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Owing to advances in fabrication technology and device design, semiconductor opti-
cal amplifiers (SOAs) are evolving as a promising candidate for future optical coherent
communication links. This review article focuses on the fundamentals and broad appli-
cations of SOAs, specifically for optical channels with advanced modulation formats,
as an integrable broadband amplifier in commercial transponders and as a nonlinear
medium for optical signal processing. We discuss the basic functioning of an SOA and
distortions of coherent signals when SOAs are used as amplifiers. We first focus on the
techniques used for low-distortion amplification of phase-modulated signals using SOAs.
Then we discuss optical signal processing techniques enabled by SOAs with an emphasis
on all-optical wavelength conversion, optical phase conjugation, and phase quantization
of coherent optical signals. © 2022 Optica Publishing Group
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1. INTRODUCTION

Semiconductor optical amplifiers (SOAs) were first developed during the 1980s,
mainly motivated by their potential for the compensation of fiber’s losses in opti-
cal communication systems. By 1989, several review articles had covered the gain
and noise properties of SOAs, and the pros and cons of using such amplifiers [1–4].
With the adoption of the erbium-doped fiber amplifier (EDFA) for the purpose of
in-line loss compensation, SOAs were used after 1990, mainly as integrable on-chip
amplifiers within optical transmitters and receivers. It was also realized that SOAs
have considerable potential for optical signal processing. Indeed, their use for wave-
length conversion of intensity modulated channels was exploited extensively during the
1990s using nonlinear phenomena such as four-wave mixing (FWM) and cross-gain
modulation (XGM) [5–7].

SOAs have remained an active area of research over the past 25 years [8–11]. This is
due to their two important features. First, their tiny size and the use of semiconductor
materials allow them to be integrated with other devices on the same chip. Second,
SOAs can be used for optical signal processing, without introducing insertion losses,
because they can also amplify the signal being processed through electrical pumping.
The use of quantum-dot technology after 2001 has led to further improvements in
the performance of modern SOAs [12]. For this reason, the applications of SOAs
in coherent communication systems have been pursued extensively in recent years.
Figure 1(a) shows the different linear and nonlinear effects of SOA and their potential
application for amplification and other functional applications. The different impair-
ments posed by the SOA when it is used as linear amplifier for single carrier and
multi-carrier/WDM signals are shown in Fig. 1(b) along with their potential solutions.

In this review, our objective is to provide an up-to-date account of the recent progress in
the field of SOAs, with an emphasis on their applications in coherent communication
systems. To help the reader, Section 2 is devoted to the basic aspects of SOAs. It
first covers the underlying physics and the structures used for making SOAs, and
then describes the mathematical techniques used to understand their operation. Both
the traveling-wave and the lumped models (based on the rate equations) of SOAs
are discussed in the context of quantum-well (QW) as well as quantum-dot devices.
Section 3 considers the use of SOAs as integrable optical amplifiers in both long-haul
and short-haul optical networks, with an emphasis on their ultra-wide bandwidth.
Nonlinear distortions introduced by the SOAs are also discussed, together with the
techniques used to compensate them.

The focus of Section 4 is on all-optical wavelength conversion. Here, we first review
the different nonlinear processes used for wavelength conversion such as XGM, cross-
phase modulation (XPM), and FWM. We then focus on the fidelity of the conversion
process in terms of the amplitude, phase and polarization of the converted channel.
Techniques used to minimize the signal degradation are discussed in this section.
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Figure 1

(a) Linear and nonlinear effects in SOA and their applications. (b) Impairments posed
by SOA in linear amplification and their potential solutions.

The use of SOAs for phase manipulation is discussed in Section 5. We begin this
section by reviewing how SOAs can be used for optical phase conjugation (OPC)
and then consider the issues of optical signal-to-noise ratio (OSNR) degradation and
the polarization sensitivity of the phase conjugation process. Phase quantization and
phase regeneration are also considered in this section. Section 6 is devoted to the use
of SOAs for optical switching. The concluding section points out other applications
of SOAs and comments on the potential of SOAs in the near future.

2. BASIC CONCEPTS, THEORY AND MODELING OF SOAS

For the benefit of new researchers into photonic technologies, we devote this section
to the basic concepts, device design, and modeling of SOAs. As SOAs find wide
applications in all-optical signal processing, we focus on the modeling techniques that
are best suited for such applications. With this aim in mind, we discuss the SOA models
that are relatively simple to implement on any computer platform with a moderately
fast run time. We also point to comprehensive SOA models whenever the simple
models are likely to be insufficient. Even though the later sections focus mainly on
operating wavelengths in the 1550-nm range, the analysis within this section is general
in nature and can be applied to any SOA operating at a wavelength in the range from
700 to 2000 nm.

2.1. Short List of Important Papers
There are five topics that are fundamental to understanding the operation of SOAs,
and these are listed below. All prior art that is essential for understanding the working
of an SOA and its applications is comprehensively discussed in the papers listed here.
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(1) Connelly [2001], “Wideband semiconductor optical amplifier steady-state numer-
ical model” [13]. This paper describes the SOA’s gain in terms of band filling in
semiconductors and allows us to introduce a traveling-wave model with the ampli-
fied spontaneous emission (ASE) included. The source codes used to generate the
results in this paper are available online [14].

(2) Agrawal and Olsson [1989] “Self-phase modulation and spectral broadening of
pulses in semiconductor laser amplifiers” [15]. This paper makes the crucial
transformation from a traveling-wave description to a lumped model that is suitable
for the purpose of faster numerical simulations.

(3) Mork and Mecozzi [1997] “Saturation effects in nondegenerate four-wave mixing
between short pulses in semiconductor optical amplifiers” [16]. This paper gen-
eralizes the lumped-model approach to include the intra-band nonlinear gain
effects.

(4) Cassioli, Scotti, and Mecozzi [2000] “A time-domain computer simulator of
the nonlinear response of semiconductor optical amplifiers” [17]. This paper
shows how to use the lumped model in a communication-system simulator for
FWM-based all-optical signal processing applications.

(5) Agrawal [1988] “Population pulsations and nondegenerate four-wave mixing in
semiconductor lasers and amplifiers” [18]; Mecozzi et al. [1995] “Four-wave
mixing in travelling-wave semiconductor optical amplifiers” [19]. These two
papers clearly and concisely explain the origin of FWM in SOAs. Moreover,
they contain analytical expressions for the conjugate field and provide an estimate
for the conversion efficiency.

2.2. SOA Structures
SOAs are made with direct bandgap semiconductor materials. Recombination of elec-
trons and holes is possible in such semiconductors without requiring a change in
the momentum, i.e., without interaction with the underlying lattice. When electrons
and holes are injected into such a device, they occupy various energy states, with
electrons occupying the conduction band and holes occupying the valence band. A
population inversion is possible in semiconductors with a direct bandgap. Under such
conditions, electrons near the bottom of the conduction band recombine with the
holes in the valence band, when undergoing stimulated emission in the presence of an
electromagnetic wave.

Population inversion occurs when the summation of the probability of finding an
electron in the conduction band and the probability of finding a hole in the valence
band exceeds one [20]. In this situation, amplification of an optical signal through
stimulated emission exceeds its direct absorption. The energy of each photon created
during stimulated emission equals the energy lost by the recombining electron. SOAs
require confinement of carriers, as well as of the electromagnetic field, within its active
region for an efficient operation. The schematic of a typical SOA structure is shown
in Fig. 2(a). The active region where amplification takes place is typically an undoped
(intrinsic) semiconductor layer made of gallium arsenide (GaAs), indium phosphide
(InP), or an alloy combining both compounds.

The wavelength range of interest determines the composition of various layers used to
make SOAs. One has to choose the appropriate alloy mixtures for the device to operate
in a wavelength range of interest. The active layer is sandwiched between two cladding
layers, which are suitably doped. Electrons are injected into the active layer from the
n-doped side, and holes are injected from the p-doped side. Carrier confinement within
the active region (red hatched region in Fig. 2) is ensured by using heterostructures
that create an insurmountable energy barrier for electrons and holes to migrate back
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Figure 2

(a) Simplified SOA structure showing optical mode confinement. Electrons and holes
are injected into the active region. Their presence creates a population inversion, allow-
ing for amplification of injected light. (b) An SOA structure with a tilted waveguide.
The tilt, in conjunction with the anti-reflection (AR) coatings, reduce feedback at the
facets and avoids the structure from becoming a laser.

to their original layer. Recombination of carriers, whether spontaneous or stimulated,
occurs only within the active region.

The doped cladding regions have a lower refractive index than the active region and
therefore help with electromagnetic field confinement. The dimensions of the active
region are critical to confine the radiation to the fundamental mode of the waveguide;
the minimum size is related to the wavelength λ0 of light being amplified. Making
these dimensions too small would result in no wave being able to propagate along the
waveguide. Making the dimensions too large would allow multiple modes to propagate
with different spatial profiles, resulting in performance below that expected for single-
mode SOAs. The design details of SOAs to meet single-mode criterion are beyond
the scope of this review but are available in Ref. [21]. As shown in Fig. 2(b), the
active region of an SOA is typically angled with respect to its cleaved facets to divert
reflections away from the amplifying region; anti-reflection coatings at each facet
further reduce the amount of backreflection. To avoid an SOA becoming a laser, the
effective reflectivity of each facet should be much smaller than the single-pass gain of
the SOA.

The gain of an SOA depends on the energy distribution of charged carriers. This
distribution can be manipulated by inserting carrier-confining nanostructures within
the active region. There are three possible types of structures that manipulate the
allocation of charged carriers within the active region namely, (i) bulk, (ii) quantum-
well (QW), and (iii) quantum dash/dot. The last two contain regions within the active
layer comprising a material that has a lower bandgap compared with the rest of
the active layer. The dimensions of these regions are smaller than the de Broglie
wavelength of the carriers. As a result, the carriers can only exist at quantized energy
states within the energy band of a semiconductor. The energy spread of the carriers
due to their thermal energy is much reduced in this case, and the carriers remain
tightly bound to energy levels defined by the dimensions of the quantum-confining
regions. In bulk SOAs, there are no quantum-confining elements. As per elementary
semiconductor band-filling theory, the density of states (DS) of a bulk device, where
the carriers are free to move in all three dimensions, scales with its energy, E as
DS ∝

√
E − EV , where EV is the lowest energy in the valence band. For a QW, a thin

layer of lower band-gap material is embedded within the active region, as shown in
Fig. 3(a). Its thickness is typically <15 nm, thus confining carriers to within this thin
layer. The confinement of the electron’s wave function is shown in Fig. 3(b) at a certain
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Figure 3

(a) Schematic of a QW within the active region of an SOA. (b) Allowed energy levels
within the QW (shown by red dashed line) and (c) corresponding density of states.

energy level. Confining carriers in this way alters the density of states such that DS
develops a staircase structure, as shown in Fig. 3(c). The density of states of the lowest
energy levels for electrons in QWs is much greater than the lowest energy density
of states for bulk material, hence much larger optical gain is achieved at lower bias
currents for QW material.

Confining the carriers to a specific energy states in QW and quantum dash/dot struc-
tures has two important advantages over bulk material. First, it reduces the threshold
currents for lasers. Second, it increases the differential gain (dgm/dN, where gm is the
gain coefficient (per meter) and N is the carrier density) compared with bulk devices.
It is this second feature that is useful for SOAs. For QW lasers, a larger differential gain
results in an increased modulation bandwidth. In the case of a QW SOAs, carriers are
replenished quickly compared with a bulk SOA, allowing for exploitation of the non-
linear behavior for faster modulated signals. The crux of all-optical signal processing
is to take advantage of the SOA gain responding instantaneously to the optical power.
Having devices that respond quicker to the optical power reduces distortions due to
SOAs, especially when the signal symbol rates approach 100 Gbaud.

2.3. Modeling of Bulk SOAs
2.3a. Population Inversion and Spontaneous Emission
No single SOA model can include all relevant effects, and a choice must be made based
on the application. For example, models that include wavelength dependence of the
amplification process may not necessarily be suitable for simulating the wave-mixing
effects. One has to decide the most important features that needs to be included
(amplification, FWM, XGM, XPM, wavelength dependence of gain, gain recovery
times) before adopting an SOA model. We shall give guidelines as to which models
are suited to each task.

As an example, consider modeling of an optical communication system. One may
need to simulate thousands of data symbols, if the objective is to simulate the system’s
performance in terms of its bit error rate (BER). SOA models that are numerically
efficient and capture the most relevant effects (such as FWM, XGM, noise) are suited
for this purpose. There is always a temptation to implement a traveling-wave model
because the SOA is a traveling-wave amplifier. However, the use of such a model is not
necessary for such systems. If wavelength dependence can also be ignored, a simple
SOA model converts the traveling-wave model to a set of rate equations [15,16]. Such
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an approach speeds up system-level modeling because one does not need to solve for
the forward and backward propagating signals. To see how the SOA can be condensed
into a lumped model based on a set of differential equations, we briefly review a
traveling-wave model.

We begin with the SOA model developed by Connelly [13]. This model considers
band filling from a strict semiconductor-physics perspective and uses realistic energy
distribution of electrons and holes within the SOA’s active region. The energy differ-
ence between electrons and holes determines the wavelengths that can be amplified.
The material gain gm (gain per meter) of the SOA at any frequency υ is calculated
using

gm (υ, N) =
c2

4
√

2π3/2n2
1τSυ

2

(︃
2memhh

ℏ (me + mhh)

)︃3/2

×

∫ ∞

0

√︃
υ′ −

Eg (N)

h
[fC (υ′, N) − fV (υ′, N)]

(︃
2T0

1 + (2πT0)
2
(υ − υ′)2

)︃
dυ′,

(1)

where c is the speed of light in vacuum, n1 is the refractive index of the active region,
τS is the carrier radiative recombination lifetime, me is the electron’s mass, mhh is the
heavy-hole mass, fC and fV are the Fermi distributions of electrons and holes, and Eg
is the bandgap. The convolution integral results from the sum over all energy states
of electron–hole pairs interacting with the optical field. This interaction is modeled
as a damped harmonic oscillator with a dephasing lifetime T0 (∼ 1 ps), resulting in a
Lorentzian-type spectral broadening associated with each electron–hole pair.

