations of fibers suitable for fiber OPAs. In principle
all HF properties, including loss, nonlinear index, mode effective area, and dispersion,
can be optimized. To improve OPA performance significantly beyond the level reached
with currently available fibers, all properties will eventually need to be simultaneously
optimized in the same HF. This will pose an interesting challenge for the designers and
manufacturers of HFs.

High-y fibers

A large value of the fiber nonlinearity coefficient y (see Eq. (2.24)) is beneficial in
a number of ways. It makes it easier to obtain a large gain bandwidth at moderate
pump power. It also reduces the product Py L required to achieve a given gain. Since y is
proportional to n, / A, in order to achieve a large y itis desirable to have a large n, as well

asasmall 4. The normalized frequency of'a cylindrical fiberis V' = 2wa,/n2) — n2 /A,
where a is the core radius, A is the vacuum wavelength, n, is the core refractive index,
and n is the cladding refractive index. For single-mode fibers, V' is typically 2. Thus
Aer o< a® o< 1/(n2, — n?) and so there is a limit to how small 4. can be, because 7 is
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never very large for low-loss material: it is at most about 5 in the near infrared, a typical
value for semiconductors.

However, n, can be increased by two or three orders of magnitude in comparision
with its value in silica by using highly nonlinear materials. Many such materials have
been investigated for nonlinear optics applications and could potentially be considered
for fiber OPAs.

Among these materials is tellurite, with an n, value larger than that of silica by a
factor of about 25. It has been theoretically investigated as a possible OPA medium
[1]. A step-index fiber has been used for obtaining Raman amplification over a 160 nm
bandwidth [2]; it had a maximum Raman gain coefficient 16 times larger than that of
a comparable silica-based fiber. Highly nonlinear HFs have also been fabricated [3, 4]
with y values of the order of 600 W' km~!. One of these had a small core diameter such
that the zero-dispersion wavelength (ZDW) was shifted to 1573 nm [3] and a relatively
low loss, 0.18 dB m~!. It would be interesting to test its performance as an OPA [1]
with an L-band pump. By using a 5 m length, the fiber loss would be below 1 dB and
therefore negligible as a first approximation. A pump power of 1 W would then yield
® ~ 3, sufficient for obtaining 20 dB gain. The pump power would be low enough that
CW experiments could be performed.

Other materials of possible interest are As,S3, Si, GaAs, metal-doped glasses, lead
glass, Bi, 03 glass, etc. It has been projected that fibers made from gallium lanthanum
sulphide (GLS) glass could provide values of 10 000 times larger than those of conven-
tional communication fibers [5]. A lead silicate HF with 4. = 2.6 and y = 640 W~!
km~! was recently reported [6]. By making fibers holey the ZDW of these fibers can be
shifted into the C-band [7].

Fibers with tailored dispersion

A challenging aspect of fiber design for OPAs is obtaining the desired dispersion prop-
erties. The first requirement is to have the fiber’s A value in the desired wavelength
range. This can be a challenge with some highly nonlinear materials that have material
Ao values very far from the C-band; for example, As,S; has Ag & 4.5 um. Then the fiber
must be designed to exhibit a great deal of waveguide dispersion, in order to shift A
by the desired amount. Generally this can be achieved by having a very small A.g; this
requires a cladding with a very low effective index, i.e. a very large air fraction.

To obtain large gain bandwidths, it is then necessary to have low values of B8®.
Recently progress has been made with HNL-DSFs made by the conventional step-index
design. Low values of 8™, with either sign, have been obtained. In particular, with a
fiber with B = 2 x 107¢ s* m~!, wavelength conversion by FWM was obtained over
a bandwidth of nearly 200 nm, which represents an improvement of nearly a factor 2
over previous results [8].

With HFs, to date no work has been done in this area, but it can be anticipated that, by
adjusting the shape and size of the air holes, in principle one should be able to control
this parameter as well. Work done on controlling &) for HFs in such a manner could be
used as a model [9-11].
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The gain bandwidth of OPAs does not directly depend on 8, and so it seems that
there may be no need to be concerned with 83 when designing fibers for OPAs. However,
we have seen in Chapter 13 that detrimental four-wave mixing (FWM) can be reduced
if their wavevector mismatch A is large. Since the AS value such terms increases with
B, it might be advantageous to design fibers with as large a ) value as possible while
maintaining the desired value of 8.

For OPAs designed to act as wavelength converters between very distant regions, the
dispersion properties obtained with fibers having a single zero-dispersion wavelength
(ZDW) may not be adequate, and one may require a fiber with two or even three ZDWs.
Holey fibers designed to have such dispersion properties have been used for this type of
wavelength conversion [12].

Fibers for novel wavelength ranges

To date, most work with fiber OPAs has been done in the C-band, primarily because of
the availability of fibers and pump sources in that range. One advantage of fiber OPAs
is that in principle they can operate about arbitrary center wavelengths, a feature that
could be used for making amplifiers or wavelength converters operating in ranges where
suitable devices are currently not available. To do this it is be necessary to extend the
design of highly nonlinear fibers (HNLFs) or HFs to the desired ranges.

As an example, wavelength conversion was recently achieved by four-wave mixing
from the C-band to a wavelength as low as 540 nm, by using a silica photonic crystal fiber
(PCF) having two ZDWs, at 750 nm and 1260 nm [12]. While the conversion efficiency
achieved in this experiment was low, improvements in fiber fabrication may eventually
make it possible to operate fiber OPAs efficiently in such distant wavelength ranges.

Polarization-maintaining fibers (PMFs)

As we have seen in previous chapters, in fibers that are not designed to maintain polar-
ization states there exists weak randomly varying birefringence, which causes states of
polarization (SOPs) to vary in a random manner along the fibers. This random evolution,
related to the phenomenon of polarization-made dispersion, is the source of significant
difficulties for the design and operation of fiber OPAs. In particular, it can cause distor-
tions of the gain spectra as one tries to achieve very broadband operation. In addition,
it makes it difficult to obtain the polarization-independent operation of two-orthogonal-
pump OPAs, via the introduction of wavelength-dependent polarization-dependent gain
(PDQG).
These difficulties exist for either long or short fiber OPAs as we now discuss.

1. For long OPAs, significant averaging over SOPs can take place, which makes the
shape of the gain spectra fairly predictable, provided that the wavelength spacings are
not very large. For large wavelength spacings, though, this predictability disappears
and there can be very large differences in gain spectra from one fiber to another.
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2. For short fiber OPAs the SOPs may well retain their relative orientations (i.e. identical
or orthogonal); however, there is little opportunity for any averaging over SOPs. Hence
one finds again that the gain spectra can vary greatly with the birefringence maps of
particular fibers, regardless of the wavelength spacings considered.

Under these circumstances, it becomes apparent that unless random birefringence can be
completely eliminated from fibers, the design and fabrication of fiber OPAs with specific
gain spectra is going to be hindered by the effects of polarization-mode dispersion.

One way to avoid the detrimental effects of random birefringence is to use polarization-
maintaining fibers (PMFs). With such fibers, if the input waves are linearly polarized
along the axes of birefringence, they remain so along the entire fiber.

If all the waves have the same SOP then the analysis of the OPA is greatly simplified,
as it is essentially a scalar problem, as studied in Chapter 3. Variations in gain spectra can
still occur due to ZDW variations, but the unpredictable variations due to polarization-
mode dispersion are eliminated. In addition, polarization-independent operation can be
obtained by using a polarization-diversity scheme, for either one- or two-pump OPAs.

Polarization-maintaining (PM) HNL-DSF can be fabricated [13]. The internal stress
required to obtain PM operation makes it difficult to use very small fiber cores, and so PM
fibers tend to have smaller y values than their non-PM counterparts [14]. Nevertheless,
the benefits that can be derived from PM operation may compensate for the drawbacks
of a reduced y value.

It should also be noted that the fabrication of small-core large-y HFs often leads
naturally to fibers with very large birefringence, which can therefore be used as PMFs.
Such fibers could in principle be used to combine PM operation with a large y value,
which would be very desirable for making short high-performance fiber OPAs.

Control of longitudinal ZDW variations

Even if SOP randomness can be eliminated, it will remain true that all fibers will still
exhibit random longitudinal variations in ZDW. Since OPA operation depends critically
on the precise location of the ZDW, such variations will cause an unpredictable distortion
of the gain spectrum from one fiber to another.

While manufacturing techniques keep improving and have significantly reduced ZDW
variations in HNLFs, it appears that further progress in this direction may be very difficult.
One may then face the task of designing fiber OPAs based on imperfect fibers.

Possibilities do exist for manipulating the ZDW map of a particular fiber after it
has been manufactured. Basically, any physical mechanism that affects the refractive
index is also likely to shift the ZDW. Well-known examples are temperature, strain, and
ultraviolet exposure. The ZDW of HNLF shifts by about 0.06 nm per degree centigrade
[15]. It shifts by as much as 40 nm for 1% of strain in HNLFs with a thin cladding
[16]. Ultraviolet exposure can be used for permanently shifting the ZDW by as much
as 100 nm [17]. So, these techniques could in principle be used for creating arbitrary
ZDW maps in fibers after fabrication. While this is theoretically possible, the practical
implementation of any of these techniques will entail significant challenges. Certainly
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the demonstration of uniform shifts in a few segments should be feasible, but achieving
arbitrary shifts in many segments will be very challenging.

Dispersion-map measurements

Actually, being able to modify dispersion maps accurately, as described in the preceding
section, would be effective only if one also has the ability to measure the dispersion map
accurately in the first place. If that is not possible then one will not know what the initial
map is, or, therefore, the modification needed to obtain a particular gain spectrum.

It is therefore highly desirable to have a non-destructive technique which can provide
highly accurate measurements of the ZDW that have a high spatial resolution. A number
of methods have been introduced for measuring the ZDW map, or related properties,
for the fiber in a fiber OPA but their longitudinal resolution is of the order of 10-20 m
[18-20]; ideally it would be desirable to improve on this, perhaps by as much as one
order of magnitude. If such a technique became available, it could in principle be coupled
with a technique for modifying the ZDW map, in order to obtain essentially arbitrary
ZDW maps and therefore to tailor gain spectra at will. Such a combination of these two
methods would make it possible to fabricate OPAs with gain profiles suitable for various
applications, in particular for the broadband amplification of WDM signals for optical
communication.

Pumps

The development of cost-effective fiber OPAs will require the availability of moderate-
cost pump lasers with suitable characteristics, namely high power, narrow linewidth, and
low relative intensity noise (RIN). Ideally, they would be available throughout the 1200—
1700 nm range for the development of subsystems for optical communications. On the
one hand, probably the best prospects rest with semiconductor lasers, since they can in
principle be made at any wavelength in that range, by a suitable choice of material. Single-
frequency semiconductor lasers with a single-transverse-mode output power in excess
of 2.2 W at 864 nm have been made using a master-oscillator power-amplifier structure
(MOPA) [21]. Similar devices are now commercially available at other wavelengths
[22, 23].

On the other hand, if the design of fiber OPAs with very large bandwidths becomes
possible then the availability of suitable pumps at just a few wavelengths would be
sufficient. In that case it might be possible to use fiber lasers, which can generate high
powers with high efficiency and low amplified spontaneous emission (ASE). As an
extreme example of this, one might envision a two-pump fiber OPA, with pumps at
1300 nm and 1620 nm, that has bandwidth of about 300 nm covering most of the
current telecommunication bands. The 1620 nm pump could be provided by an L-band
erbium-doped fiber laser (EDFL), while the 1300 nm pump could be provided by a
praesodymium-doped fiber laser (PDFL).
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An interesting possibility is to use a fiber laser made from a short highly doped fiber.
Such lasers are just a few centimeters long but can generate up to 5 W power, with a
linewidth of just a few kilohertz [24].

Also, an ASE-free laser has been reported [25]. It is a semiconductor laser made with
a Sagnac ring interferometer within an external cavity. It has an output power of several
milliwatts and an ASE level away from the pump below the internal noise level of an
optical spectrum analyzer (OSA). Its low-frequency RIN is not described, but if it is also
greatly reduced then this could provide a means for making a low-RIN pump.

It is also good to keep in mind that if high-quality pumps are available in some
regions of the spectrum, such as the C- and L-bands and the 1000—1100 nm range, then
in principle other pumps can be derived from these with good efficiency by nonlinear
means such as periodically poled lithium niobate (PPLN) devices or fiber OPAs. With
fiber OPAs, conversion efficiencies approaching 50% can be achieved. This method has
already been used for particular experiments [26, 27] and could perhaps be extended to
other situations.