When the gain spectrum of an SOA is much wider than the bandwidth of the Lorentzian
profile, the Lorentzian term can be replaced with a delta function δ(υ − υ′). The
integration in Eq. (1) is then easily performed to obtain

gm (υ, N) =
c2

4
√

2π3/2n2
1τSυ

2

(︃
2memhh

ℏ (me + mhh)

)︃3/2

[υ − Eg(N)/h]1/2[fC (υ, N) − fV (υ, N)].
(2)

The material gain is essentially a function of the density of states (term with the square
root) and the Fermi distributions of the electrons in the conduction band and holes in
the valence band. Its dependence on carrier density, N, is implicit within fC and fV ,
and it is known how to calculate these distributions [13].

As an example, Fig. 4 shows the calculated gain curves over a range of values of
N ranging from 1.2 × 1024 m−3 to 2 × 1024 m−3, using the codes supplied in Ref.
[14]. The parameter values correspond to an SOA designed to provide maximum gain
near 1550 nm. The gain curve can be well approximated by a quadratic function of
wavelength and carrier density, and such quadratic gain models have been developed;
see, for example, Ref. [22].

Most of the nonlinear effects are adequately explained by the simple relation gm =

a(N − N0) m−1, where a, commonly known as the differential gain, is related to the
slope of the gain curve at the chosen wavelength, and N0 is the carrier density at
transparency (i.e., the carrier density at which the material flips from being absorptive
to amplifying). It is obvious from Fig. 4 that a is a function of the wavelength, and it
is smaller for wavelengths larger than the gain peak compared with those smaller than
that of the gain peak. When amplifying an input signal, the carrier density will also
depend on the optical power as well as the injected current. For signal amplification,
one would ideally like the SOA gain to be independent of the value of the carrier
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Figure 4

Calculated SOA gain curves with increasing values of carrier density. Adapted from
J. Quant. Electron., 37, 439 (2001) [13].

density. If that is not practicable, one would engineer the material such that the gain
peak of the SOA is at a shorter wavelength than those of the signals being amplified,
see, for example, Ref. [23]. For optimal nonlinear behavior of the SOA, one would
engineer the gain peak of the SOA to coincide with the wavelength of the signals being
manipulated through the nonlinear gain, see, for example, Ref. [24].

Spontaneous emission, an unwanted signal impairment, also occurs within any SOA,
in addition to stimulated emission because there is a finite probability that an elec-
tron–hole pair recombines spontaneously and releases a photon. Such photons are
emitted at random times with random phases and act as a noise. This noise is also
amplified by the SOA, resulting in the ASE noise. This amplification process of the
spontaneously emitted power, with power spectral density SASE, is governed by

dSASE

dz
= gmSASE + gmnsphυ, (3)

where hυ in the second term is the photon energy and nsp is known as the spontaneous
emission factor. It denotes the relative level of population inversion. Integrating Eq. (3)
over the length L of the SOA and setting SASE = 0 at z = 0, we obtain an important
relation for the power spectral density of the ASE at the SOA output as

SASE(L) = nsphυ[exp (gmL) − 1] = nsphυ(G − 1), (4)

where G = exp(gmL) is called the unsaturated SOA gain. The minimum ASE noise
occurs for complete population inversion, for which nsp = 1. However, complete pop-
ulation inversion never occurs in SOAs, and typically nsp is close to 3. The noise
figure (Fn) of an SOA is defined as Fn = 2nsp and is relatively large for SOAs (close
to 8 dB) compared with EDFAs. We use the material gain and total ASE power PASE
for developing a traveling-wave model, which comes close to describing the physical
propagation of light in SOAs.

2.3b. Basic Traveling-Wave Model
When modeling SOAs, one should always consider what the model does and, more
importantly, does not do. For SOAs, one should consider the following questions.
Can the model just consider power variations or do the phase variations need to be
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Table 1. Typical Values of the Parameters for an SOA
Operating Near 1550 nm

Symbol Meaning Value and/or Unit

N Carrier density m−3

E Optical field W−1/2

I SOA drive current 350 mA
e Quantum of electronic charge 1.66 × 10−19 C
Ac Cross-sectional area of SOA active region 1.7 × 10−13 m2

L Length of SOA 800 µm
V Volume of SOA active section, L × Ac 1.36 × 10−16 m3

A Shockley–Read–Hall recombination rate 1 × 109 s−1

B Bimolecular recombination coefficient 1 × 10−16 s−1m3

C Auger recombination coefficient 1 × 10−41s−1 m6

Γ Confinement factor 0.2
a Differential gain (dgm/dN) 4 × 10−20 m−2

N0 Carrier density at transparency 1 × 1024 m3

vg Group velocity c/(3.45) 0.87 × 108 m/s
αH Gain-phase coupling parameter 3
αL Waveguide scattering losses 5,000 m−1

ℏω0 Photon energy 1.32 × 10−19 J
λ0 Wavelength 1.55 µm
r0 Reflectivity at input facet 0
r1 Reflectivity at output facet 0

considered? Is it necessary to include the wavelength dependence of gain? Can the
model assume that the gain response is instantaneous? Do temporal dynamics of the
carrier-distribution process need to be considered? Do backreflections need to be
considered, do multiple reflections from each facet need to be accounted for? Does
ASE noise need to be included? Can the ASE noise be lumped as a single quantity
denoting ASE power? Does wideband ASE noise need to be included? Do polarization
effects need to be considered? The answers to these questions determine which SOA
model is most appropriate for a given problem.

We focus on a traveling-wave model that includes the standard rate equation for the
carrier density and two equations for the forward and backward propagating optical
fields. We refer readers to look at other implementations of traveling-wave models
[13,22]. The three basic equations are given by

dN (z, t)
dt

=
I

eV
− R (N [z, t]) −

Γa (N [z, t] − N0)

Acℏω0

(︂|︁|︁E+|︁|︁2 + |E− |
2
)︂

, (5)

∂E±

∂z
∓

1
vg

∂E±

∂t
=

1
2
(Γa (N [z, t] (1 − jαH) − N0) − αL)E± + εSE, (6)

where N(z, t) is the carrier density at the location z at time t, I is the current injected
into the SOA, e is an electron’s charge, V is the active volume, Ac is the cross-sectional
area of the SOA active region, a is differential gain, and Γ is the confinement factor.
The total recombination rate of the carriers depends on N as R = AN + BN2 + CN3,
where A, B, C are known parameters. Typical values of these parameters are given in
Table 1.

In Eq. (6), we are invoking the slowly varying envelope approximation (SVEA) by
only considering the relatively slower amplitude and phase variations arising from
modulation and noise addition [15]. In the SVEA, only the first derivative of the
envelope (∂/∂z) is retained. In addition, E is a scaled version of the electric field
corresponding to the optical signal such that |E |2 is the power of the signal being
amplified. In Eq. (6), E+ is the forward traveling field, E− is the backward traveling
field, vg is the group velocity, αL is the loss coefficient, αH is the linewidth enhancement
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factor is related to contribution of the carrier density to the refractive index [25], and
εSE is the contribution of random carrier recombination to spontaneous emission. An
assumption is also made in (5) by neglecting the standing-wave pattern of two counter-
propagating waves. The carrier diffusion is assumed to wash out any variations in the
carrier density at the sub-wavelength scale. To solve Eqs. (5) and (6), we also need to
specify the boundary conditions at the facets, represented as

E+ (0, t) = Ein (t) + r1E− (0, t) , E− (L, t) = r2E+ (L, t) , (7)

where r1 and r2 are reflection coefficients at the two facets and Ein(t) is the envelope
of the input signal. Input to the SOA can include any amplitude and phase-modulated
signal. It can also include multiple channels at distinct wavelengths and/or additional
pump waves launched to produce FWM interactions.

To solve Eq. (6) numerically, one needs to divide the SOA’s length into multiple short
segments and calculate the fields within each segment. For a segment of length ∆z,
the time taken by the field to propagate that segment is ∆t = ∆z/vg. Using t = m(∆t)
and z = n(∆z), where m and n are integers, the fields at each time iteration evolve as

E+ (n + 1, m + 1) = exp (Gnm)E+ (n, m) + ε̂SE

E− (n − 1, m + 1) = exp (Gnm)E− (n, m) + ε̂SE,
(8)

where
Gnm =

1
2
(Γa[N(n, m)(1 − jαH) − N0])∆z. (9)

We show later that the ASE contribution ϵ̂SE can be added to the field at the input facet.

An alternative method for ASE estimation is to calculate the total ASE power separately
from the signal, thereby separating the ASE noise into two counter-propagating average
power contributions:

PASE(n + 1, m + 1) = nsphν[exp(Ĝnm) − 1]Bo + exp(Ĝnm)PASE(n),
PASE(n − 1, m + 1) = nsphν[exp(Ĝnm) − 1]Bo + exp(Ĝnm)PASE(n),

(10)

where Bo is the SOA’s gain bandwidth, Ĝnm = 2 ×ℜ(Gnm), and ℜ denotes the real
part. Despite including the traveling-wave nature of the SOA, the preceding model has
few drawbacks:

• requires extensive calculations at each spatial point;
• sampling time depends on the choice of ∆z, and this may require the signal to be

appropriately sampled;
• does not include wavelength dependence, unless one considers separate fields for

each wavelength and sums over them to get the total E±; this increases the total
number of equations to 2Mλ + 1, where Mλ is the number of wavelengths included
in the model.

It is clear from Eqs. (5) and (6) that a large number of parameters need to be specified,
even when one limits to a single wavelength. In the simplest case, we assume that the
gain varies with carrier density as gm(N,ω) = a(N − N0) and the ASE is lumped into
one single variable. Table 1 provides the typical values of the parameters for an SOA
operating near 1550 nm.

Figure 5(a) shows variations of the steady-state carrier density and Fig. 5(b) shows
variations in the ASE power along the length of the SOA when no signal is being
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Figure 5

Results of the traveling-wave model. (a) Carrier density and (b) ASE power along the
SOA’s length without any injected optical wave. (c) Carrier density and (d) optical
power along the SOA’s length when a 1 mW optical signal is injected at the front
facet. The green horizontal line represents the power of the backwards traveling wave,
which is zero because the reflectivity of the facets is zero.

amplified. As the ASE propagates toward either facet, its power increases, which
depletes the carriers close to both end facets, as seen in Fig. 5(a). When an optical
signal is injected into the SOA from the left facet, its power first increases exponentially
as seen in Fig. 5(d), which reduces the carrier density as seen in Fig. 5(c). The resulting
saturation of the SOA gain makes the power increase only gradually in the second half
of the SOA. As seen in Figs. 5(c) and 5(d), most of the amplification takes place in
the first half of the SOA because of gain saturation.

One may think that a traveling-wave model cannot be used for modulated input signals
because it does not include multiple wavelengths and ignores all FWM effects. This
is true to some extent. However, some FWM effects can be captured writing the input
field as

Ein(t) =
∑︂

n
En(t) exp(2πjn∆fnt + jϕn), (11)

where ∆fn is the detuning of the nth channel relative to the reference frequency and
ϕn is its phase. The complex valued time-varying modulation can be included within
En(t).

2.4. Derivation of the Lumped Model
In this section we show how the traveling-wave models can be transformed into a
lumped SOA model described by a set of ordinary differential equations with suitable
approximations. If an SOA is designed with anti-reflection coatings at both facets, we
can ignore all facet reflections. If we also neglect ASE, we only need to and consider
a single forward-propagating wave corresponding to the signal being amplified.
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Introducing the local gain coefficient at any distance z as gm(z, t) = Γa(N − N0), Eqs. (5)
and (6) of the traveling-wave model are reduced to

dgm(z, t)
dt

=
gm(z, t) − gm0

τS
−

gm(z, t)|E (z, t)|2

PsatτS
,

dE(z, t)
dz

=
1
2
[gm(z, t)(1 − jαH) − αL]E (z, t) ,

(12)

where gm0 is the unsaturated gain coefficient due to the bias current and equals
aN0(I/I0 − 1) and I0 is the current needed for transparency and equals eVN0/τS; τS
is an effective carrier lifetime related to the recombination rate R in Eq. (5). The satu-
ration power is defined as Psat = (ΓaτS)−1. The electric-field equation can be converted
into an intensity equation for |E |2 = E∗E, resulting in

d |E (z, t)|2

dz
= [gm (z, t) − αL] |E (z, t)|2. (14)

It turns out that Eqs. (12) and (14) can be solved analytically [15]. We first write the
formal solution of Eq. (14) in the form

|E(z, t)|2 = |E(0, t)|2 exp
[︃∫ z

0
[gm (z, t) − αL] dz

]︃
= |E(0, t)|2 exp(hN − αLL), (15)

where we defined a new variable hN with the physical meaning of total integrated gain
as

hN(t) =
∫ L

0
g (z, t)dz. (16)

We substitute this solution into (12) and integrate it over the entire length of the SOA.
It is easy to show that h(t) is approximated by the following equation [26]:

dhN

dt
=

hN − h0

τS
−

(︃
hN

hN − αLL

)︃
[exp(hN − αLL) − 1] |Ein |

2

PsatτS
. (17)

The above equation is exact when losses vanish (αL = 0) [15]. As seen in Fig. 5(c),
the carrier density is not constant, though we have shown in Ref. [26] that Eq. 17 is a
very good approximation. Equation (17) describes the SOA’s gain dynamics when an
optical pulse is injected into the SOA with the input field E(0, t). In this formulation,
the SOA can be treated as a lumped element without any consideration to the traveling-
wave nature of the optical fields. The electric field at the SOA’s output end is related
to the input field Ein as

Eout(t) = Ein(t) exp
[︁ 1

2hN(t) (1 − jαH) −
1
2αLL

]︁
. (18)

The lumped model can be extended to include several important effects such as carrier
heating (CH) and spectral hole burning (SHB). Although both of them do not include
the carrier density number, their inclusion is necessary to account for changes in the
optical gain due to the energy distribution of the carriers and thus affect the integrated
gain hN(t). Their effect can be included by considering h as the sum of three parts:
h = hN + hCH + hSHB. Polarization effects can be included by writing the input electric
field in a vectorial form:

Ein(t) = ETE
in (t)êTE + ETM

in (t)êTM, (19)

where êTE and êTM are units vectors along which the transverse electric (TE) and
transverse magnetic (TM) modes of the SOA are polarized. The input intensity is then
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the sum over these two modes such that

|Ein(t)|2 = |ETE
in (t)|2 + |ETM

in (t)|2. (20)

With these modifications, the three parts of h satisfy the following three equations
[16]:

dhN

dt
=

h0 − hN

τS
−

hN[exp(hN − αLL) − 1]
(hN − αLL)PsatτS

[︂
|ETE

in (t)|2 + |ETM
in (t)|2

]︂
, (21)

dhSHB

dt
= −

hSHB

τ1
−
εSHBhN[exp(hN − αLL) − 1]

(hN − αLL)τ1

[︂
|ETE

in (t)|2 + |ETM
in (t)|2

]︂
, (22)

dhCH

dt
= −

hCH

τh
−
εCHhN[exp(hN − αLL) − 1]

(hN − αLL)τh

[︂
|ETE

in (t)|2 + |ETM
in (t)|2

]︂
. (23)

In these equations, we have assumed identical gain for both TE and TM modes, this
is a reasonable assumption considering that difference in gain between TE and TM
modes is typically <0.3 dB [24]. Treating the two gains as being equal is a compromise
made for simplifying the lumped model. The characteristic time of carrier–phonon
scattering, i.e., the time constant associated with a carrier distribution relaxing to
the temperature of the vibrating crystal lattice structure is given by τh, and the car-
rier–carrier scattering time is given by τ1. The SOA parameters such as carrier lifetime
and the gain recovery times associated with the intraband processes may also be polar-
ization dependent [27]: this can lead to nonlinear polarization rotation, whereby the
power of the input waves can alter the polarization state of the output waves [28,29].
Another consideration is related to the choice of the time step when these equations
are solved numerically. It should be smaller than the shortest time scales of the pro-
cesses considered, to avoid numerical instability and to obtain a reasonably accurate
solution. The smallest lifetime is the scattering time τ1 between two charged carriers,
and the time step should be less than the value of this parameter (∼10 fs). This results
in oversampling of the signal being amplified and requires relatively long computing
times.

A reasonable approximation can reduce the computing times considerably. It makes
use of the observation that fast dynamics of both CH and SHB allows a steady state
to be reached at the time scale at which the signal’s intensity |Ein(t)|2 changes. In this
situation, we can set the time derivatives, dhSHB/dt and dhCH/dt to zero. This is known
as the adiabatic approximation, and its use allows us to solve Eqs. (22) and (23) and
obtain

hSHB = −
εSHBhNτ1
hN − αlL

[exp (hN − αLL) − 1]
(︁
|ETE

in (t)|2 + |ETM
in (t)|2

)︁
, (24)

hCH = −
εCHhNτh
hN − αlL

[exp (hN − αlL) − 1]
(︁
|ETE

in (t)|2 + |ETM
in (t)|2

)︁
. (25)

The TE and TM components of the amplified signal at the SOA output field are given
by

Eµ
out(t) = Eµ

in(t) exp
[︁ 1

2hN(t) (1 − jαH) + hCH(t) (1 − jαCH) + hSHB(t) − 1
2αLL

]︁
, (26)

where µ stands for TE or TM.

This extended lumped model is quite versatile as it includes gain saturation, as well
as the effects of intraband changes to the SOA gain induced by CH and SHB. The
model also automatically includes all FWM effects, if the input electric field is given
in the form of Eq. 11. In this case, nonlinear phase rotations resulting from self-phase
modulation (SPM) and XPM are also automatically included. For completeness, if
necessary, coupling losses at each facet can be easily included.
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2.5. Inclusion of ASE and Simulation Results
ASE noise is still missing from the lumped model. Even though the buildup of ASE
noise along the amplifier’s length cannot be included in the lumped model, some
features can be incorporated by considering the power spectral density of the ASE
noise given as (4). As G ≫ 1 typically in most applications of SOAs, we can account
for the amplification of noise inside the SOA by adding noise to the input signal with
the power spectral density S(υ) = nsphυ [17]. The sampled ASE noise is split between
two quadratures, with the following expression for the ASE noise at the nth sampling
instance

εASE(nts) =

√︄
nsphυ

2ts
[︁
εI(nts) + jεQ (nts)

]︁
, (27)

where εI and εQ represent the in-phase and quadrature components of the ASE-noise
field, each modelled as a random Gaussian random variable. Here ts is the step size
or sampling time such that 1/ts represents the simulation bandwidth. Note that the
approach of including the ASE in this way is also valid for the traveling-wave approach.

We have used the lumped SOA model for applications ranging from signal amplifica-
tion to FWM-based wavelength conversion [26,30–34], and a few specific results are
shown in Fig. 6. Table 2 lists the values of SOA parameters used for these simulations.
To demonstrate the possibilities of the type of system simulations that are possible
we show some of the main results. The simulation framework for dual-pump FWM is
shown in Fig. 6(a); the signal to undergo wavelength conversion is a 16-QAM signal
at 10 GBaud. The pumps and the 16-QAM signal are numerically generated, added
together, then the entire field passed through the SOA block, the wavelength converted
idler is filtered out and the BER is calculated for differing values of OSNR at the
receiver. We used the simulator to find the acceptable linewidth limits for the pump(s).
The formal treatment of pump phase noise transfer to the wavelength converted signal
is given in Section 4.2.2. The BER results from the simulator are shown in Fig. 6(b),
we obtain the expected result that the pump linewidth tolerance for the dual-pump
scenario is double that for single-pump scheme. Phase noise is present in light from
all semiconductor lasers and arises from random spontaneous emission and a complete
treatment of is given in Ref. [25]. Details about how to implement appropriate laser
phase noise for numerical simulations are available in Ref. [30].

Figure 6(c) shows the eye diagrams of an amplified PAM-4 signal at 28 GBaud. The
PAM-4 signal was amplified by the SOA, filtered using a 50-GHz super-Gaussian band-
pass filter, and detected using an ideal photodetector. Four eye diagrams in Fig. 6(c)
show the amplification for input powers ranging from −23 dBm to 0 dBm. At a low
input power, ASE is the dominant signal impairment, and the BER is 0.016. There
exists an optimum input power for which the BER becomes minimum, i.e., the signal
becomes strong enough to overcome the ASE but remains weak enough to not produce
nonlinear distortions. This occurs for an input power of −10 dBm. Increasing the input
power to 0 dBm nonlinear distortions become the dominant impairment. Figure 6(d)
shows BER curves when one, three, and five PAM-4 signals are amplified simultane-
ously with 100-GHz channel spacing. The eye diagrams corresponding to subplots (i),
(ii), and (iv) are indicated in Fig. 6(d). The corresponding BER for subplot (iii) is off
the scale and omitted. At low input powers (< − 10 dBm), the BER is independent of
the number of channels, as the only impairment is due to ASE. Many similarities are
found between experimentally measured BER and calculated BER from the simulator.
For example, the BER goes below 10−4 when the input power is greater than −18 dBm,
and this is shown experimentally for such systems in Ref. [35]. At larger input powers,
the BER rises owing to signal distortions from gain saturation; when amplifying using
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Figure 6

Results obtained with the lumped SOA model. (a) Simulation framework for dual-
pump FWM scheme. (b) BER dependence on OSNR at the receiver with pump
linewidth as parameter. (c) Eye patterns for a 28-GBaud PAM-4 signal for input
powers from (i) −23 dBm to (iv) 0 dBm. They show the influence of ASE noise in (i),
“error-free” amplification in (iii), and strong nonlinear distortions in (iv). (d) BER of a
multichannel PAM-4 signal. (e) FWM conversion efficiency and (f) calculated signal
gain for the continuous wave (CW) pump and signal fed to the input of the SOA in the
pump–probe scheme.

Table 2. Simulation Parameters Used for the Nonlinear SOA
for FWM and Linear SOA for Amplification for Obtaining the
Results in Fig. 6

Scenario SOA for FWM SOA for Amplification

h0 8 6
αLL 2 3
αH -3 -3
Psat 10 mW 10 mW
τS 100 ps 100 ps
εSHB 1 W−1 1 W−1

εCH 2 W−1 2 W−1

αCH -1 -1

SOA, the BER reaches a minimum for input powers around −12 dBm using the sim-
ulator and −10 dBm in the experiment. BER levels below 10−4 can be calculated by
simulating millions of symbols and there is also scope to change the SOA parameters,
i.e., the noise figure to match experimental BER at low input powers (< − 15 dBm)
and to set the saturation power and carrier lifetime values to match the BER at high
input powers (> − 5 dBm). For input signal powers of −5 dBm, BER becomes worse
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in the multichannel case, compared with the single-channel case, owing to the effect
of XGM and FWM from neighbouring channels. At 0 dBm, there appears to be a
crossover in BER performance in the sense that the multichannel case outperforms the
single-channel case. An explanation is that power variations are smoothed out with
increasing channel count. More details on the results contained within Figs. 6(c) and
6(d) are available in Ref. [31].

Figures 6(e) and (f) show the FWM conversion efficiency (ratio of the output conjugate
power to the input signal power) performance of an SOA for the continuous wave (CW)
pump and signal waves. The pump power is 1 mW whereas the signal power is 0.1
mW, the detuning between the signal and pump waves are varied. In this section we
define the detuning to be νsignal − νpump. Figure 6(e) shows conversion efficiency as the
pump–signal detuning is increased from −300 GHz to +300 GHz using the lumped
model. Values of conversion efficiency lager than 0 dB are possible for SOAs whose
small-signal gain approaches 30 dB. Figure 6(f) shows the signal’s saturated gain
calculated using the lumped model and its dependence on the pump–signal detuning.
As seen there, the gain of a redshifted signal (positive detuning) is higher for an SOA.
This asymmetry is a consequence of the phase-amplitude coupling in SOAs governed
by the parameter αH .

2.6. FFT-Based SOA Modeling
If wavelength-dependent gain needs to be included, while accounting for all FWM
effects, a hybrid approach involving both time and spectral domains is employed. It
makes use of the fast Fourier transform (FFT) because the wavelength decomposition
does not automatically capture the FWM effects. One such procedure is outlined in
Ref. [36]. In this approach, the wavelength dependence of the SOA gain is incorporated
in the spectral domain, whereas the FWM effects are incorporated in the time domain.
Here we just highlight the main points and refer to Ref. [36] for details.

For specifying the frequency dependence of the gain coefficient g (N,ω), the gain
spectrum is approximated with a parabola centered at the gain peak, while also includ-
ing the wavelength dependence of the gain peak. Let En = E(n∆ts) be the envelope of
the total optical field sampled at intervals ∆ts and Ẽk represent the FFT of En. The
first item that needs to be calculated is the (temporal) average carrier density, N̄ at any
point z along the SOA. This is done by solving Eq. (5) in steady state, i.e., dN/dt = 0,
and also noting that P0(z) = ⟨|E(z, t)|2⟩

0 =
(︃

I
eV

)︃
− R

(︁
N̄
)︁
−

(︃
Γa
ℏω0

P0 (z)
)︃

N̄ +
ΓaN0

ℏω0
, (28)

where P0 is the average optical power, and a is the differential gain. Knowing the value
of N̄ allows us to calculate gm

(︁
N̄, k

)︁
at the corresponding index in the FFT array. Care

needs to be taken while mapping the FFT index to the frequency of the envelope fk
[37]. A simple relation for the FFT index k for an K-point FFT is as follows: k is in
the range from 0 ≤ k ≤ (K − 1):

fk =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
k

Kts
k ≤ K/2,

k − K
Kts

k>K/2.
(29)

The beating terms arising from the modulation of the gain that create the FWM
products as well as the terms governing self-gain modulation and XGM. Recall
F
[︁
|E |2

]︁
= Ẽ ⊗ Ẽ∗, where F denotes the Fourier transform, ⊗ denotes convolution,

and a tilde denotes the Fourier transform of that variable. Using this relation, the
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beating contributions from the carrier density modulation (CDM), CH, and SHB are
included as

F̃k =
∑︂

m=CDM,CH,SHB

(1 − jαm)

(1 + jΩkτm)Psat,m
Ẽk ⊗ Ẽ∗

k , (30)

where αm, Psat,m, and τm are the gain-phase coupling parameter, saturation power, and
response time associated with three different contributions. The k = 0 index in the case
of CDM corresponds to the DC term, which has already been used for calculating N̄.
This term is not included while calculating Fk. The propagation equation thus takes
the form

dẼk

dz
=

1
2

g
(︁
N̄, k

)︁ [︁
(1 − jαH) Ẽk − κk

]︁
−
αloss

2
Ẽk, (31)

where κ̃k = F̃k ⊗ Ẽk. The convolutions are quickly implemented in the time domain by
taking the inverse FFT of Ẽk and F̃k. This approach accounts for all of the contributions
to the optical field while including all FWM terms as well as accounting for the imposed
amplitude and phase variations in the signal being amplified by the SOA. ASE can
be included, as discussed earlier. Two main advantages of the FFT approach are: (i)
the wavelength dependence of the gain is taken into account, while including for all
FWM contributions and (ii) spectral-domain calculation of the CH and SHB nonlinear
effects allows for longer sampling times for the signal.

2.7. Origin of FWM in SOAs
In most applications of the SOAs, FWM is the key mechanism by which optical signal
processing is performed. For this reason, we focus on the origins of FWM in SOAs.
This will help the reader in understanding important articles related to FWM in SOAs
[16,18,20,38].

Consider the common pump–probe scenario in which the pump field and signal acting
as a probe field, E0 and E1, are combined and launched simultaneously into an SOA.
In practice, the power of the pump beam is much larger than that of the signal, and the
two waves have different frequencies (or wavelengths). When two waves with distinct
frequencies,ω0 andω1, are present inside an SOA, their beating creates local intensity
that varies with time at the difference frequency such

|E |2 = |E0 |
2 + |E1 |

2 + E0E∗
1 exp [j (ω0 − ω1) t] + c.c. (32)

As the SOA’s gain depends on this intensity, the carrier density N is also modulated at
the beat frequencyΩ = ω0 − ω1. It is this feature that creates new waves at frequencies
that were not present in the original input signal. The first two terms in Eq. 32 are
associated with the average intensity of both waves and leads to only gain saturation.
However, the two oscillating terms modulate the carrier density at the beat frequency
Ω. This modulation, in turn, creates new waves at frequencies ω0 ± mΩ, where m is
an integer. The strength of the new waves depends on the ability of the gain medium
to respond quickly enough to changes in the carrier density. All of the mediating
gain mechanisms, carrier density pulsations, CH, and SHB have temporally limited
responses, and therefore cannot respond instantaneously to the wave beating.