In principle it is possible to consider the use of Raman amplification, which can
also be used to convert the power of high-power pumps available in certain wavelength
regions. One approach would be to make a standard Raman fiber laser by attaching a
fiber Bragg grating (FBG) at each end of a fiber to make a Fabry—Pérot cavity. Unfortu-
nately, such sources have a linewidth typically of the order of 1 nm, determined by the
bandwidth of the FBGs used. This linewidth corresponds to IM and FM of the output
and would not be suitable for an OPA pump, particularly for optical-communication
applications. An alternative approach would be to use a narrow-linewidth seed, such
as can be provided by a laser diode, and to amplify it to a high level in a Raman
amplifier (RA). However, there are difficulties associated with this. In particular a high
gain is needed to amplify the seed to a high level, sufficient for depleting the pump,
in order to obtain a high conversion efficiency. But high gain is difficult to obtain
with RAs, because (i) the Raman gain coefficient is relatively weak (about 1/3 of the
parametric gain coefficient) (ii) double Rayleigh scattering sets an upper limit to the
gain.

For these reasons, to date Raman amplification has not been used successfully for gen-
erating the kind of high-power high-quality pumps required for parametric amplification.
However, perhaps with novel approaches the above difficulties could be circumvented,
so that RAs could be used for providing versatile pumps for OPA pumping. It should be
noted that a great deal of work has been done on so-called Raman-assisted parametric
processes; some ideas introduced in that area might be applicable to the generation of
high-power pumps.

SBS suppression
Table 15.1 shows a variety of techniques that in principle can be used for stimulated

Brillouin scattering (SBS) suppression. In the following we discuss their potential for
providing efficient SBS suppression for future fiber OPAs and OPOs.
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Table 15.1. Techniques for SBS suppression

Threshold Idler Dispersion ~ Permanent

Technique increase Loss broadening change fiber change
PM/FM >20 dB 5 dB (PM) Yes No No

Two pumps 3dB No No No
Isolators (V) 10 log(N) dB about N dB No No Yes

Gaps (N) 10 log(N) dB <NdB No No Yes

Stress >10dB 0dB No Yes Yes
Tapered core 7 dB No No —

Core design 6dB No No —
Temperature 3dB 100°C™! 0dB No Yes No

Bi,0; glass 3dBm™! No — —

Al,O5 core 6dB 37 dB km™! — — —

To date most work with fiber OPAs has used pump-spectrum broadening by either
phase or frequency modulation for SBS suppression. While this method is effective, it
is not simple or inexpensive, as it requires substantial RF power and electronics. The
use of external phase modulators also introduces significant losses, typically 5 dB per
modulator. Being able to replace this active technique by one or more passive methods
could help the development of practical fiber OPAs. Some known passive techniques,
such as air gaps, stress distributions, tapered cores, or isolators, could perhaps be used for
this purpose. However, the use of HFs could lead to solutions that are not possible with
current fibers. For example, it is possible that suitably designed microstructured fibers
could exhibit bandgaps for phonons, i.e. frequency ranges in which sound waves cannot
propagate; this would lead to SBS-free operation in that range [28]. Alternatively, one
might envision HFs with holes filled with liquid having a high attenuation for acoustic
waves but not for optical waves.

A promising approach is to design fibers for which the overlap between the optical
and acoustic modes of interest is smaller than for conventional fibers. In this manner an
increase in SBS threshold as large as 6 dB has recently been achieved [29].

Another interesting approach is the use of stress variations along fibers. A specially
fabricated cable, creating a sinusoidal strain variation in a fiber, achieved a 7 dB increase
in SBS threshold and could achieve more with a higher strain [30]. Recently a threshold
increase of more than 10 dB was obtained by creating a staircase strain distribution in an
HNLF [31]. One difficulty with this approach is that strain also modifies the refractive
index and dispersion: 1% of strain causes a ZDW shift of 4-5 nm [31] (in another
type of HNLF the shift was about 10 times larger [16]). Since the gain spectrum of
fiber OPAs is very sensitive to longitudinal ZDW variations, it appears that this method
would be incompatible with generating the gain spectra associated with uniform fibers;
nevertheless, one possibility exists for using strain for SBS suppression while maintaining
such a gain spectrum. The idea is to use periodic strain variations, with a short spatial
period. Since the gain spectrum is not affected by short-scale ZDW fluctuations, it would
be essentially the same as if the fiber were uniform, with a ZDW equal to the average



322

15.5

Prospects for future developments

ZDW for one period of the actual fiber. It has been shown theoretically and experimentally
that periodic ZDW variations do not affect the spectrum of a typical OPA if the period
is of the order of one-hundredth of the fiber length or less [15]. For an OPA that is a few
hundred meters long, one would need to have a period shorter than a few meters. The
cable of [30] had a period of 0.6 m and would therefore satisfy this condition. This type
of approach thus offers the possibility of strong SBS suppression while maintaining the
gain spectrum and is therefore very attractive.

It should be noted that cabling may not be the only way to produce such periodic
strain distributions. For example, one could consider winding a fiber on a circular drum,
attaching it uniformly to the drum by means of epoxy or similar material; then, by
deforming the drum one could create regions of positive and negative strain, located
periodically along the fiber.

Also, one should not overlook the fact that a two-pump OPA has an SBS threshold
which is 3 dB higher than that for a one-pump OPA with the same total gain.

It is also interesting to note that bismuth oxide fibers have an advantage compared to
silica-based fibers when it comes to SBS threshold [32]. Step-index fibers have a very
large group velocity dispersion (GVD) in the C-band but, by using a small-core HF
design, it is possible to bring the ZDW near 1550 nm for communication applications
[33, 34].

Similarly, heavy core doping with aluminum oxide can provide a 6 dB increase in SBS
threshold; unfortunately, this is accompanied by a large increase in loss [35].

Integrated optics

Silica-based single-mode integrated-optic waveguides can exhibit losses below 0.01 dB
cm~!, and they can thus be used for making waveguides that are a few meters long
and have a loss of just a few decibels. If similar losses could be achieved with high-y
waveguides, such lengths would be sufficient for making OPAs with moderate pump
powers.

In comparison with fiber technology, integrated optics presents opportunities for other
features, such as: wafer-scale fabrication; integration with other components such as cou-
plers, Bragg gratings, etc.; achieving small 4. values with ridge waveguides; the cre-
ation of air gaps for SBS suppression; the design of slow-wave structures for enhancing
nonlinear interactions; producing layered structures from different materials; the depo-
sition of materials not suitable for making fibers; ion implantation with highly nonlinear
dopants; producing tapered transitions for low-loss connection to fibers. Thus integrated
optics could provide an interesting alternative to optical fibers for making OPAs based
on the third-order optical susceptibility x ).

One regime for which integrated-optic OPAs might be of interest is that of short pulses
with high peak powers. In this case the lengths required for obtaining substantial gains
could be modest, and so waveguide structures might be attractive.

In recent years the possibility of obtaining optical amplification in silicon, by means
of stimulated Raman scattering (SRS), has attracted considerable attention [36, 37]. The



15.5 Integrated optics 323

appeal is obvious, as the development of silicon-based optical devices could eventually
lead to the integration of optical and electronic components in the silicon platform; this
possibility helps to drive the enormous semiconductor industry. Significant SRS gain
has been obtained in short waveguides, because of the large value of the Raman gain in
silicon.

The Kerr nonlinear index 7, of silicon is more than 100 times larger than that of silica.
Also, silicon-on-insulator (SOI) technology permits the fabrication of ridge waveguides
with effective areas smaller than 1 pm?. This combination yields values of y as large
as 3 x 10* W=! km™!. It has also been shown that the ZDW of such ridge waveguides
can be located near 1550 nm by proper choice of the waveguide dimensions [38, 39].
As a result, 5-cm-long waveguides can support soliton propagation near 1550 nm, with
a peak power of the order of 2 W [39].

Since parametric amplification requires power levels similar to those for soliton for-
mation (y PyL > 1), it follows that parametric amplification should also occur in such
waveguides, with similar parameters.

In fact parametric amplification has recently been observed in Si waveguides [40].
Near-zero dispersion was obtained at 1550 nm by using Si waveguides buried in sil-
ica, with a cross-section of the order of 300 nm x 600 nm. In a 17-mm-long guide,
pumped with 4 W peak power, an on/off gain of 2.9 dB was observed. The gain was
limited by a number of effects, including a waveguide loss of the order of 1.1-1.4
dB /cm~! at 1550 nm and a nonlinear loss of 9.7 dB outside the phase-matching region.
In addition an input coupling loss in excess of 10 dB limited the net input—output
gain.

The results of these first experiments are promising and indicate that parametric ampli-
fication in integrated optics based on Si, or other nonlinear materials, may indeed provide
another direction for developing practical parametric amplifiers based on the third-order
optical susceptibility.

Recently there has also been considerable interest in developing so-called slow-light
structures. As the name indicates, in such structures the group velocity of light is sub-
stantially reduced compared with its value in vacuo, c. A major area of application is the
creation of large time delays that can be used for processing information.

Another aspect of slow light, however, is that it leads to an enhancement of nonlinear
interactions. One way to understand this is to consider the propagation of a light pulse
carrying a certain amount of energy. If the pulse travels more slowly, its length in space
is reduced, and therefore the energy per unit volume that it carries is increased and so is
the electric field. As a result, nonlinear effects are enhanced.

Slow-light structures with group velocities as low as 10~2¢ to 10~>c have been demon-
strated [41, 42]. The possibility of enhancing SRS in an SOI slow-light photonic crystal
waveguide has been investigated theoretically [43]. It was found that the Raman gain
can be enhanced by a factor of almost 10° compared with its value in bulk Si. If sim-
ilar enhancements could be obtained for the Kerr effect, parametric amplification in
short structures might become possible. Of course, the need for proper phase matching
between the waves introduces another constraint, which will make the design process
more challenging.



324

15.6

Prospects for future developments

Pump resonators

A fiber OPA with 400 nm bandwidth was recently demonstrated [44]. This bandwidth is
now about ten times larger than that of an erbium-doped fiber amplifier (EDFA), which
is the main type of amplifier used in today’s optical communication systems.

A practical difficulty with the experiments described above, however, is that the
required pump powers were fairly high, being in excess of 10 W. Since CW pumps
with such high power were not available, pulsed pumps with the required peak pow-
ers, but with a duty cycle of only about 1%, were used. This allowed operation with
pump sources of moderate average powers yet with the desired peak power. Such pulsed
amplifiers, however, are of limited practical interest in optical communication, where
one really needs CW amplifiers, providing a gain that is constant in time.

In principle, passive optical resonators can provide a means for combining the virtues
of a high pump power inside the OPA and a moderate pump power provided externally
by a pump laser. In Kerr-related nonlinear work with fiber optics, to our knowledge a
resonating pump has been used only once, for making a CW modulation-instability laser
[45].

To enhance optical pump power by means of an optical resonator, a wave generated
by an external pump laser is directed onto a partially reflecting mirror that forms part of
the cavity. A proportion of the light enters the cavity and bounces between the mirrors,
becoming trapped. If the light frequency matches one of the resonance frequencies of
the cavity, the optical power in the cavity can build up to a level exceeding that of the
externally incident light by a factor proportional to the “finesse” of the cavity. The finesse
is a function of the losses in the cavity, and in fiber cavities it can reach tens or even
hundreds, if the cavity losses are low.

This idea can in principle be applied to fiber OPAs, and significant benefits can be
derived from it. These are:

1. Large CW gain bandwidth with moderate pump power For example, one should
be able to obtain a bandwidth in excess of 300 nm with a CW laser power of less than
1 W. To our knowledge, at this time fiber OPAs are the only type of optical amplifier
that can provide such large CW gain bandwidths.

2. Reduced fiber length Because of the high intracavity power, high gains (> 20 dB)
can be achieved in relatively small lengths of HNLF (of the order of 20 m). Such
fiber lengths are similar to those used for EDFAs. A small length would result in
reduced fiber cost and would also have several major additional consequences, as
follows.

3. Improved fiber uniformity Short fibers would have more uniform longitudinal
properties, namely lower variations of the zero-dispersion wavelength 1 as well as
reduced random birefringence and polarization-mode dispersion. The latter aspects
are very important for obtaining gain spectra with well-defined shapes, particularly
for very wideband amplification.

4. Reduced spurious nonlinear interactions A relatively small fiber length would
also reduce nonlinear effects between signals in the OPA, which arise when the OPA
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is used with multiple optical carriers. These nonlinear effects are signal-signal and
pump-signal four-wave mixing (FWM) as well as cross-gain modulation (XGM). As
discussed in Chapter 14, they can be alarmingly large in OPAs using longer fibers,
to the point where fiber OPAs can be at a considerable disadvantage compared with
other types of amplifier (EDFAs or Raman amplifiers).