An analytical description of FWM inside an SOA is available in Refs. [17,18]. Here
we outline the key steps of the derivation. We begin with the rate equation for the
carrier density:

dN (z, t)
dt

=
I

eV
−

N (z, t)
τS

−
Γa

Aeffℏω0
[N(z, t) − N0] |E(z, t)|2, (33)
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where the carrier lifetime τS is defined as

τS =

(︃
dR (N)

dN

)︃−1

. (34)

We focus on three fields, E0, E1, and E2, corresponding to the pump, signal, and the
conjugate created at the new frequency ω2 = 2ω0 − ω1, respectively. Taking the pump
frequency as the reference frequency , the total field at any point along the SOA is
given by

E(z) =
[︁
E0 + E1ejΩt + E2e−jΩt]︁ exp(−jω0t). (35)

As the only generated beating terms in the carrier density occur at the frequency Ω,
the carrier density can be written as

N(z, t) = N̄(z) + ∆n(z)e−jΩt + ∆n∗(z)ejΩt, (36)

where |∆n| ≪ N̄. The optical intensity can also be written as

|E |2 = S0 + S1e−jΩt + S∗
1e

jΩt, (37)

where
S0 = |E0 |

2 + |E1 |
2 + |E2 |

2, S1 = E1E∗
0 + E0E∗

2. (38)
We consider pump and signal waves operating within the pump–probe scenario, |S1 | ≪

|S0 |.

Inserting (36) and (37) into the rate equation (33), and keeping only the dominant
first-order terms in ∆n and S1, we obtain:

0 =
I

eV
−

N̄(z)
τS

−
Γa

Aeffℏω0
(N̄ − N0)S0, (39)

d∆n
dt
= −
∆n
τS

− Γa(N̄ − N0)S1 −
Γa

Aeffℏω0
S0∆n. (40)

Equation (39) provides the average carrier density N̄ and can be written as
Γa

Aeffℏω0
(N̄ − N0) =

Γḡ
1 + S0/Psat

, (41)

where the unsaturated gain and the saturation power are defined as

ḡ = IaτS/eV − aN0, Psat = (
ΓaτS

Aeffℏω0
)−1. (42)

Equation (40) is linear and can be solved using the Fourier transform to obtain

Γa∆n = −
Γa(N̄ − N0)

1 + S0/Psat − jΩτS
E∗

0E1 + E0E
∗
2

Psat
. (43)

The evolution of the total electric field is governed by
dE(z, t)

dz
=

1
2
(−αL + (1 − jαH) Γa (N − N0))E (z, t) . (44)

Substituting E from (35) and using the preceding results, the signal and conjugate
fields are found to evolve as

dE1,2

dz
=

1
2

[︃
−αL +

(1 − jαH)Γḡ
1 + S0/Psat

(︃
1 −

|E0 |
2

Psat
1 + S/Psat ± jΩτS

)︃]︃
E1,2

−
1
2
(1 − jαH)Γḡ
1 + S0/Psat

E2
0E∗

2,1/Psat

1 + S/Psat ± jΩτS
,

(45)

where the minus sign is chosen for E2. The FWM terms generated by CH and SHB
can also be added to this equation [16].
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Equation (45) describes the evolution of the signal and conjugate waves along the
SOA, while including most important physical effects resulting from gain saturation.
Recalling that E2 = 0 initially, the last term is the FWM term that creates the idler
wave through modulation of the SOA gain, resulting from the beating between the
pump and signal waves. As the pump–signal detuning Ω increases, the strength of the
FWM term weakens. A point worth noting is that the presence of the pump not only
influences amplification of the signal but also affects its phase through XGM, both
of which depend on the detuning Ω. This feature is known as the Bogatov effect and
arises from the delay between the pump–signal beating and the resulting modulation
of the gain and the refractive index seen by the signal wave; it becomes significant for
detunings |Ω| ≈ τ−1

S . The results in Fig. 6(f) show this effect in the strongly differing
signal gain for both positive and negative detunings within a few tens of gigahertz
from the pump. Typically, when the signal is at a longer wavelength than that of the
pump, it experiences larger gain compared with when its wavelength is shorter [18].

As the idler amplitude grows during its amplification inside the SOA, it can acts as a
pump and create its own idler. Cascading of this process can lead to multiple waves on
both sides of the original pump at frequencies ωm = ω0 ± mΩ, where m is an integer.
General expression for the FWM term resulting from beating of any three waves is

Eijk(ωi − ωj + ωk) = η(ωi − ωj)EiE∗
j Ek, (46)

where η denotes the FWM efficiency. In the case of nondegenerate FWM, all three
frequencies are different, and two contributions to Eijk are possible, which correspond
to swapping of i and k subscripts. The relative strengths of the two contributions are
set by the efficiencies η(ωi − ωk) and η(ωk − ωi).

2.8. Quantum-Well SOAs
As discussed earlier, QW SOAs often perform better because of the quantum con-
finement of electrons and holes inside a thin layer (thickness ∼ 10 nm). The active
region of such SOAs contains multiple thin layers of active material (providing gain)
embedded within a thicker passive layer. The properties of a QW SOA become dif-
ferent from a bulk SOA, because of changes in the density of states. In practice, the
differential gain parameter a becomes larger because there are more electron–hole
pairs for the optical field to interact with. As we have seen, this parameters affects the
SOA dynamics because the optical gain is proportional to a.

One approach to model QW SOAs is to employ the lumped model developed in this
section with a larger value of a and a lower values of τS (about 25 ps) that corresponds
to the carrier’s escape time from the well. It is also useful to modify the dependence of
the gain on the carrier density N. In place of the linear dependence as g = a(N − N0),
it is common to use g = g0 ln(N/N0), where N0 is the carrier density at transparency
and g0 depends on the SOA design.

A more accurate model for the gain in QW SOAs is given in Refs. [39,40] and the
gain dynamics considers two rate equations, one for the carriers in the bulk region that
are captured by the thin QWs, and the other governing the dynamics of the captured
carriers [41]. For the bulk region, the rate equation includes the capture rate Rcap as
well as the escape rate Resc of the carriers:

dNb

dt
=

I
eV

− R(Nb) − Rcap + Resc, (47)

where I is the injected current and R(Nb) is the recombination rate in the bulk region.
The rate equation in the QW contains the stimulated-emission term that depends on
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the total intensity |E |2:

dN
dt
= Rcap − Resc − Rsp − gw(N,ω)|E |2, (48)

dE
dz
=

1
2
[(1 − jαw) g (N,ω) − αL]E, (49)

where Rsp is the rate of spontaneous radiative recombination. As before, the field
equation includes the linear loss as well as the amplitude-phase coupling through the
parameter αw.

While a QW SOA responds faster, an useful feature, its saturation power is nearly the
same as a bulk device. This can be understood from Eq. 42, where Psat depends on the
combination aτS. Even though the differential gain a is larger for a QW, τS is smaller
by nearly the same factor.

2.9. Quantum-Dot SOAs
In recent years, the performance of SOAs has been improved further by confining
charge carriers in three dimensions using the so-called quantum dots in which carriers
are confined to a spherical region whose radius is about 5 nm. The term quantum dash
is used when the shape is like a cylinder. Growing quantum dots on the InP material
has proven to be difficult, but considerable advances have been made in recent years
in producing quantum-dash devices, and recent advances in quantum-dot technology,
especially the shape control and dot uniformity are surmised in Ref. [42]. Models for
quantum-dot SOAs can also be used for quantum-dash SOAs with minor changes. For
this reason we focus on quantum-dot SOAs only.

We discuss a few concepts needed to understand the gain dynamics in quantum-dot
SOAs. Each quantum dot interacts with a narrow band of wavelengths, for which
photon energy is close to the energy separation of carriers within that quantum dot,
resulting in the so-called homogeneous broadening. However, as the active region
in such SOAs contains quantum dots of different sizes, different wavelengths interact
with different dots, resulting in a inhomogeneous broadening of the overall gain. Thus,
one can use the same model used for a QW device also for a quantum-dot device,
after we account for this inhomogeneous broadening. Such a model has the following
features.

• One equation, similar to Eq. 47, describes dynamics of the carriers injected into the
bulk region that are captured by the individual dots.

• An ensemble of equations, similar to Eq. 48, for each group of quantum dots with
nearly the same size.

• An equation for the optical field interacting with each group and adding contributions
of all dot groups.

Adapting the quantum-dash model in Ref. [43], we assume that a steady state has been
established for carriers within each group of quantum dots and that the electrons only
occupy the ground energy state within each dot. The gain of the lth dot group is then
found using

dgl (z, t)
dt

=
gl0 − gl (z, t)
τ

eff
l

−
Γγ

ℏω0
gpeak

l Re [E (z, t) {E∗ (z, t) ⊗ LI (t)}] , (50)

where gl0 is the peak gain of the lth dot group and τeff
l is the effective lifetime of a

carrier in this group. This time is related to the rates of spontaneous recombination,
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capture into the dot, and escape from the dot. These processes occur simultaneously
and the effective lifetime is dominated by the fastest process. In Eq. 50 Ll is the impulse
response of the homogeneous broadening:

Ll (t) = γ exp [−γt + j(ω0 − ωl)t] u (t) , (51)

where u(t) is the step function, ωm is the resonant frequency of the lth dot group, and
γ is the dephasing rate that determines the spectral width. The field equation takes the
form

dE(z, t)
dz

=
Γ

2

∑︂
l

gl (z, t) (1 − jαH) ⊗ Ll(t) −
αL

2
E(z, t). (52)

ASE noise can also be added as described earlier.

As Eq. 50 has a form similar to that of a bulk SOA, the same nonlinear dynamics
occur, albeit faster owing to the faster replenishment of the gain from carriers captured
by the dots. As the differential gain is larger for quantum dots compared with bulk and
QW devices, the saturation power remains nearly the same.

Summarizing, in this section we have discussed the gain dynamics for bulk, QW, and
quantum-dot SOAs. We have paid special attention to FWM because of its critical role
in the use of SOAs in optical signal processing. We focused on a dual-polarization,
lumped SOA model that is capable of capturing most nonlinear effects that are sig-
nificant for all-optical signal processing. For situations in which the lumped model
may be inadequate, we have provided a traveling-wave model, capable of including
the wavelength dependence of the gain as well as the polarization effects. A compar-
ative description of the various bulk SOA models introduced in this paper is given in
Table 3. The models are ranked in the order of complexity of implementation and a
summary of the applicability of the models is given.

3. SOAS AS INTEGRABLE OPTICAL AMPLIFIERS

The potential of optical amplifiers for compensating losses in optical communication
systems was understood soon after such systems were commercialized. SOAs could
avoid the need for periodic optical-to-electrical conversion and increase repeater sep-
aration. Indeed, as we mentioned in Section 1, SOAs were developed and investigated
during the 1980s for this purpose. The situation changed with the advent of the EDFA
in 1986 [44]. The huge transmission capacity of today’s optical telecommunication
systems results directly from the adaption of EDFAs in wavelength division mul-
tiplexed (WDM) systems [45–47]. It is also important to note that the EDFAs are
agnostic to both the bit rate and the modulation format, which makes them suitable
for coherent communication systems. It was shown in 2017 that 179 channels with a
net data rate of 65 Tb/s can be transmitted over 6600 km using EDFAs in the C and
L bands with a spectral efficiency of 7.3 b/s/Hz, resulting in the per-channel bit rate
of 363 Gb/s [46]. Even this experiment covered only about 20% of the full potential
(low-loss) capacity of the fiber. Fiber-based Raman amplifiers have been used in recent
years because they reduce the noise level in a long-haul communication link, and also
allow the use of the S-band [48–50]. Optical parametric amplifiers are being pursued
to increase the gain bandwidth of amplifier with minimal noise figure [51].

The question is: what do SOAs offer to remain attractive for optical communication
systems? The answer is: energy efficiency and chip-level integrability. The compact-
ness of the SOA, a small semiconductor chip with electrical connections, is remarkable
when compared with the form factors of the other available amplifiers. As discussed in
Section 2, SOAs operating in different wavelength bands can be made by changing the
constituent material combinations, while providing a gain bandwidth of up to 100 nm.
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Table 3. Summary of the Different SOA Models and a Comparison

Model

Ranking with
Respect to the
Ease of
Implementation

Gain Dynamics
(Implements SPM
and XPM)

Wavelength-
Dependent
Gain Treatment of FWM Polarization Notes

Lumped
Agrawal and

Olsson [15]

1 Fast runtime makes
the lumped model
highly suitable for
system simulation.
Can model
bidirectional
signals.

✓ ×
Automatically
generated if
working with
optical field

Can be added Recommended to
be the first SOA
model to conduct
system simulations.

Mecozzi et al.
[16,17]

2
✓ × ✓

Similar to [15];

additionally

includes intraband

contributions to the

nonlinear gain
This work,
Section 2.4

3
✓ × ✓

Explicitly shows
how polarization is
included in the
system model.
Longer time steps
permitted because
intraband
contributions are
calculated
analytically.

FFT-based
Summerfield

and Tucker [36]

4 Includes
wavelength-
dependent gain
with full wave
mixing. Moderately
fast runtimes.

✓ ✓ ✓
Can be added SOA transient is not

calculated, helpful
for simulating
periodic signals.

Bidirectional
This work,
Section 2.3.2

5 The most accurate
of all the SOA
models. Slowest
runtimes. Spatial
discretization
defines the
temporal sampling
care needed with
system simulation.

✓ ×
Automatically
generated if
working with
optical field

Can be added
Fundamental
bidirectional SOA
model

Toptchiyski

et al. [22]

6
✓

✓: Only central
frequency of
optical field

Implements
wavelength
decomposition,
FWM products
need to be included

Includes intraband
contributions to the
nonlinear SOA
gain.

Connelly [13] 7
✓ ✓

Fundamental origin
of SOA gain based
on semiconductor
band filling.

However, there is one major difference compared to other amplifiers such as EDFAs.
The response time of SOAs, governed by the lifetime of injected carriers is much
smaller (nanoseconds to picoseconds) compared with EDFAs. As a result, the SOA’s
gain reacts to changes in a signal’s power at such short time scales. This change in the
gain leads to phase fluctuation through the linewidth enhancement factor introduced
in Eq. 6. SOA-based amplification also results in bit-pattern effects and the origin
of this distortion lies in the slower gain-recovery time of the SOA compared with a
symbol’s duration. Moreover, SOAs exhibit a higher noise figure and their response is
often nonlinear. In this section, we focus on these challenges and their solutions while
using SOAs as amplifiers.

Recent work has shown that SOAs can be designed to provide amplification over a wide
bandwidth [52]. This, coupled with advances in digital signal processing (DSP) can be
useful for amplification of modulated signals in coherent transceivers. However, the
nonlinear distortions introduced by the SOAs can be adverse for pluggable transceivers
operating with a limited number of channels. Different mitigation techniques have been
employed for reducing bit-pattern effects in intensity modulated data, which include
the use of symbol rates lower than the inverse of the gain recovery time [53], or the use
of quantum-dot SOAs [54]. A digital back-propagation for mitigating SOA-induced
nonlinear impairments was proposed and its efficacy was numerically verified in Ref.
[55]. Though DSP can also be used for this purpose, an all-optical method is attractive
because it reduces the additional processing overhead and the latency in coherent
communication systems. In the following sections, we discuss techniques used for
reducing amplitude and phase distortions introduced by SOAs.
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3.1. SOAs for Long-Haul and Short-Haul Networks
Gain saturation, elevated noise figures, and bit-patterning effects are the primary
deterrents for the use of SOA in direct detection WDM systems. In addition to the
above, coherent systems suffer from nonlinear phase distortions due to the gain-phase
coupling in SOAs.

The use of SOAs as in-line amplifiers was demonstrated in the 1990s using four
WDM channels, modulated directly at 10 Gb/s and transmitted over 80 km, both
in the 1300-nm band [56] and in the 1550 nm band [57]. In the year 2000, eight
WDM channels were modulated at 20 Gb/s and transmitted successfully over 160
km using four SOAs acting as in-line amplifiers [58]. Distance could be increased
to 240 km when 8 channels were transmitted at a bit rate of 10 Gb/s [59]. In these
demonstrations, SOAs were also used as both power boosters and preamplifiers at
the receiver. In another experiment, 32 WDM channels were transmitted over 125
km using SOAs as in-line amplifiers, but the bit rate of each channel was only 2.5
Gb/s [60,61]. Later, the distance could be increased to 325 km for such a 32-channel
system [62]. An SOA was used even to add and drop a WDM channel in Ref. [63]. In
an access-network experiment, two 1.25-Gb/s channels were successfully transmitted
over 26-km of standard single-mode fiber in a duplex mode (to and from an user)
using reflective SOAs [64]. Frequency response of a reflective SOA in Ref. [65]
revealed a high-pass filter response that suppressed modulations on the reflected
seeding light, thus stabilizing the self-seeded output. The authors showed the potential
of such a reflective SOA as a cost-efficient solution for WDM passive optical networks
(PONs).

A direct-detection system was demonstrated using a bidirectional SOA for the next-
generation PONs, where a single SOA is used for upstream pre-amplification and
downstream boosting [66]. Figure 7 shows the schematic of the transmitter and
receiver designs for such PONs with SOAs playing different roles. The authors of
this work also explained the wavelength-dependent performance of the SOAs in the
presence of only few WDM channels (four channels). Another recent PON system,

Figure 7

Two transmitter concepts (top) deploying SOAs as power boosters: (T1) one SOA
per WDM channel or (T2) a single SOA for all WDM channels. Three receiver
configurations with SOAs: (R1) one SOA for all WDM channels followed by an
arrayed waveguide grating (AWG) and detectors, (R2) multiple SOAs after AWG as
power boosters, or (R3) avalanche photodiodes (APDs) with a single SOA. Reprinted
with permission from [66]. © 2015 The Optical Society.
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Figure 8

Measured electrical SNR at the receiver as a function of OSNR under three conditions.
Constellations of the received data are shown on the right. © 2019 IEEE. Reprinted,
with permission, from Renaudier and Ghazisaeidi, J. Lightwave Technol., 37, 1831
(2019) [52].

operating as bit rates of 50–90 Gb/s, employed SOAs both as preamplifiers and power
boosters [67].

Multi-span coherent WDM systems using in-line SOAs for loss compensation were
analyzed recently [68]. The use of SOAs as broadband amplifiers in coherent WDM
systems has also been studied in detail [52,69–72]. In one study [52], it was found
that the nonlinear dynamics of SOAs was not a limiting factor. Figure 8 shows one
such result where the electrical signal-to-noise ratio (SNR) measured at the receiver
is plotted as a function of OSNR corresponding to the amplification of 16-QAM
signals for different SOA input signal power levels and different number of channels.
As seen in Fig. 8, increase in input power in a single-channel scenario has resulted
in a degradation in the electrical SNR due to gain saturation effect. However, when
the number of channels is increased to 40, the electrical SNR is similar to that of a
single-channel case at low power levels. It is found that the measured electrical SNR at
higher per-channel power improves with an increase in the number of WDM channels
from 1 to 40; and the nonlinear distortions seen in the constellations is worse for single
channel as compared with 40 channels. This suggests that nonlinear phase distortions
do not scale up with the number of WDM channels and makes it possible to employ
SOAs as in-line amplifiers in WDM systems making use of all three transmission
bands (S, L, and C bands). However, it is still important to understand the origin of
nonlinear phase distortions in coherent systems and their compensation techniques.

3.2. Nonlinear Distortion in SOAs and its Compensation
The time evolution of optical gain in an SOA is given as [15]

∂g
∂t
=

g − g0

τS
−

g|E |2

Esat
, (53)

where Esat = ℏω0σ/a is the saturation energy, σ is the mode cross-sectional area, and
g0 is the unsaturated gain, as explained in Section 2.4.

Using E(z, t) =
√︁

P(t) exp(−jϕ(t)) in (13), the power P and phase ϕ are found to satisfy,

∂P
∂z
= gP,

∂ϕ

∂z
= −
αH

2
g. (54)
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Figure 9

SOA’s gain as a function of average power (P̃) of the input signal showing gain’s
saturation at high power levels.

The steady-state solution of (53) gives

g =
g0

1 + P̃/Psat
, (55)

where P̃ the average input power and saturation power is defined as Psat = Esat/τS.

The gain saturation in one SOA at the applied current of 250 mA is shown in Fig. 9,
where the amplification factor G = Pout/Pin is plotted as a function of Pin. When the
input signal power is low, amplification is maximum with G = exp(g0L), correspond-
ing to the unsaturated gain coefficient g0. As G is independent of the input power,
amplification occurs without any distortion. In contrast, the gain is saturated at higher
input powers. In this case, G becomes a function of input power. Clearly, the operation
of an SOA in the saturated regime will produce nonlinear distortion of the amplified
signal. Input power level after which nonlinearities become enhanced is about −8
dBm, as indicated by the vertical dashed line in Fig. 9. Two types of signal distortions
in the SOA are commonly known as the (a) bit-pattern effect and (b) the nonlinear
phase noise.

3.2a. Nonlinear Distortions
The use of SOAs as amplifiers for pulse-amplitude-modulated (PAM) signals is limited
by the gain’s recovery time and the bit pattern effects resulting from it. Depending
on the duration of symbols and the input power, the gain is saturated and its recovery
time is governed by the applied current, injected optical power, and several SOA’s
parameters such as its carrier lifetime and time constants associated with CH and SHB
[73].

Figure 10 shows the signal input and output of the SOA when the bit-period is smaller
than the gain recovery time. When the gain recovery time is comparable or less than one
symbol duration, the carrier density is not able to reach its steady state value between
bit transitions. The resulting distortion of the signal is referred to as the bit-pattern
effect. The red curve clearly shows such signal distortion due to the bit-pattern effects.
In the case of phase-modulated data, distortions are primarily due to the nonlinear
phase noise [74]. Even though phase-shift keying (PSK) modulation does not require
amplitude changes, in practice, quadrature PSK (QPSK) modulation typically results in
amplitude transitions at the symbol boundaries. In addition, amplitude noise generated
within the SOA leads to fluctuations in the gain. In the case of 16-QAM and 64-QAM
modulations, the amplitude changes occur naturally at the symbol boundaries. A time-
varying gain results in an output phase (ϕout(t)) different from that of the input phase
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Figure 10

Illustration of the pattern effect in an OOK signal at the output of SOA.

(ϕin(t)), leading to nonlinear phase noise [15]. The input–output relations for an SOA
have the form

Pout(t) = Pin(t) exp[h(t)], ϕout(t) = ϕin(t) −
1
2
αHh(t), (56)

where h(t) is the gain integrated over the SOA’s length L,

h(t) =
∫ L

0
g(z, t)dz. (57)

Equations (56) show that both the power and phase change simultaneously when g
fluctuates, resulting in phase distortions.

Gain fluctuations in SOAs are caused by temporal changes in the signal power. Assum-
ing quasi-steady-state condition, where the gain recovery time is faster than each
symbol duration, gain fluctuation ∆g(t) is obtained by differentiating Eq. (55) with
respect to Pin(t) and is given by

∆g(t) = −
1

Psat

g0

(1 + P̃/Psat)2
∆Pin(t), (58)

where ∆Pin(t) = P̃ − Pin(t).

For a single channel, this phase distortion is due to SPM and is a nonlinear func-
tion of the input power, because the gain experienced by the signal has a nonlinear
dependence on its power. For WDM signals with multiple channels, the input power,
Pin(t) =

∑︁
j |Ej(t)|2, is a sum of individual channel powers. It is easy to see that power

fluctuations in this situation lead to nonlinear phase noise in each channel from a
combination of SPM and XPM.

3.2b. Distortion Reduction for Amplitude Modulated Signals
The use of a holding beam was originally proposed through numerical simulations to
reduce the bit-pattern effects [75]. Physically speaking, XGM within the SOA owing to
the holding beam resulted in minimization of distortions with an amplification penalty
of only 4.1 dB. This approach was not pursued further because it was convenient to
use EDFAs for amplification. With the recent increase in the use of bands other than
the C-band, it has become relevant to explore the compensation of nonlinear distortion
in SOAs. Nonlinear filtering based on neural networks was recently demonstrated to
mitigate the pattern effects in a 50G PON [76]. The use of a neural-network-based
pre-equaliser improved the dynamic range of the receiver and allowed one to realize
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29-dB power budget with the FEC limit set at a BER limit of 10−2. This approach
becomes computationally expensive, especially at high data rates. The utility of a
holding beam for PAM4 modulation is also being explored.

3.2c. Distortion Reduction for Advanced Modulation Formats
Two techniques are discussed here to reduce nonlinear phase distortions induced by
SOAs on optical channels carrying data in advanced modulation formats.

3.2d. SOAs with a Holding Beam
The performance of an SOA can be improved by using a holding beam, whose wave-
length is significantly different from that of the signal being amplified. In practice, the
holding-beam wavelength is chosen to be in the gain-transparency region of the SOA,
so that it does not affect its small-signal gain and improves the gain-recovery time
[77,78]. A holding beam at the input of the SOA was used in Refs. [79,80] to amplify
a three-channel WDM signal at a bit rate of 144 Gb/s or more using 16-QAM and
64-QAM formats. It was found that minimum distortion occurred even at a relatively
high gain. The mechanism of nonlinear distortion reduction with a holding beam is
similar to that of a gain-saturated SOA with high channel count [52]. The reason is
that, for a given channel of interest, other channels can be thought of acting as a
broadband holding beam.

In the presence of holding beam, the gain is compressed, and so are the fluctuations
in gain. This can be seen by considering the saturated gain g′(t) and its fluctuation
∆g′(t), in the presence of a saturating holding beam with constant power PHB, it can
be written as

g′(t) =
g0

1 + (P̃ + PHB)/Psat
+ ∆g′(t) ≈

g0

1 + PHB/Psat
+ ∆g′(t), (59)

where the fluctuation ∆g′(t) in the presence of holding beam is given by

∆g′(t) ≈ −
1

Psat

g0(︁
1 + PHB/Psat

)︁2∆Pin(t). (60)

As PHB ≫ P̃ in practice, it follows that g′(t)<g(t), leading to an overall reduction in
gain. Comparing Eqs. (58) and (60), it is evident that ∆g′(t) is significantly reduced
compared with ∆g(t). In general, αH , which is proportional to the variation of phase
with respect to gain, is expected to change with gain fluctuations. However, under
saturated operation, fluctuations in αH are also minimal [81]. In the case of a holding
beam within the gain spectrum of the SOA, the modulated signal experiences even
smaller distortions.

As an example, Fig. 11 shows the measured spectra at the output of the SOA in the
presence and absence of the holding beam for a three-channel WDM system [80]. The
spectrum at the input of the SOA is also shown for reference. The gain compression
owing to the holding beam is 8 dB in this case, resulting in the gain of about 10
dB/channel. In the absence of holding beam, significant nonlinear interaction occurs
among the three channels owing to the dynamic gratings formed at the difference
frequency of the WDM wavelengths [18], causing FWM, leading to the formation of
the side bands in Fig. 11. These are clearly suppressed by the saturating holding beam.
The sidebands do appear near the holding beam, but they do not affect the system’s
performance.

Figure 12 shows the constellations of the center channel at the output of SOA for
16-QAM and 64-QAM formats in three situations: back-to-back (left) without the
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Figure 11

Spectra measured for a three-channel WDM system at the output of the SOA with and
without a holding beam. Spectrum at the input of the SOA is also shown for reference.
Reprinted from Sobhanan et al., Opt. Commun., 502, 127331 (2022) [80]. © 2022,
with permission from Elsevier.