5. Orthogonal signal and pump If the intracavity power is very high, it may actually
be possible to have the signals orthogonal to the pump and still have sufficient gain.
There are benefits attached to this. First, since the transverse Raman gain is very
small, the OPA noise factor (NF) will be almost unaffected by the Raman gain and
so in principle could approach 3 dB (which is not the case when the SOPs are the
same). In addition, since the required pump power will be larger by a factor 3 for
a given gain, pump depletion and hence XGM will be reduced; the same is true of
pump-signal FWM (see Chapter 13).

6. Elimination of external ASE Most current OPA experiments make use of high-
power EDFAs for boosting the pump to a high level, and these inevitable add much
ASE to the amplified pump. This ASE can be reduced by the use of bandpass fil-
ters but it cannot be totally eliminated. With a resonator pumped directly by a
narrow-linewidth laser, this type of ASE does not enter into the system and this
should lead to a higher-quality pump.

7. Operation with arbitrary center wavelength If the use of resonators can reduce
the required pump laser power to tens of milliwatts then semiconductor lasers could
be used directly. Such lasers can in principle be fabricated anywhere in the 1200—1700
nm region, i.e. through the entire range of interest for optical communication.

8. Reduced hazards By reducing the power required from the pump laser, the proba-
bility of optical damage to components such as connectors, filters, and couplers, and
of injuries to operators, should be significantly reduced. This would be an important
point for the utilization of OPAs in practical systems.

All these important advantages show that the use of pump resonators to boost the effec-
tive pump power could improve the performance of fiber OPAs in several very important
respects. This approach to the design of fiber OPAs may thus provide a leap in per-
formance that could greatly accelerate the development of practical fiber OPAs. While
resonators hold considerable promise for improving fiber OPAs, there are, however, a
number of challenges that would need to be overcome in order to fulfill this promise.
The most obvious is the need to reduce cavity losses in order to achieve a high quality
factor Q. Another linear-optics issue is that of the cavity linewidth: if it is too nar-
row, achieving and maintaining resonance will place very stringent requirements on
the laser source. Other aspects associated with nonlinear optical phenomena are that
SBS will need to be suppressed and that the high circulating power may introduce res-
onance shifts, modification of the gain spectrum, pump depletion, or modulation insta-
bility. In particular, for SBS suppression it would be good to avoid the need for pump
dithering by using static means such as stress and novel core design, as discussed in
Section 15.4; however, if required pump dithering can be rendered compatible with
cavity resonance [45].
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While improving fiber OPAs by making use of fiber resonators appears challenging,
one may draw some inspiration from the fact that parametric oscillation has recently
been observed in microcavities just tens of microns in size, with a pump power below
I mW and a conversion efficiency of 36% [46]. This compact source illustrates some
benefits that can be derived from operating an OPA with a very-high-Q pump resonator.

Discrete or distributed parametric amplification?

In the preceding sections we have discussed a number of areas of research that could
help the development of practical discrete fiber OPAs, for applications in optical com-
munication.

While the use of discrete fiber OPAs in essentially conventional optical communi-
cation systems is a possible avenue for the utilization of parametric amplification, we
saw in Chapter 14 that it is also possible to envision a radically different type of fiber
communication system, based on distributed parametric amplification (DPA). In this
approach the signal amplification necessary for compensating fiber loss takes place in
the transmission fiber itself, and there is no need for amplification between segments
of communication fibers. The use of distributed parametric gain instead of distributed
Raman gain has two advantages: (i) the required pump power is lower; (ii) the NF can
also be lower.

Furthermore, one can in principle use the phase-sensitive version of DPA, which
yields additional improvements in pump power and NF. Finally, the ultimate version
of phase-sensitive DPA involves the use of a parametric pump whose intensity is kept
nearly constant by means of Raman amplification. In that case the fiber loss is balanced
locally by the parametric gain, and in principle this can yield the best performance in
terms of SNR that can be achieved at the receiver. If such a system could be built that
could also handle a large number of high-frequency signals, this could potentially offer
a very different way of designing high-capacity optical communication systems, with a
performance significantly better than that obtainable by current designs. Naturally, there
are considerable obstacles that would need to be overcome if this promise is ever to be
realized. These are as follows.

Bandwidth

This is a major concern, because the usable bandwidth demonstrated in DPA experiments
in a typical communication fiber, with a pump power of the order of 60 mW [47], is only
about 1 nm. This is very small compared with the 35 nm bandwidth of EDFAs used in
current systems or the potential bandwidth of 200 nm or so that could be obtained with
discrete OPAs.

One reason for this small bandwidth is the low value of the product y P required for
compensating loss. For a given type of fiber, i.e. for given « and y, Py is fixed and cannot
be increased to obtain a larger bandwidth.

The other reason for the small bandwidth is longitudinal variations in Ay. These reduce
the bandwidth from an attractive theoretical value of several tens of nanometers to about
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1 nm. If one could manufacture fibers with greatly improved A variation then it would
be possible to obtain a much larger bandwith.

Another possibility might be to use fibers that have multiple ZDWs. For example,
fibers with ZDWs at both 1310 nm and 1550 nm have been fabricated. Also, holey
fibers with three ZDWs have been made. It appears that there is no fundamental reason
preventing the construction of fibers with a large number of ZDWs. If such fibers were
available, one could place a pump near each ZDW and thereby increase the aggregate
bandwidth available.

A simpler alternative would be to place the pumps away from the ZDW. In this case the
theoretical bandwidth would be smaller but the practically available bandwidth might still
be of the order of 1 nm, as it would be less affected by ZDW fluctuations. This approach
would have the merit of working with potentially any type of fiber. An interesting aspect
of this approach is that bandwidth can be added as needed, by turning on additional
pumps; this could present a significant advantage for the deployment and activation of
such systems.

Detrimental nonlinear effects

Another area of concern is undesired nonlinear effects such as those investigated in
Chapter 14: signal-signal and pump-signal FWM, as well as XGM. These effects were
investigated experimentally in [47] and were found to be tolerable for the number of
channels used (three) and the distance covered (75 km); however, since they effects
increase with the number of channels and the number of consecutive stages, their impact
will have to be carefully investigated to determine whether they will impose a limit on
system performance.

Also, if a multi-pump arrangement is used (as contemplated above), the presence of
several relatively strong pumps will also lead to the generation of relatively strong FWM
products, by pump—pump FWM. This will set a limit on how closely such pumps could
be located and therefore on what the total capacity could be.

If Raman gain is used to maintain a constant pump power along the fiber, and the
pump phase does not jump between fiber segments, the effective fiber length becomes
the entire fiber (from the pump’s point of view). Thus the SBS threshold can become
much lower than in a lossy fiber, for which the effective length is of the order of 20 km.
So, even though the pump power may be low, it may still be significantly above threshold.
Therefore the usual SBS-suppression techniques may still have to be employed.

Polarization independence

In conventional optical communication systems it is desirable to have devices such as
amplifiers that are polarization-independent, i.e. whose performance (e.g. amplifier gain)
is independent of the SOP of the incident signal. This is to accommodate the fact that
the SOPs of signals coming from different parts of a network may be different and,
furthermore, may vary in time owing to environmental fluctuations. For this reason a
great deal of work has been done to develop polarization-independent discrete fiber
OPAs. Up to the present time, all the thetheoretical and experimental work with DPAs
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Table 15.2. Communication systems based on parametric amplification

OPA Idler kept? Raman NF Bandwidth
1 Discrete No — Highest Large
2 Discrete Yes — — Large
3 Distributed No No — Small
4 Distributed Yes No — Small
5 Distributed No Yes — Smallest
6 Distributed Yes Yes Lowest Smallest

has been done for the case where all waves have the same SOP. While this is a useful
simplification, it may not be sufficient to deal with realistic input signals.

One possibility is to use two orthogonal pumps. Since pumps and signals may need
to be close together, the impact of polarization-mode dispersion may be relatively small
and so this approach may work well over fairly long distances.

It should be noted that the quantum-noise properties of DPAs with orthogonal pumps
have not been investigated, and this would need to be done to see what the ultimate
performance of such systems can be.

Polarization tracking is another way to achieve polarization-independent operation.
In this case the signal and pump could be forced to have the same SOP along the entire
fiber. This approach would also have the advantage of being potentially compatible with
Raman amplification of the parametric pump(s) without affecting the signal (which does
not appear to be possible if orthogonal parametric pumps are used). The approach would
also be compatible with polarization-maintaining fibres (PMFs); in fact PMFs may be
required to avoid polarization-mode dispersion, to prevent the Raman pump from directly
affecting the signal.

Table 15.2 lists the main categories of fiber communication systems based on param-
etric amplification that we have discussed so far, as well as some additional possibilities.
They are classified according to the following characteristics: whether discrete or dis-
tributed OPAs are used; whether idlers are kept after each stage (i.e. whether operation
of the system is phase-sensitive); for the distributed cases, whether Raman gain is used
to maintain the parametric pump power constant.

For all the phase-sensitive systems there are two possibilities for the first stage:
one may have only signals present at the input or one may inject idlers along with
the corresponding signals. For a long chain of amplifying stages, the performance of
these two types of system will be essentially the same.

We have previously discussed schemes 1, 3, 4, and 6 (Table 15.2). Schemes 2 and 5
have been added, as they are logical entries in this table and constitute additional possible
candidates for the design of advanced communication systems based on parametric
amplification.

There are many trade-offs involved in the different designs, and a thorough compari-
son is beyond the scope of this book. However, it will have to be undertaken if parametric
amplification is going to be considered seriously for the implementation of optical com-
munication systems. Among the important features that will need to be compared are
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the following: NF; bandwidth; spurious nonlinear effects; aggregate traffic capacity;
systems reach; SBS suppression; polarization independence; stability; frequency, phase,
and polarization control systems.

Conclusion

The basic theory of fiber OPAs is fairly well understood and indicates that under ideal
circumstances these devices can exhibit interesting characteristics in terms of bandwidth,
gain, conversion efficiency, noise figure, etc. They can thus in principle be candidates
for application in many areas, including optical communication, high-speed signal pro-
cessing, wavelength conversion, spectroscopy, high-power generation, etc.

Progress in these areas, however, is hampered by the fact that existing fibers are non-
ideal in several respects, in particular because they exhibit longitudinal dispersion and
birefringence variations and a low SBS threshold. In addition, the pump sources that are
currently available are also far from being ideal. Again, the impact of these limitations
is fairly well understood. Nevertheless, improvements can be made in all these aspects
and it is expected that, with progress in these areas, fiber OPAs will come within reach
of more applications.

While the path to some applications is fairly clear, there are still many questions that
remain to be answered about others. For example, much work remains to be done on
systems using distributed and/or phase-sensitive amplification.

Recent developments in x ) parametric amplification in silicon waveguides and silica
microspheres also indicate that interesting solutions may be found by using x ) in media
that are not strictly speaking fiber-based. This broadening of the scope of the field could
provide additional exciting research opportunities in the future.
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Appendix 1 General theorems for solving
typical OPA equations

A simple transformation

When dealing with fiber OPAs it is common to encounter ordinary second-order differ-
ential equations of the form

¥ ' +ay + by =0, (A1.])

where y is an unknown function of the variable z, and a prime means a derivative with
respect to x; a and b are known functions of z.

Equation (A1.1) can be put in a more useful form by eliminating the term in y’. This
is done by means of the transformation [1]

y=Yexp (—%/adz) . (A1.2)

Substitution of Eq. (A1.2) into Eq. (A1.1) leads to
Y —g?Y =0, (A1.3)

where

at d

2
—_pr L e Al.4
g +4+2 (Al.4)

is the invariant of Eq. (A1.1).

The form of Eq. (A1.3) is well known in propagation problems. When g is constant
the solution is a linear combination of the exponentials exp(gz) and exp(—gz). These
correspond to monotonically increasing and decreasing exponentials if g is real, periodic
exponentials if g is imaginary, and damped and amplified periodic functions if g is neither
wholly real nor wholly imaginary. All these well-known simple cases are encountered
in propagation problems where the medium is uniform. The common interpretation of
g is then that of a complex propagation constant: its real part corresponds to the gain or
attenuation, while its imaginary part corresponds to the phase.

When g is not a constant but varies slowly with z, it is sometimes possible to approxi-
mate the solution by regarding g as constant over a short length and writing the solution in
terms of exponentials exp[+ [ “ g(£)d£]. This type of approximation is very convenient,
as it is based upon the well-understood solutions for g = constant and can therefore
provide a great deal of physical insight. For this reason, this approach is often used in
areas of physics such as waveguide propagation, plasma waves, quantum mechanics, etc.
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The best-known formalism is known as the WKB method. We use it in Chapter 13 to
obtain approximate solutions for XGM crosstalk.