Figure 12

Constellations for the center channel at the output of SOA for 16-QAM (top) and
64-QAM (bottom) formats in three situations when the drive current was 250 mA
(Output power ≈ −2 dBm). Reprinted from Sobhanan et al., Opt. Commun. 502,
127331 (2022) [80]. © 2022, with permission from Elsevier.

holding beam (middle), and with the holding beam (right). Without the holding beam,
the phase values are severely distorted, both due to SPM and XPM. In the presence
of the holding beam, phase values are nearly restored, and both BER and Q factor
are improved significantly. Demodulation is successful with the holding beam, and
Q-factor degradation is only about 2 dB.

It is confirmed through independent experiments that even in the linear regime of
operation, the holding beam scheme outperforms when (a) the drive current is reduced
to achieve the same gain at the same input power as in case with holding beam and (b)
the input power is reduced to achieve the same output power at the same drive current
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Figure 13

Power distribution map (in the ideal case) indicating the power levels and noise figure
at the output of the SOA-NLC scheme. The noise figures F1 and F2 are in dB scale.
Reprinted with permission from [83]. © 2021 The Optical Society.

as in case with the holding beam. (See the supplementary material in Ref. [80] for
details.)

In short, a holding beam provides a simple solution for the reduction of nonlinear
phase distortion. However, this improvement occurs at the expense of gain reduction.
The use of OPC can provide large SOA gain, while reducing phase distortions. We
turn to this scheme next.

3.2e. OPC-based Nonlinear Distortion Compensation
In the scheme discussed in Refs. [82,83], the OPC technique was used to correct
nonlinear distortions externally. This work shows that OPC is capable of compensating
nonlinear distortions caused by not only the Kerr effect in optical fibers but also
those introduced by SOAs. As shown in Fig. 13, two SOAs were used with an OPC
stage sandwiched between them so that the combination worked as a low-distortion
amplifier. Symbol period was longer than the gain recovery time in these experiments
to avoid the bit-pattern effects introduced by SOAs. The distortion symmetry before
and after OPC stage is very important for the efficient distortion compensation. Thus,
in the experiment, the SOAs which are symmetric in terms of the carrier lifetime,
polarization dependence, and wavelength dependence are used in the experiment and
the operating points are carefully chosen after a detailed characterization as explained
in Ref. [83].

The operation of such OPC combined with an SOA-based nonlinear compensation
(SOA-NLC) scheme can be understood as follows. The optical signal from the trans-
mitter is amplified by the first SOA with a distorted constellation. Assuming the signal
is not distorted by the pattern effects, the output field after the first SOA can be written
as [52]

E′
i (t) = Ei(t) exp

[︃
1
2
(1 − jαH1)h1(t)

]︃
, (61)

where αH1 is Henry’s linewidth enhancement factor, h1(t) is the integrated gain coef-
ficient, and G1 = exp[h1(t)] the power gain of the first SOA. This equation ignores
both the wavelength dependence [84] and the polarization dependence [85] of h1(t)
but its use is justified for the three-channel experiment. The influences of SHB, CH,
and two-photon absorption [86] are also not considered because they had a negligible
effect under the conditions of this experiment.

Any time-dependent change in the amplitude of input signal results in a corresponding
change in the gain, which in turn produces nonlinear phase modulation. As h1(t) acts
as the homogeneously broadened gain shared by all WDM channels, both SPM and
XPM are present in a WDM system. OPC is used to compensate for the distortions
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induced by such nonlinear phase modulations. The electric field after the OPC stage,
under ideal conditions, can be written as

E′∗
i (t) = E∗

i (t) exp
[︃
1
2
(︁
1 + jαH1

)︁
h1(t) − αloss

]︃
, (62)

where E∗
i (t) denotes the conjugate of the electric field of the input signal, αloss is the

loss coefficient such that exp(−2αloss) represents the loss of the OPC stage. The field
at the output of the second SOA is given by

Eo(t) = E′∗
i (t) exp

[︃
1
2
(︁
1 − jαH2

)︁
h2(t)

]︃
, (63)

where the subscript 2 stands for the second SOA. If we assume that both SOAs are
identical and operated at the same drive current, the output can be written in a simple
form as

Eo(t) = E∗
i (t) exp[h1(t) − αloss]. (64)

If we ensure that G1 = exp(2αloss), the output of SOA-NLC combination can be
expressed as

Eo(t) = E∗
i (t) exp

[︃
1
2

h1(t)
]︃
. (65)

Thus, the SOA-NLC scheme offers the same power gain as the single-SOA scheme
but without the phase distortions. Note that ASE noise added by both SOAs is not
included in the preceding discussion. The bit-pattern effects are also ignored.

In the presence of the bit-pattern effects, the envelope of the output field after the first
SOA changes from its input shape. The OPC stage reverses only the phase, leaving the
envelope intact. The envelope is further distorted after the second SOA, invalidating
the requirement that h1(t) should be equal to h2(t). In other words, envelope changes
do not allow the second SOA to cancel nonlinear distortions induced by the first SOA,
hampering the effectiveness of the OPC stage.

The scheme requires the two SOAs to operate at the same gain. For this reason,
the loss of the OPC stage must not be larger than the gain of either of the SOAs.
For experiments investigating different input power levels, the loss of the OPC stage
should be manually adjusted to maintain the requisite gain-loss condition. Through a
detailed characterization of two SOAs, it is possible to find a suitable operating point
that satisfies the gain-loss condition. As shown in Fig. 13, considering OPC as a loss
element (L = exp(−2αloss)) together with the gain-loss condition G = G1 = G2 = 1/L,
the total noise figure (NF) is approximately NF = F1 + F2, where F1 and F2 are the
noise figures of the two SOAs.

The results for a three-channel WDM system in the back-to-back configuration are
shown in Fig. 14 . Same input power and drive current (Idrive = 150 mA) are maintained
at both the SOAs. Input signal power was −14.5 dBm, corresponding to an operating
regime where the signal is expected to undergo nonlinear distortions. The input and
output spectra after the SOA and at the OPC stage are shown. The constellations
for channel 1 at different stages of the experiments for the first WDM channel are
also shown. The constellation is distorted considerably after the first SOA because
of nonlinear distortions, but it is laterally inverted after OPC because of the phase-
conjugation effect. After the second SOA, a constellation without nonlinear distortion
is obtained. The gain (per channel) was ≈18 dB for both SOAs. The OSNR after
the second SOA was reduced by about 3.2 dB, but the data could be recovered,
thanks to OPC, despite the nonlinear distortions and noise added by two SOAs. This
approach provides performance improvement (in terms of the BER and the Q factor)
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Figure 14

Optical spectra at the input and the output of the SOA, with and without OPC, for a
three-channel WDM system. The input and output spectra of the OPC stage are also
shown. Constellations for channel 1 at different stages are shown at the bottom for
Pin = −14.5 dBm and Idrive = 150 mA. Reprinted with permission from [83]. © 2021
The Optical Society.

over the single-SOA approach, despite the additional ASE noise added by the second
SOA.

We now provide a comparison between two nonlinear phase-distortion compensation
techniques discussed in this section. The OPC-based method compensates for the
nonlinear phase distortion without gain reduction. However, the major hurdles in the
practical use are (a) the gain-recovery time of the SOA limits the possible highest
symbol rate and (b) complexity in implementation. In terms of complexity, and hence
energy efficiency, the holding beam technique is preferred as it requires only an addi-
tional laser source. If the requirement is such that the distortion needs compensation
irrespective of the gain reduction, the holding beam technique is the simplest method.
It can also support a larger symbol rate than the inverse of gain-recovery time of the
SOA in use.

4. ALL-OPTICAL WAVELENGTH CONVERSION

There is an ever-increasing demand for the bandwidth over which data can be trans-
mitted through optical networks. To address this demand, optical networks are always
exploring ways and methods to squeeze more bits within the available bandwidth. Cur-
rent networks use amplitude, phase, and polarization of the optical carrier to encode
information. Future networks may utilize different spatial modes of an optical fiber to
encode information, a scheme known as space-division multiplexing. All such efforts
are trying to increase the number of bits per hertz, thereby increasing the efficiency of
bandwidth utilization. In addition, there are efforts to make the definition of a channel
more fluid to increase the efficiency further.

Ensuring flexible bandwidth and using all degrees of freedom to pack more bits per
hertz appear to be important for a network’s efficiency. However, data over optical
channels often needs to travel hundreds of kilometers before arriving at its destination.
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Figure 15

Illustration of (a) static wavelength allocation and (b) dynamic wavelength allocation
enabled with wavelength conversion. Reprinted with permission from [87]. © 2018
The Optical Society.

During this process, light has to propagate through multiple nodes shared by different
networks. In a static optical network, wavelengths are assigned so that each wavelength
remains unique from end to the other end. This is highly inefficient in practice for
long-haul networks. In addition, when one node has to communicate with another
node, it needs to ensure that the same wavelength is unique at both nodes [87]. A
wavelength converter solves this problem and allows the reuse of wavelengths. The
illustration of the difference between the static and dynamic wavelength allocation is
shown in Fig. 15.

All-optical wavelength conversion of WDM channels permits dynamic allocation of
wavelengths within the optical layer [88,89]. From a network perspective, wavelength
conversion reduces the blocking probability in wavelength switched networks [90].
An all-optical wavelength conversion has all the advantages of an all-optical network
because it can be transparent to both the bit rate and the modulation format. In addition,
it has the advantage of being energy efficient when complex modulation formats are
used. The understanding of the physical layer, particularly of the nonlinear processes
used for wavelength conversion, is very important to design, efficient WDM systems.
Among various nonlinear processes utilized for all-optical wavelength conversion,
the phenomenon of FWM is most widely used [91]. FWM is attractive because it
provides transparency to the modulation formats and bit rates with a relatively large
and uniform conversion efficiency [92]. FWM process has been historically studied in
various media such as optical fibers, silicon waveguides, and semiconductor crystals
[93]. SOAs provide a viable solution because they require much lower pump powers
compared with such alternatives.

4.1. Nonlinear Processes Utilized for Wavelength Conversion
Even though wavelength conversion can be done in the electrical domain by recovering
the electrical data with a receiver and re-transmitting it at another wavelength, such
a scheme is costly and inefficient in terms of energy consumption. There are several
all-optical methods that do not require conversion to the electrical domain. They make
use of nonlinear optical processes within an SOA such as XGM, XPM, and FWM
[94,95].

4.1a. Cross-Gain Modulation
In XGM, a pump beam modulates the gain of the SOA, and the modulated gain
is experienced by the probe beam at a different wavelength. Thus, the probe beam
amplification depends on the power level of the pump beam, leading to wavelength
conversion. This is illustrated in the Fig. 16, where the output power at 1539 nm is
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Figure 16

Wavelength conversion through XGM. Output power at 1539 nm is plotted against
input power at 1525 nm. © 2009 IEEE. Reprinted, with permission, from Kapsalis et
al., IEEE Photon. Technol. Lett. 21, 1618 (2009) [96].

Figure 17

Schematic showing co-propagating and counter-propagating schemes for wavelength
conversion through XGM.

plotted for different values of input power at 1525 nm [96]. When the input power is
sufficiently high (> − 5 dBm in this case), the overall gain experienced by the SOA is
saturated, resulting in a very small output power (−40 dBm). When the input power
is lower than −7.5 dBm, the output power of −12.5 dBm corresponds to the case of
unsaturated gain.

The pump and the signal need to be simultaneously propagating inside the SOA to
realize XGM. As shown in Fig. 17, this can be done in two ways: in the (1) co-
propagating mode where the pump and probe beams propagate in the same direction
or in the (2) counter-propagation mode where the pump and probe beams propagate
in the opposite directions [95]. Counter-propagating scheme has the advantage that it
does not require an optical filter at the output.

Implementation of XGM-based wavelength conversion requires two conditions: (1)
the data should be encoded in the amplitude level of the pump beam; and (2) the
bit-rate of the pump should be lower than the gain-recovery time of the SOA. Thus,
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the SOA acts like a high-pass filter for the pump beam and a low-pass filter for the
probe beam.

In summary, the main advantages of XGM-based wavelength conversion is that it
can be used for the broadband wavelength conversion of amplitude-modulated data,
including multi-level PAM signals [97]. It is fairly bit-rate independent within the
bandwidth of the SOAs. It is also polarization insensitive if the gain of the SOA is
polarization insensitive. XGM can also be utilized with minimal signal degradation
[96]. However, XGM-based wavelength conversion is not format-agnostic and works
only for amplitude-modulated data.

4.1b. Cross-Phase Modulation
In the case of XPM, the phase of one signal is modulated by variations in the amplitude
of an another signal in the same SOA. The power-dependent gain and gain-dependent
phase variations are reasons for the XPM process in SOAs, as discussed in Section
2. Wavelength conversion through XPM is carried out in SOAs by employing a
Mach–Zehnder interferometer (MZI) configuration [98–100]. Such a device (called
SOA-MZI) was used during the 1990s for wavelength conversion [99]. In this work,
SOAs were monolithically integrated using a symmetric MZI to form a compact,
polarization-insensitive, all-optical wavelength converter capable of operating at up
to 10 Gb/s. A CW signal at the desired output wavelength was launched into the MZI,
where it was first split, passed through an SOA, and then recombined. The output of
the device depended on the phase difference △ϕ in the two arms of the MZI. The SOAs
in the two arms controlled this phase difference through the bias current. The dynamic
range of the input power available for wavelength conversion depends on the linewidth
enhancement factor αH of the SOAs used. This range can be enhanced by appropriately
selecting the wavelength of the probe and the bias current for the phase control.
Wavelength upconversion into the millimeter-wave frequency band was demonstrated
in 2004 using a SOA-MZI device [98]. A higher dynamic range obtained in this
experiment was suitable for mobile communication systems. One of the advantages
of the XPM-based approach is that it allows chirp-free operation. However, the entire
structure needs to be monolithically integrated for stable operation. Moreover, this
technique is not modulation transparent and works only for amplitude-modulated
signals.

4.1c. Four-Wave Mixing
The most widely used method for wavelength conversion using SOAs is based on the
FWM phenomenon. The mechanism of FWM in SOA is discussed in detail in Section
2.7. The main reason behind the attractiveness of FWM for wavelength conversion
is that FWM is a coherent and fast-responding process where a pump beam allows
the transfer of all properties of the input signal to a new idler wave generated inside
a nonlinear medium. An SOA is an attractive nonlinear medium for FWM because it
provides a high conversion efficiency [101], as discussed in Section 2.7. FWM occurs
in SOAs through modulation of the carrier density, CH, and SHB [102] (see Section
2.7). When employing an SOA for FWM, it is important to understand and mitigate
any degradation effects. Considerable work has been done to characterize and mitigate
such effects [103–106].

It is also important to understand the impact of SOA on the wavelength conversion
process because SOAs can degrade both the amplitude and phase of the signal. This
is in addition to the degradation by the FWM process, if the operating conditions,
SOA’s driving current and the pump power, are not selected properly. When an SOA
is operated at high driving currents to provide more gain and a higher conversion
efficiency, it also degrades the OSNR of the converted signal. Similarly, a high pump
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Figure 18

Conversion efficiency and OSNR as a function of ISOA for △λ = 0.5 nm at a pump
power of −3.3 dBm (dashed curves) and +0.3 dBm (solid curves). Input signal power
was −10 dBm. © 2012 IEEE. Reprinted, with permission, from Baveja et al., IEEE J.
Sel. Topics Quantum Electron. 18, 899 (2012) [107].

power can lead to gain saturation and reduce conversion efficiency. At the same time,
it is also important to ensure that the pump power is high enough to slightly saturate
the SOA and, thus, avoid the patterning effect. The wavelength difference between the
pump and the signal also affects the OSNR, and hence the quality of the wavelength-
converted idler. A detailed analysis of the conversion efficiency and the idler’s OSNR
was carried out in Ref. [107]. As an example, Fig. 18 shows the measured conversion
efficiency and the corresponding OSNR for a specific SOA at different drive currents
and two pump power levels for a fixed pump–probe detuning of 0.5 nm. It can be
seen that the OSNR and the conversion efficiency are increased with increase in drive
current. It is also interesting to note that the conversion efficiency is reduced when
the SOA is highly saturated with 0.3 dBm pump power as compared with that of
−3.3 dBm. Thus, as discussed, optimization of the pump–probe power levels play
significant part in the quality of the wavelength-converted signal. Further research has
been done to find the optimum SOA settings for the best conversion efficiency, while
degrading the converting signal the least [103,105,108].

4.2. Signal Fidelity During Wavelength Conversion
4.2a. Amplitude
To study the fidelity of an amplitude-modulated signal at 10 Gbps, the signal was
launched together with the pump into the SOA to initiate FWM. Polarization con-
trollers were used to align the states of polarization of the pump and the signal.
At the SOA’s output we used optical filters to separate the signal and the idler and
passed them through a noise-loading stage to vary the OSNR. An avalanche photo-
detector (APD) was used for BER measurements and an optical spectrum analyzer
(OSA) was used to measure the OSNR of the wavelength-converted idler. Figure 19
shows the measured spectrum together with the filtered spectra of the signal and the
idler.

The BER of the signal and the idler was measured as a function of OSNR, and the
results are shown in Fig. 20. It can be seen that there is almost no OSNR penalty
compared with the back-to-back configuration (no SOA). The average signal power
was 0.1 mW at the input of the SOA. More importantly, the required pump power was
only 1 mW in this experiment. Even at such a small pump-power level, the conversion
efficiency was more than 100% because of the gain provided by the SOA. The effects
of stimulated Brillouin scattering, which is a major bottleneck in using fiber-based
converters, are also absent when SOAs are used for FWM. Penalty-free all-optical
wavelength conversion of 10-Gb/s data was realized using FWM inside a nonlinear
SOA.
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Figure 19

Measured spectrum at the output of the SOA used for FWM. Insets show the filtered
spectra of the signal and the idler.

Figure 20

Experimental results of all-optical wavelength conversion at 10 Gb/s through FWM
in a nonlinear SOA.

4.2b. Phase
Signal phase was also modulated in advanced formats simultaneously with the ampli-
tudes to increase the spectral efficiency of coherent communication systems [109].
In such a case, it is essential that a wavelength converter does not add phase noise
during the conversion process. Spectral broadening of the idler during FWM was
observed as early as 1978 [110] and later studied in detail in Ref. [104]. Several
schemes have been suggested to prevent such spectral broadening. One approach
involves modulate the phase of the pump [111,112]. Another approach makes use of
two pumps and dithers their phases in opposite directions [113–116]. Such schemes
indirectly rely on producing a specific phase shift between the two pumps. Spectral
broadening is also an issue when FWM is used for creating a frequency comb. It
has been recently shown that spectral broadening during comb generation can be
prevented when the seed frequencies have correlated phase noise [117]. However, cor-
relation of phase noise between an “incoming” signal and a “local” pump is difficult in
practice.

A new scheme based on correlated pumps was demonstrated in Refs. [32,103]. Fig-
ure 21(a) shows the spectral representation of a partially degenerate FWM scheme
in which mixing of the pump and signal waves (frequencies ωp and ωs) creates the
Stokes and anti-Stokes waves at frequencies

ωSt = 2ωp − ωs, ωa−St = 2ωs − ωp. (66)

The linewidths of these two FWM components is found to be [104]

∆ωSt = 4∆ωp + ∆ωs, ∆ωa−St = 4∆ωs + ∆ωp. (67)
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Figure 21

Spectral representation of (a) partially degenerate scheme, (b) nondegenerate scheme
with the two pumps without correlated phase noise, and (c) nondegenerate scheme
with the two pumps having correlated phase noise. Reprinted from [103]. © 2013 The
Optical Society.

For the case where ωs<ωp, these relations are interchanged for the Stokes and the
anti-Stokes frequencies. In the case of nondegenerate FWM with two independent
pumps, as represented in Fig. 21(b), the frequencies become

ωSt = ωp1 + ωp2 − ωs, ωa−St = ωp1 − ωp2 + ωs. (68)

In this case, phase variance becomes

σ2
∆θ−St/a−St = σ

2
∆θ−p1 + σ

2
∆θ−p2 + σ

2
∆θ−s, (69)

where ωp1 and ωp2 represent the frequencies of the two pumps, and the respective ∆θ
represent phase errors due to their phase noise. The corresponding linewidth becomes

∆ωa−St/St = ∆ωs + ∆ωp1 + ∆ωp2, (70)

with ∆ωp1 and ∆ωp2 representing the linewidths of the two pumps. The general phase
error variance relations for the Stokes and anti-Stokes components are

σ2
∆θ−St =σ

2
∆θ−s + σ

2
∆θ−p1 + σ

2
∆θ−p2 + 2Cov(∆θp1,∆θp2)

− 2Cov(∆θp2,∆θs) − 2Cov(∆θp1,∆θs),
(71)

σ2
∆θ−a−St =σ

2
∆θ−s + σ

2
∆θ−p1 + σ

2
∆θ−p2 − 2Cov(∆θp1,∆θp2)

− 2Cov(∆θp2,∆θs) + 2Cov(∆θp1,∆θs),
(72)

where Cov() represents the covariance of two random variables (phase errors in each
wave in this case).

When the two pumps in the nondegenerate scheme are correlated, Cov(∆θp2,∆θp1) =

σ2
∆θ−p1 = σ

2
∆θ−p1 and Cov(∆θp1/p2,∆θs) = 0, thereby giving respective linewidth of the

anti-Stokes and Stokes as

∆ωa−St = ∆ωs, ∆ωSt = 4∆ωp1/p2 + ∆ωs. (73)

It is observed from (73) that the anti-Stokes component retains the linewidth, i.e.,
the phase noise of the signal when the two pumps in the nondegenerate scheme are
correlated.
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Figure 22

BER as a function of received power for the DQPSK data format in four cases. DFB
laser used for the signal had 700-kHz linewidth and MGY laser used as pump had 5
or 8 MHz linewidth. Reprinted from [103]. © 2013 The Optical Society.

The effect of these results was explored by performing all-optical wavelength conver-
sion on a 10.7-GBaud DQPSK data signal [103]. The partially degenerate pumping
scheme was initially tested using pump lasers with different phase noise values.
The pump with the largest phase noise was used for generating correlated pumps
to demonstrate the effectiveness of the dual-correlated pumping scheme.

Figure 22 shows the measured BER for different received powers of the signal (meas-
ured back-to-back), Stokes, and the anti-Stokes components for the partially degenerate
FWM scheme. The laser used to generate the DQPSK signal was a DFB laser with
a linewidth of about 700 kHz. The experiment was carried out using pump lasers
of different linewidths, with ωs>ωp in all the cases. The pump used was either an
external cavity laser (ECL; linewidth 60 kHz) or a wavelength-tunable, modulated
grating, Y-branch laser (MGY; linewidth 5 MHz). To increase the linewidth, the MGY
laser was tuned from ITU-T grid channel 40 (5 MHz linewidth) to channel 38 (8 MHz
linewidth). When the linewidth of the pump was increased, a penalty was observed
for the Stokes component as expected. It was also observed that the pump with a
larger phase noise results in an error floor for the Stokes component. The error floor
increased from 1 × 10−6 to 1 × 10−5 when the pump linewidth was changed from 5 to
8 MHz, whereas a BER lower than 1 × 10−9 was obtained when pump’s linewidth was
60 kHz.

The dual-correlated pumping scheme was tested next with the tunable modulated-
grating Y-branch (MGY) laser operated at a linewidth of 8 MHz. The signal at the
input, the signal through SOA, Stokes, and the anti-Stokes component are filtered
independently and their BER characteristics were shown as a function of received
power in Fig. 23. It was observed that the BER of the anti-Stokes component was
exactly identical to that of the signal. The BER corresponding to the Stokes compo-
nent was found to result in an error floor of approximately 1 × 10−4. These BER results
were as expected from Eq. 73. It was experimentally verified that phase noise from
the pump is not transferred to the generated wavelength, irrespective of the type of
phase noise (frequency dependent/independent), and wavelength conversion can occur
without performance degradation. This concept was also tested using a QPSK signal
for wavelength conversion [118]. Here the effect of nonlinear phase noise on wave-
length conversion using dual-correlated pumps was studied. It was shown that there
are OSNR requirements on the dual-correlated pumps for penalty-free wavelength
conversion. It was also shown that the nonlinear phase noise generated in the SOA
was transferred to the idler because of the uncorrelated nature of the amplitude noise
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Figure 23

BER as a function of received power using dual correlated pumps (linewidth 8 MHz).
DFB laser used for the signal had 700-kHZ linewidth. Reprinted from [103]. © 2013
The Optical Society.

Figure 24

Spectrum at the SOA’s output when signal’s state of polarization is parallel to that of
(a) pump 1 or (b) pump 2. Reprinted from [105]. © 2016 The Optical Society.

for the pump signals. Such distortion reduction techniques were further investigated in
Refs. [108,119].

4.2c. Polarization
Generally, polarization independence is realized using a polarization diversity scheme
by employing two independent SOAs as wavelength converters for the orthogonal
polarizations. However, it is possible to achieve polarization-independent wavelength
conversion of polarization multiplexed signals using FWM inside a single SOA [105].
The authors verified the vector theory of FWM by making the polarization of the
pump either parallel or perpendicular to the polarization of the signal and identifying
the frequency of the generated idlers. Figure 24 shows the optical spectra recorded in
these two cases.

When the two pumps are parallel polarized, the idler corresponding to ωp1 − ωp2 + ωs
is a frequency-shifted version of the signal preserving the polarization multiplexed data
in the signal. Physically, this process can be perceived as a grating formed by beating of
the two pumps, which transfers the signal to the idler frequency. Mathematically, when
the two pumps are parallel polarized, the FWM at the frequency ωp1 − ωp2 + ωs can
be expressed as a unitary transformation. It is also interesting that this idler frequency
preserves the phase noise of the signal (no phase noise transfer from the pumps to
the signal). In another experiment, wavelength conversion of polarization multiplexed
signal was realized using a single SOA, and the results are shown in Fig. 25. No
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Figure 25

BER as a function of OSNR for the input signal (b2b), signal after SOA (asoa), and
wavelength-converted signal (wc) for a polarization-multiplexed QPSK signal at 12.5
GBaud. Reprinted from [105]. © 2016 The Optical Society.

Figure 26

(a) Optical spectra at the input and output of the SOA for wavelength conversion of
a 12.5 GBaud four-channel Nyquist PM-QPSK superchannel. (b) BER as a function
of OSNR for the input signal (b2b), the signal after SOA (asoa), and the wavelength-
converted signal (wc) for four-channel Nyquist WDM super-channel modulated with
PM-QPSK signals at 12.5 GBaud. Reprinted from [105]. © 2016 The Optical Society.

penalty was observed between the back-to-back case (b2b, before SOA), the signal
after the SOA (asoa), and the wavelength-converted signal (wc).

The wavelength conversion of polarization-multiplexed Nyquist superchannels has
also been implemented using SOAs [105]. The optical spectra at the input and output
of the SOA are shown in Fig. 26(a). It can be seen that there is a degradation of the
OSNR when the signal passes through the SOA. The BER as a function of OSNR is also
shown in Fig. 26(b) for the signal before SOA, signal after SOA, and the wavelength-
converted signal. There is a degradation of the Nyquist superchannel when it passes
through the SOA, which is due to the effect of the nonlinear phase noise from the SOA
[118]. The degradation of the idler is worse because of the transfer of this noise from
the signal, and the additional nonlinear phase noise generated on the idler. This can be
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Figure 27

Switching characteristics of a FWM-based wavelength converter. Time-resolved BER
and frequency offset curves for (a) a QPSK signal and (b) a PM-QPSK signal at 12
GBaud, when the wavelength of the received idler is at the first channel on the ITU
grid. Reprinted from [122] under a Creative Commons license.

mitigated by using higher pump powers. However, this will lead to lower conversion
efficiency and a lower OSNR. DSP at the coherent receiver may be used to mitigate
this nonlinear phase noise.