Solution of the OPA equations in the absence of pump depletion

For either one- or two-pump OPAs, the FWM equations for the signal (k = 3) and the
idler (k = 4) are of the form

dA, . ) 7 N
— = ipi A +irrexp | i qrd§ | A7, k=3,4, I=7T—k, (AlS)
dZ £=0
where A represents the complex slowly varying envelope, z is the distance along the
fiber, and the asterisk indicates complex conjugation. We assume that p; and g; may be
functions of z but that r; is a constant.

Upon letting

Ak = Bk eXp (i [Z pkd:‘::> (Al6)
=0

we obtain

dB z
—k = l"”k eXp (—l / de€> B]*, (A17)
dZ £=0

where k. = pr + pj’ — qx.
One way to proceed is to take the derivative of Eq. (A1.7). This leads to

d*B z z dB}
k_ Feki EXp (—i/ de.§> B +irpexp (—i/ deg) L. (AlL8)
3 &

de =0 =0 dZ

Using Eq. (A1.7) we can eliminate B}, which leads to

dZBk ~ dB

k . :
Ik —gNdE | By =0, Al9
dz2 Tk dz TRITCXP |:l /;—0 @ =41 $:| g ( )

which is a second-order differential equation in B, only and has the form of Eq. (A1.1).
Making use of the transformation

By = Cy exp <_l§/ de§> : (A1.10)
&

=0

which implies that

l' Z
Ci = Agexp [—5 /g (=1 +qk>ds}

— A exp [i /s:o (% _ pk) dg] , (A1.11)

we obtain
d*c,

—7 21 (2)Cy =0, (A1.12)
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where
2 T
B M, (A1.13)

g(2) = rir} exp [1/ (qx — qz*)dé} -4 t5
£=0

the prime indicates a derivative with respect to z.
(An alternative approach can be used. Substituting Eq. (A1.10) into Eq. (A1.7) leads
to
dcC [ i [*
= = ﬂCk+irkexp —l—/ (kx — k))& | C/. (A1.14)
dz 2 2 Je—o
Eliminating C; again leads to Eq. (A1.12).]
To proceed further it is necessary to know g,f(z) explicitly, and also the dependences
of px, qr, and ry on z.

Solution for g7(z) = constant

This situation occurs in the case of an OPA with no pump depletion, no loss (hence
constant pump power(s)), and constant dispersion properties (A = constant). Then
Pi 9 Vi Sk are constants. Often gj is constant as well. Under these circumstances the
general solution of Eq. (A1.12) is of the form

Ci(z) = uy exp(grz) + vi exp(—gk2), (AL.15)

where u; and v; are constants to be determined from the initial conditions. To do this,
let us take the derivative of Eq. (A1.15), which yields

G2

= uy exp(gkz) — Vi eXp(—gxz). (Al.16)

Adding and substracting Egs. (A1.15) and (A1.16) and letting z = 0 yields

1 1 1 1
=5 |:Ck(0) + QC/L(O)] and k=5 [Ck(o) - ;CIL(O)] - (ALL7)

To express everything in terms of the original field envelopes A4y and 4;, we make use of
the relations

Cr(0) = A4x(0) and C(0) = %Ak(O) + irg A7 (0). (A1.18)
Then Ci(z) can be written as
I [k .
Cule) = Ax(O)cosh(gi) + [?kAk(O) + 7 A7 (0) ] sinh(giz)
k
ikp . irg .
= |:cosh(gkz) + — smh(gkz)i| Ar(0) + — sinh(gxz) 47(0).  (A1.19)
2gk Sk
The last expression shows that Ci(z) is a linear combination of 4;(0) and A;(0). The

coefficient C;(z) has a similar expression: it is a linear combination of 4;(0) and A;(0).
As a result, we can combine the expressions for Ci(z) and C/(z) in the following



336

Appendix 1 General theorems for solving typical OPA equations

vector—matrix relationship:

Ck(z):| |:Ak(0):|
=M , A1.20
[C,*(z) 47(0) (A120)
where
M = [ Mg M ]
| My my;
cosh(giz) + ;ﬁ sinh(g2) Tk Sinh(gez)
= b B g «|. (A121)
(—’ sinh(g,z)> <cosh(g;z) + L sinh(g;z))
L g 2g
Finally A4, (z) is obtained from
K,
Ax(2) = Ca(z) exp [i (pk - ?") z] . (A1.22)

To obtain A(z), k and / should be exchanged.

Under certain circumstances p, — pj', qx, ', kK and g are the same for k = 3, 4. We
can then drop the subscripts for simplicity. When r and « are real, g2 = r2 — (k/2)* is
real. An OPA has gain if g is real, i.e. if g > 0.

Assuming that g2 is real, M becomes simpler and we have the relations

my = (my)*  and  my = (my)*. (A1.23)

The determinant of M is then given by

2 2
% sinh?(gz)

= cosh’(gz) — sinh*(gz) = 1, (A1.24)

det(M) = mym}, — mym}, = cosh’(gz) +

which shows that M is a unimodular matrix.

Because unitary matrices are such that the magnitude of their determinants is 1, one
might think that M is unitary, as stated in [2]. However, the relations between the matrix
elements, Eq. (A1.23), are different from those between the elements of unitary matrices;
hence in general M is not unitary.

Another way to understand this is that, in optics, unitary matrices represent processes
that conserve power, such as propagation through a lossless 2 x 2 single-mode fiber
coupler. Since by definition an OPA has gain, it cannot be viewed as a power-conserving
device and thus cannot be described by a unitary matrix.

It is interesting to note that the form of M is generally more complicated than is often
assumed when inferring the form of the matrix for a parametric amplifier from basic
principles of quantum optics [2]. Yet M does satisfy the most basic principles of quantum
optics.

In particular M is quasi-unitary, which indicates that the mode operators of both the
incident and the amplified light are proper Bose operators [3]. This can be shown by
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verifying that M has the following properties:

2 2
Imuel” — |mp|” =1,
2 2
lmy|” — |my)= =1,

mkkm?‘k — m”m,’:l = 0 (A125)
It can also be shown that

1. The eigenvalues of M are exp(gz) and exp(—gz).
2. MM* =1,0r M~ = M*.
3. M = exp(Nz), where

| K/2 r
N =i |:—r _K/2:|. (A1.26)

One way to prove this last property is by solving the OPA propagation equations in a
different way. Going back to Eq. (A1.14), it can now be rewritten as

dcCy iK .
E = 7Ck+erl. (A127)
Writing this equation for C; by exchanging k and / and taking the complex conjugate

leads to

dCf iK )
dZ’ = -G —irC. (A1.28)
Taken together, Eqs. (A1.27) and (A1.28) can be rewritten as
d [ Cy Cr
— =N . Al1.29
L =[G w29
Since N is a constant matrix, the solution of this vector differential equation is
Ci(2) ] [ Ci(0) ]
N = exp(Nz N . A1.30
L] =ewva) | (130

Comparing with Eq. (A1.20), we see that we must have M = exp(Nz). This proof has
the advantage of providing a simple interpretation for N, namely that it is the matrix that
governs the basic propagation equation for C and C;, namely Eq. (A1.29).

The matrix N is interesting in its own right, as well as in relation to M. In particular,
N has the following properties:

1. det(N) = —2 + (%)2 S (A131)

2. The eigenvalues are +g.

3. The corresponding eigenvectors are [ir — ix /2 & g]' (where the superscript f means
the transpose).

4. M has the same eigenvectors as N.

. N2 =g°1.

6. ny = (ng)* and ny = (nyy)* (the same properties as for M).

()]
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7. Nispurely imaginary, so it can be written as N = iR where R is real but not Hermitian.
(This again demonstrates that M is not unitary, since a unitary matrix must be of the
form exp(i H), where H is Hermitian.)

Wavelength exchange

In this case, with the frequency assignment described in Section A1.2, Eq. (A1.5) is still
valid except that A4} is replaced by 4;. As a result, all the derivations leading to Egs.
(A1.12) and (A1.13) are the same as before, except that the asterisk should be omitted
everywhere.

In the case where py, g, 7%, K do not depend on z and are independent of &k and /, we
can drop the subscripts and obtain

z 2
22 (z) = —rtexp (21’/ qd§> — K— (A1.32)
£=0 4
Hence the only way in which g can be independent of z is if ¢ = 0. In that case we also
have x = —g = 0. Then g> = —?, and so g = ir.
The matrix N is then given by

N:ir[o 1] (A1.33)

Its eigenvalues are +ir, and the associated eigenvectors are [1 £ 17'.

Since ir is imaginary and since the matrix that multiplies it is real and symmetric and
hence Hermitian, M is unitary.

The physical reason for this is that, in wavelength exchange, when the signal loses
one photon the idler gains one photon and therefore wavelength exchange is a power-
conserving process, which must therefore be described by a unitary matrix.

The matrix M itself is given by

_ cosh(gz) i sinh(gz) _ cos(rz) sin(rz)
- [i sinh(gz)  cosh(gz) ] N [—sin(rz) cos(rz)} ’ (AL.34)

The last form clearly shows a periodic exchange of power between signal and idler along
the fiber. The eigenvalues of M are exp(=4irz) and the associated eigenvectors are the
same as for N, ie. [1 £ 1],

The fact that the eigenvectors have equal power for the signal and the idler is consistent
with the photon picture. Then the probability of a signal photon being annihilated and
a corresponding idler photon being created is equal to that for the reverse process. As
a result these two processes cancel out and the initial powers remain unchanged during
propagation, which is a basic requirement for an eigenvector.

The form of M in Eq. (A1.33) is the same as that for a lossless beamsplitter [3, 4]. As
a result, a wavelength exchanger will have quantum properties similar to those of such
a beamsplitter.
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Case where r, = r4(2)

Under some circumstances it is possible for 74 to be a function of z. In particular, this
occurs when none of the waves remain in the same SOP everywhere along the fiber. This
can occur in PMFs when the input waves are not polarized along one of the axes and,
more generally, in non-PMFs when the input waves are not polarized along the principal
planes of polarization; under these circumstances the SOPs undergo rapid variations and
as a result the magnitudes of the four-wave mixing (FWM) terms in the OPA equations
are functions of z.
Then Eq. (A1.7) is still valid. We can rewrite it as
d By

— =4 By A1.35
5, = B ( )
where
ty = iry exp <—i / de%') (A1.36)
£=0
is a function of z. Taking the derivative of Eq. (A1.34) and using Eq. (A1.35) leads to
d*’B;, .. dB; .
422 + lKkE — Lkt B, =0, (A1.37)
where
idty i dry
i =—— = —— Al1.38
k ty dz o+ ry dz ( )
Letting
By = Cy exp (—i / ;zkds;) (A1.39)
2 £=0
and using Eq. (A1.12) leads to the standard form of Eq. (A1.12) but with
. kPR
g =t — Zk + 7k (A1.40)
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Appendix2 The WKB approximation

In Chapter 3 we considered OPAs in which the parametric gain coefficient g is a constant
along the fiber. This allowed us to obtain closed-form solutions for the gain in several
important situations. In practice, however, fibers generally have properties that may
cause g to vary as a function of z. Examples of these properties are: fiber loss, which
causes the pump power to drop exponentially; non-uniform dispersion, which causes
A B to fluctuate; birefringence (fixed or randomly varying), which introduces a complex
evolution of SOPs. Under these circumstances the constant-g solutions are no longer
applicable.

In several areas of physics that involve wave propagation in media with slowly varying
properties, one often uses approximate solutions derived by making use of the Wentzel—
Kramers—Brillouin (WKB) approximation, also referred to as the phase-integral method
[1, 2]. This method was originally introduced in quantum mechanics. In optics, it has
been used extensively to study propagation in multimode fibers [3]. It can lead to closed-
form solutions if the properties vary in a simple fashion, such as linearly. If the variations
are not simple, one may still be able to use the method to obtain some useful expressions
involving the average of g along the fiber.

Karlsson first applied the WKB method to fiber OPAs, in the context of modulation
instability (MI) [4]. Here we present a slightly different version, starting from the basic
OPA equations. In Appendix 1, we showed that these equations can lead to second-order
linear differential equations for the fields, where the parametric gain coefficient may be a
function of position, g (z). We consider the most general case where 74 can be a function
of z. We assume for simplicity the common situation where py, qx, rx, Kk, t, i are the
same for £ = 3, 4 and we therefore drop the subscripts of these quantities. We also
assume that the resulting g is a slowly varying function of z. Then C}, is governed by

d>*C;
dz?
The first-order WKB approximation yields two approximate independent particular solu-
tions, given by [1]

—P@)Ci =0, k=34 (A2.1)

(@) =1g@)I™" exp [i / . g(E)dé} : (A22)
E=
The general solution is then obtained as a linear combination of these two solutions, i.e.

Ci@) = ey (@) + biy-(2), k=34, (A23)
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where a; and by are constants to be determined by matching the initial conditions for
Ci(0) and C;(0), k = 3, 4. Equation (A2.3) also implies that

Ci2) = ay, () + by (), k=34 (A2.4)

For a particular k, Eqs. (A2.3) and (A2.4) form a system of two equations for a; and by.
We can write its solution atz = 0 as

a|_ L [0 =y (0)][Ck0)
[bk] w0 [—y;(O) 7+(0) } [C,’((O)]’ (A2.5)

where W(z) = y,(2)y_(z) — y—(2)y/.(z) is the Wronskian of the two WKB solutions
at z. Assuming for simplicity that g is real and positive (which is generally true in the
desirable cases where the OPA actually has gain), we have at any z

, g
=yi(+g— = A2.6
Yy =)+ < g Zg) ( )
and so
_ g g\
We)=yyy-|-g8—7——g+—|=-2, for all z. (A2.7)
2g 2g
It can be shown that
%0
Cl(0) = ”‘; ) C4(0) + ir(0)C}0). (A2.8)

We assume for simplicity that there is no idler at the input, i.e. C4(0) = 0. Therefore, we
have C;(0) = r(0)C5(0). We can now write

: 7 (0)y_(0)CE(0
¥ (0)C4(0) — y_(0)C4(0)] = ir(0y-(OC50)

a=-11 ; (A2.9)
by = — L OC0) + 3 0)Cy(0)) = - TOHOGO 45 1)
and
ey = "5 b oy -y o, (A2.11)
Since 1:2(0) = |g(0)] ",
€)=~ F - (2) ~ (2]

r(0)CE0) . :
- % sinh ( /g_o g(E)dé> : (A2.12)
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To calculate the OPA gain, we need to go back to the actual field envelopes, by means of

z i d
Ax(z) = Cu(z) exp [i /E_O <p - % - 2’—”1—2) d;:] . (A2.13)
Equation (A2.12) then leads to
PN 4 () N P b (O L 4 ; ’
) = A0 e [ /S B (p s dz) ds] sinh ( fé B g(f;‘)dé)

r©Or@ | T (? K . :
exp |:1 /H (p— 5) dé} smh(/s_og(&)d“;‘). (A2.14)

g(0)g(2)
Finally, we can calculate the signal-to-idler power conversion efficiency as
rOr(z) . :
- sint? ([ etene
8(0)g(z) £=0

xexp[i/z <p—p*+q_q*>d$:|. (A2.15)
£=0 2

Often the real part of p is icr/2 and that of ¢ is ie. Under these conditions, Eq. (A2.15)
simplifies to

= i43(0)

As(2)|?

Gi(z) = 43(0)

Ay(2) |?

43(0)

r(Oy(z) . 2 < z )
————~ sinh d
20 ™" Lo g(5)az

The signal gain can then be obtained by the relation

Gi(z) = ’

exp (—2 /S ioad§>. (A2.16)

A3(2)

@O =140

2 z
= Gi(z) + exp (— / adg> . (A2.17)
&

=0

A key feature of Eq. (A2.16) is that the argument of the sinh function is the integral of
the parametric gain coefficient g along the fiber. This is an intuitively satisfying result,
as a similar integration is used to calculate exactly the gain in other types of amplifier
such as erbuim-doped fiber amplifiers (EDFAs) or Raman amplifiers. The presence of
this integral may allow us to draw some important conclusions about the power gain,
even if a closed-form solution is not available. For example, if we know that g undergoes
rapid spatial fluctuations about an average then it is possible to disregard the fluctuations
and calculate the gain from the average, which is a significant simplification.
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A3.1

Appendix 3 Jacobian elliptic function solutions

In this appendix we provide a detailed solution of the equations coupling four waves
having various SOPs. The scalar case of Chapter 3, when all four waves are in the same
state of linear polarization, is a particular case of this general solution.

We first treat the non-degenerate case, where the four waves are distinct. This is the
case for a two-pump OPA, as well as for wavelength exchange (with different frequency
assignments for the pumps).

We then treat separately the degenerate three-wave case where one wave is halfway
between the other two. This corresponds to a one-pump fiber OPA.

Four-wave case

We showed in Chapter 4 that the coupled equations governing the nonlinear interaction
between four distinct waves are given by

dA . Lo -
i = [ AL A]+2 ) [4) 45 4]
J#I=1
+ 2[ Ay, Ay, AL] /BPumZly ] = 14, (A3.1)

where ABiimn = Bm + Bn — Br — B and k, I, m, and n satisfy the following conditions:

ifl=1o0r2thenk =3I, m = 3,andn = 4,
ifl=3o0rd4thenk =7—1,m = 1,andn = 2.

Dot-multiplying Eq. (A3.1) by Z;‘ yields

4
S = A A 2 3 (A s )
dz A :
+2[ A, Ay, AL, AF] & BPumZlv ] =14, (A3.2)

Equation (A3.2) holds for arbitrary SOPs. We have shown that if the waves are initially
LP or CP then each one retains its original SOP. Let 4; = 4,6, = /P, €¢,, where 4,
is the complex amplitude, ¢; is the unit Jones vector, P; is the power, and ¢ is the phase
of the /th wave. Equation (A3.2) then leads to

.dA d

—ld—ZA}k =ay P} +2P Z a1 P;
JA=1

+ 2b\/P,P,P; Py e"Aﬂklng/y+¢m+¢n7¢7k7¢1’ I=1—4, (A3.3)
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where b = [é], €], €3, é4] and a; is defined by Eq. (4.16). It can be shown that b is real
and positive for all LP and CP OPAs. Then Eq. (A3.3) yields

dA 4 A
—i—Af =ayPP+2P Y apP;+2byPIP PP e, I =1-4,  (A34)

dzZ forad
where: 0 = AB13aZ/y + ¢35+ ds— 1 —¢pp and e =1 for [ = 1, 2, e = —1 for
/I =3,4.
The real and imaginary parts of Eq. (A3.4) provide two equations for two real
unknowns (which will be 6 and the change in one of the powers), which can provide the

entire solution to the problem. The imaginary part of Eq. (A3.4) gives
dp

—i = = 2b\/ P Py Py Py(e? — e7'¢), [ =1-4, (A3.5)
or
dPp .
d_Z = —4817\/ P1 P2P3P4 s1n9, | = 1—4, (A36)
ie.
dP, dP dP dP.
S T 4p /P PPy Pysing. (A3.7)

dzZ dzZ dZ dzZ

Equation (A3.7) implies that the powers of the four waves satisfy the Manley—Rowe
relations

P1=P1(0)—x, P2=P2(0)_.x,

Py = P3(0) +x, Py = P4(0) + x, (A3.8)
i.e. that they all go up or down by the same amount x. This is the same conclusion as that
reached in subsection 3.2.2 by looking at the interaction in terms of individual photons.

We use x as one of the unknowns to solve the equations.
The real part of Eq. (A3.7) yields

dA; d4, 5 4
(dZ A[ a7 —— A} ) = ZaHP, +4P[ j;laﬂpj

+4b\/P P,P;Pscos0), | =1-4. (A3.9)

We have
d4, d y 1 dP . —dg)
U _ 4P = (2 i /P o [=1-4, (A3.10
az = azVre") <2~/_dZ+l dZ)e (A3.10)
dA; LdpP, . _doy\ 4
C0 e (22 4 ip 2 e, =14 A3.11
az (2dz+’ IdZ) ’ ’ (A3.1D)
dA; dA; do
g~ 22 45 ) =2p
az az az

= 2a; P} + 4P, Z aji Pj + 4by/ P, Py Py Py cos 6, I=1-4, (A3.12)
J#=1
de,

4
2b

— =ayP +2 Y ajPj+ —/PiPPsPicosd,  1=1-4. (A3.13)

dz P,

JH=1
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Then
do

ﬁ:

2b
= a3 P; +2(a31 Py + asy Py + azg Py) + F\/ PP, P;Pycosf
3

d AB
T Gt —d)+ >

2b
+ as Py +2(an Py + an Py + anP3) + o Py P,P;Pycos6
A

2b
—an Py —2@nP;+ai3Ps 4+ aaPy) — F\/ Py P, P3Py cos6
1

2b A
— a22P2 — 2(021P1 + a23P3 + a24P4) — F\/ P] P2P3P4 cosf + 7‘3
2

A
= +urPr+us Py +uz Py 4 us Py

1 1 1 1
+2bw/ P1P2P3P4COSQ(F+ ————— ), (A314)
3

where
uy = 2(as1 + as — az1) — an,
uy = 2(as + asg — az) — anxn,
u3 = 2(ag3 — a3 — ax3) — ass,
ug = 2(a3s — a4 — ) — Asa.

(A3.15)

For all the types of OPA being considered here, symmetry considerations imply that:
ay = ay, for all [, k; ayy = ayy forl = 1-3; if k # [ then ay; = a,,,, where {k, [, m, n}

is a permutation of {1, 2, 3, 4} (for example, a;; = az4). As aresult, u; = up = —u3 =
—uy =2(a13 +ais —ap) —ay =u.
Hence Eq. (A3.14) becomes
LAY

——7+M(P1+P2—P3—P4)

dZ
1 1 1 1
+ 2b\/ P1P2P3P4 cos 6 F + == - = . (A316)
3
We also have

4o dodx  do
av _avdx 4y PP Py Psind
dZ " dxdz =~ dx VPP PsPysin

d 0
— —4b\/P, P, P; P, (‘Z’S ). (A3.17)
X
Substituting into Eq. (A3.16), and using the fact that d P;/dx = —¢ leads to

A d
—‘8 +u <P1 + Pz — P3 — P4) +4bd—(\/ P1P2P3P4 COS@) =0 (A318)
Y X

or

A d
—'3 +uAPy —4ux + 4bd—(\/ Py P,P;Py cosf) =0, (A3.19)
V4 X

where APy = Pio + Poo — P3g — Pao.
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Integrating both sides of Eq. (A3.19) with respect to x, we obtain

A
<—/6 + uAPO) x — 2Aux? + 4b\/ P, P, Py Py cos = K, (A3.20)
Y

where K is a constant. Since K is independent of x, it can be evaluated atx = 0, which
yields

K> = 4b+/ P1o Py P30 Pag cos(¢3o + ¢ao — P10 — $20), (A3.21)

where 6y is the initial phase of the /th wave. We can now eliminate 6 in Eq. (A3.7) by
using Eq. (A3.20), to obtain an equation involving only x and Z. We have

dx

= 4by/ P, P, Py Py sin® = 4/ P{ P, P3 P4(1 — cos? 6)

=4 {(PIO —x)(Pao — x)(P3o + x)(Pao + x)

1/2
1 AB T
- e K, — 7+uAP0 X + 2ux . (A3.22)
This can be rewritten as
7= (A3.23)
2/h(x) '
where /(x) is a fourth-order polynomial in x:
h(x) = 4b*(Pyo — x)(Pag — x)(P3o + x)(Pso + x)
1 A :
-3 [Kz — <—ﬂ + uAPO) x + 2ux2i| ) (A3.24)
14

Solution in terms of Jacobian elliptic functions

The solution x(Z) of Eq. (A3.24) can be expressed in terms of Jacobian elliptic functions
[1]. It is obtained in terms of the four roots of 2(x), n; < 1y < 13 < n4.
The coefficient of x* in 4 (x) is

Cé = 4b° — uz;

C3 can be either positive or negative.

Cg >0
If Cé > () then x oscillates between 1, and n3. Specifically,

-1
x(z) = + (2 — 1) [1 — nsn? (Z + Zo,k>:| , (A3.25)

C
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where sn denotes a Jacobian elliptic function,

z;' =y Col(ns — n)(ma — 1)1, n= 0 — )/ —m),

zozch{sin_l [ Pyy —m },k}, 2 — (713—772)(774—771)’
n(Pao — m) (3 — m)(a — n2)
and F(¢, k) is a standard elliptical integral [1].

An alternative form for the solution can also be used [2]. It is obtained from the
preceding one by everywhere exchanging 7, and n; and also 7, and 4. It can be shown
that these two forms are exactly equivalent. The existence of two forms is useful for
checking numerical results: if they do not provide the same results, something is wrong
with the numerical calculations.

The special functions encountered in these solutions are available in mathematical
packages such as Mathematica [3], and thus in principle it is a simple matter to obtain
numerical values of x or related quantities for a given set of parameters. However, numer-
ical problems have been encountered in Mathematica for Jacobian elliptic functions as
well as for their inverses, namely elliptic functions such as F(gp, k) and K (k) (the dif-
ficulties were discovered by comparing the results obtained from the two forms of the
solution, as discussed above). Under these circumstances, it is a good idea to check
the results against series expansions with well-known coefficients. Particularly useful is
the Fourier series expansion for sn, namely

27 e qm+1/2

kK — 1 — q2m+l

sn(u, k) = sin [(Zm + 1)3—;{’] , (A3.26)

% 6.

where ¢ = e is Jacobi’s “nome”; K is the real quarter-period of sn(u, k), given
by the complete elliptic integral of the first kind,

—7K'/K

/2
K=Kk)=F (% k) - f (1 — K2 sin? 0)"12dg
6=0
T (11 2 N [(1/2)1 5,
=EF<§,§,1,k>=;Wk , (A3.27)

where (a), = a(a+1)---(a +n — 1) is Pochammer’s symbol and F(a, b, c,d) is a
hypergeometric function. Also, K’ = K (k') where k' = +/1 — k2.

It is common with fiber OPAs to have no idler at the input. In this case we have
P4y = 0, which leads to K, = 0. In consequence 1, = 0, so that the equation 2(x) = 0
reduces to a third-order equation. We can then write explicit expressions in terms of
the system parameters for the three remaining roots, 7, 13, and 74, and hence for the
complete solution itself. This was done in Chapter 3 using Cardano’s formula and can
be extended to the more general case.

C3<0

If C3 < 0 then the situation is more complicated, as there are now two possibilities.
Depending on the sign of 11, x may oscillate either between 7; and 7, or between 73 and
n4. (If P4y = 0 then we have in these cases n; = 0 or 3 = 0, respectively.)
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(i) 71 = 0  Then the solution can be written as

~1
z4+z
x(z) = n4 + (m1 — n4) [1+r/sn2( . O,k)} , (A3.28)
where
n = m—m
(s —m2)’

Puo —
n(—Pao + na)
> (ma —m3)(m2 —m)

s —m)a— )
(i) n; < 0 Then the solution is

-1
z+4+z
x(@)=m+ 3 —n) [1 — nsn’ < . O,k)} , (A3.29)
where
N4 — 13
77 =
N4 — M2

P _
zo =z F {sin1 [407”3} ,k} .
n(Pao — 12)

Here again alternative forms for the solutions can be used [2]. They are obtained from
the preceding forms by exchanging everywhere the subscripts 1 and 2 and the subscripts
3 and 4. It can be shown that these alternative forms are exactly equivalent.

A3.3 Complete pump depletion

Let us now consider the possibility of obtaining complete pump depletion with a two-
pump fiber OPA. We restrict the discussion to the case P4y = 0, which is the most
common in practice and leads to simplified expressions (including the fact that x = 0 is
aroot of 4(x) = 0).

Complete pump depletion implies that, at a certain distance, the entire pump power
should be transferred to the signal and idler (in equal amounts, as discussed in subsection
3.2.2). Then necessarily (Pjo + P»9)/2 must be a root of 4(x) = 0; hence

Pyy— P Py — P P, P
16b2< 102 20)( 202 10> <P30+ 10-;- 20)

P+ P A ?
_ (%) <p10 I uAPO) . (A3.30)
v

Since the left- and right-hand sides have opposite signs, Eq. (A3.30) can be satisfied
only if they both vanish. For the left-hand side, this implies that Pjy = P,(, which is
easy to achieve. For the right-hand side to vanish, we must have A8 = uy P3y; whether
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this can be achieved in practice depends on the fiber dispersion, the signal and pump
wavelengths, etc.
Substituting these conditions into /4(x) = 0, the latter can now be rewritten as

h(x) = x(Pg — x)* (4b* Py + Cgx) = 0, (A3.31)

so that the four roots of 4(x) = 0 are 0, Py, which is a double root, and —(45*/ C3) Pso.
We see that the last root has a sign opposite to that CZ, which depends on the type of OPA
used, and that its magnitude is proportional to Py, which can be adjusted. Depending on
the position of this root with respect to the others (0 and P)g), different situations will
arise.

Cg >0
If C} > 0 then the four roots are n; = —(4b*/C2) Py, and 1, = 0, and 03 = n4 = Pyo;
x ranges between 1), and 53, i.e. P4 ranges between 0 and Py.

We also find that £ = 1, which implies that the sn function becomes a tanh function.
Then x(z) is not periodic but approaches Pj, asymptotically for large z. Thus, while
complete depletion is in principle possible, mathematically it is achieved only at infinite
distance. In practice, however, nearly complete depletion can be obtained after a length
of the order of 1/(uy P3).

Cg <0
If C2 < 0 then —(4b?/C3)P3y > 0 and therefore n; = 0. The values of the other roots
depend on the magnitude of P3, and again we must consider two cases.

(i) Pso < —(C§/4b*)Pyy  Then n; =0, = —(4b*/C§)P3o, and 13 = n4 = Pyg; x
oscillates between 1, and 1,, i.e. P4 oscillates between 0 and —(4b%/ Cg)P;o < Pio. We
see that if Pyy < Pyo then P, will always remain quite small and so there will be little
pump depletion. We also find that £ = 0, which implies that sn becomes a sine function;
this leads to a simpler expression for the solution, which in this case is periodic.

In this regime, complete pump depletion will be possible only in the limiting case
where Pyg = —(Cj/4b*) Py, which requires Ps to be of the same order as Py itself. If
P; exceeds this value, we enter the case discussed below.

(ii) P3g > —(C§/4b*)Pyg  Thenn; = 0,1, = n3 = Py, and 4 = —(4b*/C§) Pso; x
ranges between 1, and 7,, i.e. P4 ranges between 0 and Pjo. We also find that k = 1, so
that the solution does not oscillate but approaches its limit asymptotically.

This situation is essentially the same as in the case C2 > 0. The main difference is that
here a large Ps value is necessary for complete pump depletion. This is not a requirement
in the case C3 > 0, where one has the option of using a smaller P3 value (and possibly
a longer fiber to achieve the same level of pump depletion).

Let us consider XYXY as an example of an OPA with C3 < 0 (it is important because
of its polarization insensitivity). In this case u = —1 and C3 = —5/9, and we find that we
need P3y > (5/4) Py to have the possibility of full pump depletion. Then the conversion
efficiency, defined as the ratio of the idler output power and the total input power, is at
best Pio/(Pio + Pio + 5Pio/a) = 4/13 &~ 31%; this is to be compared with 50% for an
OPA with C? > 0, when a very small Pj (and a long fiber) is used.
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A3.4 Three-wave case

In this case the coupling equations between the three waves take the form

d/ql - ~ - 4 - “e 7
—i = [4), 47, 4] +ZZ3[Aj,Aj,A1]
j=
+ 2[5, Ay, A7), (A3.32)
dzZ[ - —>* - - —>* -
—i— =4 47 Al +2/;k [4). 45, 4]
+ [y, Ay, Af]e e 1=34, k=T7-1, (A3.33)

where ABiizy = B3+ Ba — 261 R
Dot-multiplying Eq. (A3.32) by 47 and Eq. (A3.33) by 4; yields

.d A4,

—i EAT = a“Plz 4+ 2Pi(as1 Ps + aq Py) + 2bPy+/ P3P, e'? (A3.34)
dA .
—id—Z[A;‘ = ay Pt +2P(an Py + ay Pr—;) + bPy/ P3Py e,

1=3,4, k=7-1, (A3.35)

where [éT, €7, é3, é4] = b (which is real and positive) and 6 = ABj134z + P53 + Ps —
2¢y.
The imaginary part of Eq. (A3.34) gives

—i% = 2bPy/Ps Py’ — 7] (A3.36)
or
% = —4bPy\/Ps Py siné. (A3.37)
Similarly, we find that
aby _db_ 1dh 2bP/PsPysing, [ =1-4, (A3.38)

dz — dz ~— 2dZ
Equations (A3.37) and (A3.38) imply that the powers of the three waves satisfy the
Manley—Rowe relations
P = P(0) — 2x, Py = P3(0) +x,
Py = Py(0) + x. (A3.39)
These show that the pump goes up or down by twice the common amount x of the

signal and idler. Again, this is the same conclusion as that reached in subsection 3.2.2
by looking at the interaction in terms of individual photons.
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The real part of Eq. (A3.34) yields

dA* dA d
i( Ly — ——Lar ) _2PI% —2[a11P12+2P1(a31P3 + a4 Py)]

dzZ dzZ
+4b P/ P3 P4 cos, (A3.40)
dAf dA; doy 2
A — —AT ) =2P—/— = 2a; P, 4P P _11P7_
(dZ 1= > s ay Py +4P(ay P +a7-11Pr)
+2b P/ P3Py cos6), [ =3,4. (A3.41)
Hence
d
% = ay P, + 2(as1 Ps + as Py) + 2by/Ps Py cos 0, (A3.42)
z
d¢, Py
o= an P+ 2(ay P+ ay Py + b?\/ P3P, cosé, (A3.43)
z !
where k =7 — [. Then
do d AB
z_ 2 ) i
77 dz(¢3 + ¢4 — 2¢1) + y
= a3 P34+ 2(a13P1 + axz Py) + b \/ P3Py cosf
+Cl44P4+2(6114P1 +Cl34P3)+b \/ P1P2P3P4COSQ
— 2[a11P1 + 2(a31P3 + 6141P4) + 2b\/ P3P4 cosfO + 713]
A 1 1 4
=—ﬁ+M1P1+M3P3+M4P4+bP1\/P3P4COSG< +———>,
Y P P, P,
(A3.44)
where

uy =2a13 + 2a14 — 2ayy,
us = as3 + 2azq — 4as, (A3.45)
Uy = a4q + 2a43 — 4ay,.

For all types of one-pump OPA being considered here, symmetry considerations imply
that: ay; = ay; for all [, k; a;; = ay; forl = 3, 4; a;3 = a14 and a34 = a;;. As a result,
u; = 2Q2ay3 —ayy) and u3 = ug = 3ay; — 4ais.

We also have

do dodx do ) d(cos0)
4 b /PP — 2P JP5P. . (A34
dZ drdz ~ ax PP PsPasing bP P P— (A3.46)

dP: dP. dpP
Substituting into Eq. (A3.44) and using the facts that o o and =L = 2

dx dx dx
leads to

A d
—ﬂ + (u1P1 +u3 P; + u4P4) + Zbd_(Ph/ P3Py cos 9) =0 (A347)
Y X
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or

AB Au
ZE 00+ S
y 2

where Q¢ = u; Pjo + u3 P3o + u4 Py, and

d
+ 2bd—(Ph/P3 P4cosf) =0, (A3.48)
x

Au = u3 + uqg —2uy = 2(5a;; — 8ai3).

Integrating both sides of Eq. (A3.48) with respect to x, we obtain
A A
(—'B+Q0>x+7ux2+2bPh/P3P4c059=K1, (A349)
v

where K is a constant with value

Ky = 2bPov/ P30 Pao cos(¢z0 + dao — 2¢10), (A3.50)

where 6 is the initial phase of the /th wave. We can now eliminate 6 in Eq. (A3.37) by
using Eq. (A3.49), to obtain an equation relating only x and z. We have

d
d—; — 26P,\/PyPy sin§ = 2b\ P2PsPy(1 — cos?6)

=2b [(PIO — x)2(Pso + x)(Pao + X)

1/2
1 A Au LT
~ [Kl - (7'3 + Qo> x — sz} } . (A3.51)
This can be rewritten as d Z = dx /[2/h(x)], where A(x) is
h(x) = b*(P1o — x)*(Pso + x)(Pao + X)
1 A Au LT
-4 |:K1 - (7’3 + Qo> x— Tszi| . (A3.52)

The solution x(z) of Eq. (A3.52) is obtained exactly as in the four-wave case, from the
four roots of #(x) = 0. The coefficient of x* in A(x) is

Au 2
C=4p* — (T) ; (A3.53)

C2 can be either positive or negative.

A3.5 Complete pump depletion

Let us now consider the possibility of obtaining complete pump depletion with a one-
pump fiber OPA, for Py = 0. Then necessarily Pjy/2 must be a root of /2(x) = 0; hence

P P A Au Pio\°
oo (s )= () (5 e §5) =0 sy
y 2 2
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which leads to

A Au P P
A —0o — el U |:6111ﬂ + Ban — 4a13)P30] . (A3.55)
y 2 2 2
Substituting this condition into /(x) = 0, the latter can now be rewritten as
Pio 2 2 2
h(x) = x - - (46° Py + Cix) = 0, (A3.56)

so that the four roots of 4(x) = 0 are 0, Pjo/2, which is a double root, and —(4b?/ Cg)Pm.
We note that these roots are the same as for the two-pump case, except that the double
root is now at Pj/2 instead of Py (these roots are actually the same in both cases if
the total pump power is the same, which is likely to be the case in a fair comparison).
Because of this similarity, there is no need to discuss again in detail all possible cases:
the discussion proceeds as before, with suitable modifications accounting for the value
of the double root.
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Appendix 4 Solution of four coupled equations
for the six-wave model

Letting £ = iy Pyz/2 and introducing the new variables

Ci1 = B3+ By, Cy = Bs + B, C3 = B3 — By, Cy = Bs — Bg,

(A4.1)
Eq. (4.34) leads to
d [ C Cs ]| d [ Cs G
— =M, — = M. A4.2
a5 |:C2i| 1[C4_’ a5 |:C4 2o | (A4.2)
where
a—>b c—d ] a+b c+d
M, = , M, = . A4.3
! [—(c—d) —a—b)] 2 [—(c+d> —(a+b)] (A43)
Equation (A4.2) leads to
d* [c C d> [ Cs Cs
— = M| M- — = M), M, . Ad.4
déz[CZ] 1 Z[Cz}’ dSZ[CJ ? I[CJ (49
It can be shown that
MM, = [” V], MyM, = [ “ _V] (A4.5)
\% u —V u

2 b?> —c?+d?and v = 2(ad — bc). The matrix elements u and v have

the following properties:

where u = a

u+v=_(a+d>—(b+cP=>3%

(A4.6)
u—v=_(—d?—(b-ci=»2.
Equation (A4.4) implies that
d*C d*C
il =uC; +v(C,, =2 =vC| +uC,,
dg? dg?
2C 2 (A4.7)
3 =uC; —v(Cy, 4 = —vC3; +uCy.

dE? dE?
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The first two equations of (A4.7) lead to

2

% = W+ v)(C1 + C) = 23(C) + Cy), (A4.8)
2 —

('Z(C;lligzcjz) — (u — V)(Cl — C2) == )\-g(cl - Cz)‘ (A4'9)

Therefore we must have

Ci+ Cy = Aexp(ri§) + Bexp(—1ié),
(A4.10)
Cy — Cy = Cexp(rs38) + D exp(—A3é),

where 4, B, C, and D are constants to be determined from the initial conditions. Assuming
that only the pumps and the signal are present at the input, we have

Cio = B3o + By = By, Cy = Bsp + Bso = 0,
C30 = B3 — By = Bso, Ca0 = Bso — Beo = 0.

Equation (A4.10) then leads to

A+ B = Cjo+ Cy = By,

(A4.11)
C+ D = Cjg— Cy = Bsp.

Additional conditions are obtained from Eq. (A4.2), namely

dC,

dE lmo (a = b)C30 + (¢ — d)Cao = (a — b) By, (A4.12)

dC

d—; = (= d)Cx —(a = b)Ci = ~(c — d)Bxn. (A4.13)
Adding and subtracting these equations leads to

d(C,+C

% ,=(@—b—c+d)By=1(4-B) (A4.14)

d(C, - C

% ,=(@—btc—d)By=1(C ~ D). (A4.15)

Combining Eqs. (A4.11), (A4.14), and (A4.15) yields

B —b—c+d B —b—c+d
A= (ppazbmetd) g By 270 dN 46
2 o 2 %

@ 1+a—b+c—d ’ D:E 1_a—b+c—d
2 )\3 2 )"3

C = ) (A4.17)
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The coefficients C3 and Cy4 can be treated in a similar manner. We find that

C; + Cy = Eexp(A3§) + F exp(—23§),

(A4.18)
Cs — Cy = Gexp(ui€) + H exp(—hi),
where
B30 a+b—c—d B_?,() a+b—c—d
F=—I1+———), F=z=—|1—-———— A4.19
() = L) e
B b d B b d
G =22 1+u L H=22 1_u . (A4.20)
2 )\.1 2 )\,]

From Eqs. (A4.10) and (A4.18) we can obtain the Cy, k = 1—4, and from the latter we
can obtain the By, k = 3—6. In particular, we can obtain the signal field B; and from it
the gain #3 = B3/ B3(. We find that

1 d d
hs = [(1 + %) exp(h1£) + (1 — %) exp(—Ai§)

n (1 + ﬂ) exp(Asé) + (1 — u) exp(—x3g)]
)\.3 )‘-3

a+d a—d

sinh(11&) + cosh(A3&) +

= % [cosh(klé) + sinh()\3§)i| . (A42]

This derivation is valid only if the eigenvalues are non-zero. However, we can take the
limit of Eq. (A4.21) if A; = 0 and/or A3 = 0, since cosh(x) ~ 1 and sinh(x) ~ x for
small x. As a result, we obtain the following expressions for the gain in all cases:

a—d

hy = % |:1 + (a + d)& + cosh(r3&) +

sinh(k3$)i| for a1 =0, (A4.22)

a+d
Al

hy=1+at  fori; =A;=0. (A4.24)

hy = sinh(xls)} for iy =0, (A4.23)

N =

|:1 4+ (a — d)¢ + cosh(A&) +
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Appendix 5 Summary of useful equations

Gain spectrum for one- or two-pump OPAs

The following expressions are used extensively. Unless otherwise specified, they apply
to either one- or two-pump OPAs, provided that the various quantities are calculated
appropriately for the case of interest. It is assumed that all the SOPs are linear and
identical, over the entire fiber length. The OPAs are idealized, in the sense that these effects
are not included: pump depletion; loss; Raman gain; fixed or random birefringence; ZDW
variations; phase-sensitive amplification.

In what follows, the subscripts s and i refer to the signal and idler, respectively.

Signal-to-idler power conversion efficiency

AW |vP :
L= = [Z—sinh(gL)| . (A5.1)
‘AZ(O) g
Signal power gain
G—Mz—G+l' (A5.2)
s AS(O) - 1 b .

here y is the fiber nonlinearity coefficient, L is the fiber length, and P, is the total pump
power. For a two-pump OPA, the pump powers are assumed to be equal.

Parametric gain coefficient g
The parametric gain coefficient g in Eq. (A5.1) is given by

A
g = _Tﬁ (AB + 4y Py) for one pump, (A5.3)

1
gt = - (AB — ¥ Py)(AB + 3y P,y), for two pumps. (A5.4)
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Wavevector mismatch AS
The wavevector mismatch A is given by

4)
AB = B (Aw,)* + E(Aw5)4 for one pump,  (AS5.5)

BW

AB = BPN(Awy)* — (Awyp)*] + E[(Aws)4 — (Awp)*]  for two pumps, (AS5.6)

where Aw; = oy — o and Aw, = w, — w.; w, is the center frequency. Also, B® can
be expressed as

BY = BV (w, — ), (AS.7)

where oy is the frequency corresponding to the zero-dispersion wavelength (ZDW), for
which ? = 0 or equivalently D = 0.

Bandwidth
The (half) bandwidth of a well-optimized broadband OPA is of the order of
P\ 1/2m
Awoc (220 (AS8)
ﬁ(2m)

when ApB is dominated by the term of order 2m, m = 1, 2.

Maximum gain
For either one- or two-pump OPAs, the maximum value of g is yPy and the maximum
value of the signal power gain G is G5 max = cosh2(<1>), where ® = yPyL.

For large gain, the maximum signal power gain in decibels is approximately

GB ~GB ~86xd—6. (A5.9)

s, max i,max

Gain near the pump of a one-pump OPA
We have

G; = ®2, Gy =1+ @°. (A5.10)

Double exponential transformation for & £ 0, no dispersion,

no pump depletion

In such situations, if the complex vector phasor (SVE) of a field component is A(z) for
a = 0 then in the presence of loss it is 4'(z) and is given by the double exponential
transformation

o

1_ —oz
A (2) = e P A(Lewy) = e %% 4 <7e> . (A5.11)
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Appendix 5 Summary of useful equations

Complete pump depletion

For one pump,

and x(z) is given by

16 P:
~ 30{1_[1
-

For two pumps,

and x(z) is given by

7P|0

7P+ 32Py

3P
3Pyp+ 4P

-1
tanh? <¥\/(7P10 + 32P30)P10>:| } .

AB = yPs

-1
tanh? ()/Z\/ (B P+ 4P30)P10)i| } .

(A5.12)

(A5.13)

(A5.14)

(A5.15)
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alternating polarization states, 286

aluminium oxide, 322

amplification, 249-57

amplified spontaneous emission (ASE), 2, 159, 222,
226-8, 268, 303, 325

amplitude-noise reduction, CW OPAs, 269-70

arsenic sulphide, 316

asynchronous pumping, 2567

attenuation, see fiber loss; pump attenuation

bandwidth, equation for, 359

bidirectional loop mirror, 188

bidirectional singly resonant oscillator (SRO-B),
189, 191-2

birefringence, 4, 15-17, 93-8, 98-107

birefringent fibers, constant linear, 140-3, 148-51

bismuth oxide fibers, 322

bit-level switching, 267

Bragg fibers, 25

Bragg gratings, 14

Brillouin scattering, see stimulated Brillouin
scattering

Cardano solution, 45-7
chirp, 177-8
chromatic dispersion, 11, 271
circular polarization (CP), 78, 79, 81, 93
clock recovery, 266
coherent crosstalk, 298-9
communication fibers, design, 21-2
communication systems, categories, 328
cosine-squared modulation, 184-5
coupled equations, 66—7
pump depletion, 85
six-wave model, 55-6, 86-91, 355-67
couplers, 213
CP, see circular polarization
cross-gain modulation (XGM), 47, 292-8
and pump resonators, 325, 327
and signal-to-noise ratio, 281
cross-phase modulation (XPM), 17, 18
for arbitary SOPs, 95
and bidirectional light, 251

for degenerate OPAs, 71
for one-pump OPAs, 217
in propagation equations, 39, 78, 80—1
and Raman amplifiers, 299
and signal-to-noise ratio, 281, 299-300
in SRO-Bs, 1912
in two-pump OPAs, 215
crosstalk
see also cross-gain modulation; cross-phase
modulation; four-wave mixing
coherent crosstalk, 298-9
one-pump OPAs, 282-91
pump-signal, 287-90
two-pump OPAs, 2824, 2912
types of, 281
cubic solution, 45-7
CW fiber OPAs, 233-6, 269-70, 279

degenerate OPAs, 34-5
noise figure, 205-6
as pulsed OPAs, 231
pump depletion equations, 85
scalar equations, 70-5
demultiplexing, 5, 178-82
differential equations, transform for, 3334
differential group delay, 261
direct detection, 194
dispersion, 11-13, 69-70
longitudinal variation, 13440
periodic compensation, 138-9
random variation, 139-40
tailored, 3167
variation, matrix approach, 135-6, 138, 139
dispersion-shifted fibers (DSFs), 14, 21, 26-7, 93,
134,138, 212, 228-9
dispersion slope, 11-12
distributed-fiber Bragg laser (DFB), 226
distributed parametric amplification (DPA), 5
advantages, 3034, 3269
ASE output spectra, 306
bandwidth, 3267
BER plots, 307
comparison with DRA, 307-9
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Index

distributed parametric amplification (DPA) (cont.)

extensions, 309-11
experiment, 304-9
polarization dependence, 308
distributed Raman amplification (DRA), 303,
310-1
distributed Raman gain, 326
double Rayleigh scattering (DRS), 303

effective index, 10
ellipse rotation, 93, 99, 160, 161
elliptical polarization, 99
entangled quantum states, 271-2
erbium-doped fiber amplifiers (EDFAs)
and ASE, 219, 234-5
bandwidth, 1, 111, 249, 273, 299
and distributed amplification, 303
noise, 5
power, 4-5
and pulsed pumps, 169
erbium-doped fiber lasers (EDFLs), 182, 223,
319
extruded fibers, 22, 23

Fabry—Pérot cavity, 87, 188, 189, 191
Fabry—Pérot laser, 223
fast light, 264
fiber Bragg grating (FBG), 187, 188, 266
fiber dispersion, and gain spectrum, 111-20
fiber lasers, 3, 319
fiber loss, 10, 49-53, 63-5
fiber optical parametric amplifiers (OPAs)
bandwidth, 1, 5, 212-3
characteristics, 1-3, 5, 9
classification, 78-9
development of, 3—6
future developments, 315-29
fiber optical parametric oscillators (OPOs),
187-92
CW fiber, 240
high-y, 315
pulsed, 232
pump attenuation in, 191
stimulated Brillouin scattering, 191
types of, 21-7
wavelength conversion, 275
flattening, one-pump OPA gains, 1367
Fourier method, see split-step Fourier method
Fourier series, 176
fourth-order approximations, OPA gain spectra,
122-3
four-wave case, 344-9
pump depletion, 85, 349-50, 3534
four-wave mixing (FWM), 18
idlers, 282
one-pump, 282-91

and polarization sensitivity, 250

in propagation equation, 39

pump—pump, 327

pump-signal, 287-90, 325, 327

signal-signal, 284-6, 325, 327

summary, 281-2

two-pump, 291-2

undesired terms, 2824

vector theory, 78, 801, 87-8, 95, 97-8
fusion splices, 27

gain spectrum, summary of equations, 358—60
gallium arsenide, 316

gallium lanthanum sulphide, 316

Gaussian pulses, 174-5, 178-84
Gordon—Haus effect, 268

group velocity dispersion, 322

Hamiltonian for nonlinear interactions, 195-8
Heisenberg evolution equation, 198-200
heterodyne detection, 194
high-y fibers, 315
highly nonlinear dispersion-shifted fibers
(HNL-DSFs), 4, 22
future development, 316
nonlinearity coefficient, 25
polarization-maintaining, 318
and pulsed fiber OPAs, 228
zero-dispersion wavelength, 14
highly nonlinear fibers (HNLFs), 4, 22
coupling, 267
dispersion slope, 11
and heat dissipation, 134
length reduction, 324
refractive index, 195
and pump gain, 212
splice loss, 138
zero-dispersion wavelength, 14
HNLF-based CW fiber OPOs, 240
holey fibres (HFs), 25-6
and CW fiber OPOs, 240
future development, 315, 316
refractive index, 195
SBS suppression, 321
hollow-core fibers, 195
homodyne detection, 194

idlers, 1, 2, 32
and demultiplexers, 181, 182
in DPA systems, 304, 309-10
frequency modulation, 220
limitation of, 47
noise figure, 203
as output, 270
phase modulation, 217-8
in phase-sensitive systems, 328



Index 363

photon distribution, 33 and Raman gain, 156-7
power, 46, 50 soliton solutions, 156
in propagation equation, 82—4 and SSFM, 157-62
self-phase modulation, 171 two-input-wave case, 153-6
SOPs, 79 nonlinearity coefficient (y), 3, 4, 18-19,
and undesired terms, 283, 284, 291, 35-40
292
and wavelength conversion, 183 one-pump OPAs
integrated optics, developments, 3223 amplitude modulation, 2135
irradiance, 9 bandwidth gain, 235-6
isotropic fibers, 78-93, 147-8 crosstalk, 282-291
degenerate, 345
Jacobian elliptic functions, 44, 85, 172, examples, 226-9
344-54 fiber dispersion, effect on gain spectrum, 111-6
four-wave mixing, 282-91
Kerr effect, 17, 79, 105, 148, 149 frequency assignments, 32
frequency modulation, 219-20
laser pigtails, 213 gain flattening, 136-7
lead glass, 316 maximum gain, 359
lead silicate, 316 near-pump gain, 359-60
light parameters, 103
bidirectional, 251 propagation equation, 40, 83, 84
fast, 264 pump amplitude modulation, 213—4
propagation speed, 264 and SSFM, 159
slow, 264, 323 optical buffering, see optical delay lines
linear polarization, 94-5 optical delay lines, 2614
linearly polarized lasers, 213 optical parametric oscillators (OPOs), 187-92
loss, see fiber loss see also fiber optical parametric oscillators
y@-based, 188
Mach—Zehner interferometer (MZI), 71-5 doped-fiber, 188
Manley—Rowe relations, 33 optical pulses, storage, 264—5
microstructured fibers, 22, 25-6 optical resonators, 324—6
mid-span spectral inversion, 261 optical sampling, 169, 269
mode-locked laser, 175 optical signal-to-noise ratio (OSNR), 218, 271
mode field diameter (MFD), 9 optical spectrum analyzer (OSA), 227
mode profile, 9-10 orthogonal pumps, 328

modes of propagation, 9, 143—4
parametric gain coefficient, 358

nanowires, 22, 24-5 periodic pulses, 175-7
narrowband tunable gain spectrum, 115-6 periodically poled lithium niobate (PPLN), 2,
noise figure (NF), 2, 5, 194 320
degenerate fiber OPAs, 205-6, 231 periodically pulsed pumps, 259-60
non-degenerate fiber OPAs, 200-3, 230, phase conjugation, 2, 261
234-5 phase-integral method, see
and pump IM, 218-9 Wentzel-Kramers—Brillouin (WKB)
and Raman gain, 206—8 approximation
noiseless amplification, 206 phase-matched gain, 211
non-polarization-maintaining fibers (non-PMFs), phase modulation, 170, 321
15-17 phase-sensitive amplification, 4, 5
nonlinear refractive index, 17-18 degenerate OPAs, 231
nonlinear Schrédinger equation (NLSE) distributed amplification, 309, 311, 326,
common SVE derivation, 150-1 328
and isotropic fibers, 147-8 non-degenerate OPAs, 253
multiple-input-wave case, 152 two-pump OPAs, 244-5
no-dispersion-with-loss case, 156 photonic bandgap fibres, 25

one-pump OPA gain, 154-5 photonic crystal fibres (PCFs), 25
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Index

photons, 194
conservation of energy, 33, 34
conservation of number, 33, 197-8
exchange of, 34
pairs of, 21, 271-2
Poincaré sphere, 93, 98, 101-4, 158
polarization
see also state of polarization
alternating, 286
circular, 78, 79, 81, 93
elliptical, 99
linear, 94-5
polarization diversity, 250-2
polarization independence, 5
distributed, 327-9
one-pump, 250-2
two-pump, 252
polarization-insensitive OPAs, 250-2
polarization sensitivity, 250
polarization tracking, 328
polarization-maintaining couplers, 213
polarization-maintaining fibers (PMFs), 4, 15, 17,
148, 317-8
polarization-maintaining fiber (PMF) pigtails, 213
polarization-mode dispersion (PMD), 16, 98
one-pump models, 164-5
two-pump models, 165-6
waveplate model, 163
power, single-mode fibers, 9—10
praesodymium-doped fibre laser (PDFL), 319
propagation constant (8), 10
propagation equations, 35—40
for isotropic fibers, 79-81
quantum-mechanical derivation, 195-209
pulse generation, 265
pulse monitoring, 270
pulse walkoff, 171
pulsed pumps OPAs
for circular polarization, 93
and CW signal amplification, 2537
cosine-squared pulses, 174
examples, 2262
Gaussian pulses, 174-5
optical signal processing, 266—9
overview, 169
pulse trains, 175-7
raised cosine pulses, 174
rectangular pulses, 173—4
sech pulses, 175
super-Gaussian pulses, 175
transform-limited pulses, 177-8
pump amplitude modulation, 213-5
pump attenuation
coupled equations, 84—5
in distributed parametric amplification, 3034
FWM equations, 334-8

and gain spectra, 125-34

one-pump OPAs, 60-2, 67-9

in OPOs, 191

two-pump OPAs, 425
pump power

and gain bandwidth, 110-1, 212-3

and optical resonators, 324—6
pump resonators, 324-6
pump—pump FWM, 327
pump-signal crosstalk, 287-90
pump-signal FWM, 325, 327
pump-spectrum broadening, 321
pumps

and Brillouin scattering, 19-20

frequency modulation, 219-22

future development, 319-20

and gain modulation, 221-2

intensity modulation (IM), 213, 215-9,

221-2

linewidth, 219

and OPA gain, 211-2

phases, 17

polarization, 17

propagation equation, 82

and Raman scattering, 201

relative intensity noise (RIN), 213

SOPs, 79, 213

quantum communication, 3

quantum electrodynamics, 194

quasi-CW approximation, 146, 169-72, 173

quasi-steady-state approximation, see quasi-CW
approximation

Raman amplification (RA), 5, 111, 303, 316
see also distributed Raman amplification
Raman gain, 65-9, 156-7, 206-8, 223, 252, 268,
326
Raman scattering, 20—1, 65-9
random birefringence, 162-6, 317-8
random longitudinal ZDW variation, 162
Rayleigh scattering, 10, 251, 303
regeneration, 267-8
relative intensity noise (RIN)
magnification factor, 217
transfer, 215, 219
residual dispersion, 270-1
Runge—Kutta integration, 105
RZ-DPSK signals, regeneration, 268

Sagnac interferometer, 4, 74-5, 219, 320

saturated gain spectra, 125-34

SBS, see stimulated Brillouin scattering

scaling laws, 40-2

Schrodinger equation, see nonlinear Schrédinger
equation (NLSE)



second-order approximations, OPA gain spectra,
121-2
self-phase modulation (SPM), 17, 18
for arbitary SOPs, 95, 98
and bidirectional propagation, 251
in propagation equations, 39
and pump IM, 215
of pumps, 138, 170, 171-2
in SRO-Bs, 191-2
in vector equations, 78, 80—1
semiconductor Fabry-Pérot laser, 223
semiconductor lasers, 223, 319, 325
semiconductor optical amplifiers (SOAs), 2, 111
shot-noise limit, 272
signal power gain, 358
signal intensity modulation, 215-9
signal SOPs, 79
signal phase modulation, 217-8
signal-signal FWM, 325, 327
signal-to-idler power conversion, 358
signal-to-noise ratio, 271
silica-based fibres, 21
silica microspheres, 329
silica photonic crystal fiber, 317
silicon, in optical amplifiers, 322
silicon-on-insulator technology, 323
silicon waveguides, 322, 329
singly resonant oscillator (SRO), 187, 189, 190-2
six-wave model
coupled equations, 3557
gain spectrum, 120
two-pump equations, 54—60, 85-92
sixth-order approximations, OPA gain spectra, 123
slow light, 264, 323
small-scale gain spectrum, 49, 57, 824, 172, 215
solitons, 156, 253, 266, 323
space switches, 262
spectral inversion, 2, 261
split-step Fourier method (SSFM)
see also Fourier series
common SVE derivation, 159-62
and NLSE, 157-62
and pulsed-pump OPAs, 172-3
and random longitudinal ZDW variation, 162—6
software, 166
SVE-separate-term derivation, 158-9
spun fibers, 16-17, 93
squeezed states, 2723
SRO-B, 189
state of polarization (SOP)
and gain independence, 5
gain spectra, 123-5
in non-polarization-maintaining fibers, 15-17
and OPA types, 35
random variation, 317-8
step-index fibers, 22-3, 322

Index 365

stimulated Brillouin scattering (SBS), 19-20
and bidirectional light propagation, 251
and pulsed one-pump OPAs, 227-8
and pump depletion, 155
and pumps, 211, 222
for SROs, 191
suppression of, 233, 320-2, 325
two-input-wave case, 155
in vector theory, 78-9

stimulated Raman scattering (SRS), 20-1, 78-9,

322-3

storage of optical pulses, 2645

stress variations, 321-2

slowly varying envelope (SVE), 80, 150

tapered fibers, 22, 234
tellurite, 299, 316
temperature distribution, 138-9
thermally expanded cores (TECs), 26
third-order nonlinearity, 17-19
three-wave case, 351-3
pump depletion, 85
three-wave mixing, 18
time-division demultiplexing (TDM), 5, 178-82,
266-7
transfer matrix, 200, 3368
transform, for differential equations, 333—4
tunable diffraction grating (TDG), 188
two-photon absorption (TPA), 21
two-pump OPAs
fiber dispersion and gain spectrum, 117-20
four-wave mixing, 2824, 291-2
frequency assignments, 32
frequency modulation, 220
maximum gain, 359
parameters, 91-2, 104
propagation equations, 3540, 83, 84
pump amplitude modulation, 214-5
scaling equations, 42—60
types of, 91-2
two-pump crosstalk, 282—4, 291-2

ultraviolet light, and ZDW, 318

unidirectional rings, 187, 188

unidirectional singly resonant oscillator (SRO-U),
189, 190-1

unitary matrices, 336-7

wafer-scale fabrication, 322
wave-division multiplexing (WDM) system, 146
wavelength conversion, 1-2, 3, 5

any-to-any, 258

continuous-wave (CW), 236-9

efficiency, 258

fixed-pump, 257-8

by FWM, 250
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wavelength conversion (cont.) wavelength-division multiplexing, in DPA, 304
by OPOs, 275 waveplate model, 163
by pulsed OPAs, 231-2, 259-60 wavevector mismatch (Ag), 359
Gaussian pulses, 1824 Wentzel-Kramers—Brillouin (WKB) approximation,
high-power, 125, 1334, 2734 340-2
multiband, 260 Whittaker functions, 51, 52
and multiple ZDWs, 317
phase-matching condition, 258-9 ytterbium-doped fiber lasers (YDFLs), 273
and pump depletion, 128-9
tunable-pump, 258-9 zero-dispersion wavelength (ZDW), 1, 11
wavelength exchange, 34, 534, 70, 203-5, 2404, longitudinal variation, 14, 318-9
338 multiple, 327

wavelength range, increasing, 317 temperature dependence, 14-15