4.3. Fast Re-Configurable Wavelength Conversion
To deploy a FWM-based wavelength-conversion scheme, it is critical to understand the
time required for switching the wavelengths by the SOA employed. In several studies
[120–122], a gain-switched distributed Bragg reflector (SGDBR) laser was used to
study the switching dynamics of an SOA-based wavelength converter. A wide tuning
range (>10 nm) and less than 50 ns and 160 ns reconfiguration time was achieved
for the wavelength conversion system for QPSK and PM-QPSK signals, respectively.
The effect of switching of the pump laser was studied on the BER performance of
the wavelength-converted idler at a wavelengths of 1541 nm (corresponding to pump
wavelength of 1548 nm) and 1539 nm (corresponding to pump wavelength of 1554
nm) for QPSK and PM-QPSK signals at 12.5 GBaud. The results are shown in Fig. 27.
The time-resolved BER values are obtained by averaging over 125 symbols (10 ns)
and 200 switching events after wavelength switching. Signal was at 1542.5 nm from a
low-phase-noise ECL with a linewidth of tens of kilohertz. The output of a coherent
receiver output was sampled at 50 GHz for the DSP [105]. A study of the time-resolved
BER, in comparison with the frequency offset between the local oscillator laser and
the wavelength-converted idler, was also presented in [122]. It was found that BER
can go below the FEC limit (10−3) when the time taken for frequency stabilization of
the pump was 50 ns for a QPSK signal and 160 ns for a PM-QPSK signal, respectively.

For a better understanding of the re-configurable nature of wavelength converters, a
study of the BER as a function of OSNR variations of the received signal after 50
and 160 ns intervals for QPSK and PM-QPSK signals has been carried out [122]. The
results are shown in Fig. 28. We can see that, 50 ns after the switching event, only the
QPSK signals can be decoded. For PM-QPSK signals, 160 ns delay is required after the
switching event. This is due to the convergence time required by the constant modulus
algorithm used for polarization demultiplexing. It must be stressed that this delay of
50 and 160 ns, required for QPSK and PMQPSK wavelength converted signals, is not
due to the SOA or the FWM process. FWM process is instantaneous, in principle, and
the nonlinear SOA used in this work has a fast gain recovery time of 25 ps (data sheet
specification).
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Figure 28

BER as a function of OSNR for the QPSK signal 50 ns after the switching event and
for the PM-QPSK signal 160 ns after the switching event. Reprinted from [122] under
a Creative Commons license.

4.4. Practicality of Implementing Wavelength Conversion in a Network
All-optical wavelength conversion aims at dynamic allocation of wavelengths by
wavelength switching in optical nodes. This has become a necessity for the network
operators, because they need to enhance the already-deployed networks to satisfy the
increase in users and bandwidths [123]. Various nonlinear mechanisms been studied
to realize all-optical wavelength conversion [88]. FWM-based wavelength converters
have attracted the most attention. The main advantage of FWM is its flexibility to
convert the wavelength continuously to any wavelength within the conversion range
of the SOA, while maintaining transparency to both modulation format and bit rate
[124].

FWM has been studied in a wide range of media including fibers, silicon, and other
semiconductors [88]. The passive devices generally have lower conversion efficiency
and require large power levels at the pump and signal wavelengths [125]. However,
active media such as SOAs require relatively low input pump and signal powers [101].
The OSNR degradation is not a concern as it has been shown [107] that an output
OSNR of 30 dB or more is possible for the wavelength-converted signal. If multiple
wavelength converters are employed along a network path, OSNR degradation will be
dominated by the first stage, and this issue will not create a bottleneck. Polarization
sensitivity is also a challenge for such wavelength converters, and it has been shown that
a single SOA can be used for polarization-insensitive wavelength conversion using
FWM [126]. The issue of phase-noise increase associated with the FWM process
can be resolved with the use of correlated pumps, such as from a comb source, so
integrated comb sources can be used for generating pumps for FWM-based wavelength
conversion. Wide-bandwidth wavelength conversion is also possible using SOAs and
a 100 nm wide wavelength conversion using such an SOA was demonstrated with an
average OSNR of 30 dB for the converted signal in Ref. [127].

As switching and routing contributes to more than 30% of total power consumption
in a communication network, it is important to analyze the energy consumption of all-
wavelength conversion to understand its scalability and practicality. Georgakilas and
Tzanakaki [128] investigated the energy consumption of wavelength converters in three
different scenarios, namely (a) unprotected, (b) shared backup path protection, and (c)
dedicated path protection, based on the provisioning of the optical network for handling
link outage. In all the cases, power consumption of all-optical wavelength converters
was found to be better than that based on conversion to the electrical domain. It should
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be noted that the analysis in this paper was carried out for intensity modulation.
However, standard OEO wavelength conversion systems will need complete coherent
receivers and associated DSP; thus integration of the all-optical wavelength conversion
technology is anticipated to provide a lower power consumption solution.

5. SOA FOR PHASE MANIPULATION

In coherent optical communication systems, various impairments are compensated
using DSP, where the trade-off between latency and efficiency of a DSP algorithm
needs to be considered carefully. In the case of long fiber links, the overhead in DSP
is the highest for chromatic dispersion compensation [129]. Nonlinear impairments in
the fiber are typically avoided by controlling the optical power launched into the fiber.
Even though advanced machine-learning algorithms have been used in recent years
for nonlinearity compensation [130], the corresponding signal processing overheads
are typically large. In this context, all-optical techniques, especially OPC implemented
with mid-span spectral inversion (MSSI), have proved to be effective in compensating
for the impairments induced by both the dispersion and nonlinearity of optical fibers
[131–134]. Most OPC demonstrations have used FWM in highly nonlinear fibers
(HNLFs) or periodically poled lithium niobate, both of which require power levels,
typically larger than 100 mW. On the other hand, SOAs have proved to be an effi-
cient and compact platform that requires much smaller optical power levels to invoke
nonlinearities. Thus, exploring the use of SOAs for OPC may prove advantageous for
optical communication systems.

An important application of FWM is its tailored use for phase-sensitive amplifica-
tion and phase quantization. Phase regeneration and amplitude regeneration are two
important functions in the field of optical communications. Amplitude regeneration
of intensity-modulated data using all-optical processing has been reported in the
past [135–137]. The advent of coherent optical communication demands the use of
such optical processing toward phase regeneration. The squeezing function of phase-
sensitive amplifiers (PSAs) enables phase regeneration, where the signal and noise
are amplified in the quadrature that carries information, while being attenuated in the
conjugate quadrature [138,139].

In addition to optical communication, PSAs have a wide range of applications in large-
scale Ising spin networks [140], phase measurement with enhanced sensitivity [141],
and in quantum metrology [142]. FWM in a HNLF is usually employed for realizing
PSA [143]. However, practical implementation of fiber-based schemes is limited by
the high-pump-power requirement and its relatively large footprint. A smaller footprint
occurs for waveguide-based nonlinear media such as periodically poled lithium niobate
[144,145] and silicon germanium [146]. However, all these nonlinear media demand
high pump powers to demonstrate the phase quantization. Thus, considering the use
of SOAs for phase quantization process is highly desirable.

An SOA for OPC was considered as early as 1996 for amplitude-modulated signals
[147]. Dynamic optimization of the pump and signal power levels and conversion
efficiency with minimal distortions were discussed in that work. For polarization-
insensitive OPC, SOAs have been used with orthogonal pumps in Ref. [148]. It is
only recently that SOAs have been used for this purpose for applications in coherent
communication systems [149–151].

5.1. Signal Fidelity in OPC using SOAs
5.1a. OSNR Retention in an OPC Stage
The gain provided by an SOA is nonparametric in nature. It is generally believed that
spontaneous noise added by an SOA makes it unsuitable for nonlinear optical signal
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Figure 29

Experimental setup used to study noise transfer during the OPC process inside an
SOA.

processing. In Ref. [150], the noise performance of a nonlinear SOA was evaluated in
the context of OPC. In most previous works, performance of the generated conjugate
wave was evaluated by noise-loading the filtered conjugate and measuring the BER
as a function of the loaded OSNR. These measurements assume a transmitter-class
OSNR (>25 dB) at the input of the nonlinear medium and do not take into account the
noise transfer that could potentially occur due to the OPC process in SOA at various
input OSNR levels. As the PSA stage, or the OPC stage, is typically envisaged to
be placed mid-span, it is critical to evaluate the noise transfer as a function of input
signal’s OSNR.

Such an experimental study has recently been carried out [150]. OSNR of both the
signal and the conjugate waves at the output of the SOA was measured for different
input signal OSNRs for a CW and a 21-Gbaud QPSK signal. Figure 29 shows the
schematic of the experimental setup used to evaluate the OSNR at the input and output
of the SOA. The SOA used in this experiment (Kamelian-NL-SOA) had a short carrier
lifetime (τs = 25 ps). The pump beam with a linewidth (frequency fp, ∆fp = 100 KHz)
was amplified by an EDFA and filtered using a bandpass filter (bandwidth 0.1 nm).
The signal from a tunable laser (frequency fs, linewidth ∆fs = 40 kHz) was fed to
an optical IQ modulator to generate QPSK data at 21 Gbaud. This modulated signal
is noise-loaded and combined with the pump using a 3-dB coupler before being fed
to the nonlinear SOA. The average power of the pump and the signal at the SOA’s
input was maintained at 0 and −8 dBm, respectively. The signal’s frequency had
a frequency offset of ±125 GHz with respect to the pump in order to measure the
gain and the conjugate conversion efficiency. The output signal and conjugate waves
are filtered independently using a wave-shaper (Finisar WSS-1000s) and fed to a
phase and polarization-diversity coherent receiver. The detected signals (both I and
Q) were digitized using an analog-to-digital converter (ADC, 80 GS/s) and this data is
further processed using the standard DSP algorithms to obtain the BER for different
input OSNRs. The conjugate of the modulated signal is generated with a conversion
efficiency of around 0 dB, while the signal experiences a gain of around 10 dB at a
detuning of 100 GHz [150]. The OSNRs of the output signal and the conjugate are
shown in Fig. 30 for different input OSNRs (measured with reference bandwidth of
0.1 nm). For the power levels and the input OSNR (< 26 dB) used in this experiment,
the OSNR degradation for a reference resolution bandwidth of 0.1 nm, due to the SOA
noise was negligible.

The influence of signal distortion through SOA propagation and phase conjugation
is quantified in Fig. 30(b) for the conjugate wave by analyzing the BER performance
as a function of input OSNR, and comparing with back-to-back curve for QPSK data
modulated at 21 Gbaud. The performance of the output signal is identical to that of the
back-to-back configuration, thus proving that no significant noise is added by the SOA
even with a gain of >10 dB. The generated conjugate has a penalty of ≈1 dB for all
OSNR values. The nonlinear phase distortion occurring in all SOAs is an important
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Figure 30

(a) Output OSNR of the signal and the conjugate waves as a function of input OSNR for
a 21-Gbaud QPSK signal (fp>fs). (b) BER versus OSNR for signal before SOA (back-
to back), signal after SOA, and the conjugate wave created by the SOA. Reprinted
from [150]. © 2019 The Optical Society.

Figure 31

(a) Difference in the OSNR (∆OSNR) at the input and output of the SOA (signal, left
axis; conjugate, right axis) as a function of input OSNR across the C-band wavelengths.
(b) BER performance of the conjugate wave across the C-band wavelengths for a
21-Gbaud QPSK signal.

factor affecting the performance [15]. These results indicate that the signal’s distortion
caused by the SOA-induced chirp is minimal in the presence of the pump. The pump
acts like a holding beam (see Section 3.2.3). The only difference in this case is that
the pump’s wavelength is close to the signal (detuning is 1 nm).

The performance of the SOA was evaluated across the entire C-band by changing the
wavelength of a 21-Gbaud QPSK signal. The results are shown in Fig. 31(a). The
pump–signal detuning was fixed at 125 GHz (1 nm), whereas the signal and pump
frequencies were varied. It is evident that the noise-retention property of the OPC
process holds across the entire C-band for the input OSNR considered. Difference in
the OSNR (∆OSNR) at the input and output of the SOA is <1 dB for both the signal and
conjugate waves. The power penalty was also measured and the results are shown in
Fig. 31(b). The penalty was <1.5 dB at the BER of 1 × 10−3 across the entire C-band.
Clearly, SOAs can be used reliably for optical signal processing based on OPC.

5.1b. Polarization Sensitivity in OPC
Polarization sensitivity of the FWM process is one of the primary challenges in the
OPC implementation. In an optical network employing polarization multiplexing,
a polarization-insensitive FWM scheme is required for practical implementation of
OPC. In one approach, two orthogonally polarized pumps are employed to realize
polarization-insensitive OPC [151]. The mechanism that produces this result is known
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Figure 32

Experimental setup for OPC of a PM-QPSK signal using orthogonally polarized
counterpropagating pumps. © 2019 IEEE. Reprinted, with permission, from Sobhanan
et al., IEEE Photon. Technol. Lett. 31, 919 (2019) [152].

as Bragg scattering, and its polarization transformation properties have been discussed
in Ref. [151]. Polarization-insensitive OPC of a 10-Gbaud PM-QPSK signal has also
been demonstrated using an SOA [152].

Bragg scattering occurs when one pump is scattered by a dynamic grating, formed as
a result of the beating between the signal and the other pump. This process enables
the generation of the conjugate waves at both the ports of an SOA. Unlike the con-
ventional FWM, it is critical to consider the phase-matching conditions to determine
the processes that are involved in the OPC process. This in turn sets the polarization
properties in Bragg scattering-based FWM [152]. Figure 32 shows the schematic of
an experimental setup used for this purpose [152]. The pump was a narrow-linewidth
(100 kHz) ECL at 1546.4 nm. It was is split into two orthogonal polarized parts using a
polarization beam splitter (PBS), which were counter-propagated through a nonlinear
SOA. At a drive forward current of 375 mA, polarization dependence of the gain was
<0.5 dB, and the gain-recovery time was 25 ps.

The center wavelength of the signal laser (λs = 1546.2 nm) differed from that of
the pump by 25 GHz. The signal was modulated with the PM-QPSK format and
coupled with its polarization oriented arbitrarily with respect to one of the pumps (X-
polarization in the experiment). Both pump and signal were fed to the SOA through
the input port of the SOA. The other pump (Y-polarized) was launched into the
SOA through the output port. The power levels of both pumps were around 1 dBm,
whereas the signal power was maintained at −8 dBm. The phase-conjugate wave
(ωc = 2ωp − ωs) at 1546.6 nm was extracted from both the input and output ports
of the SOA using circulators and filtered through a bandwidth-programmable optical
filter (Finisar WSS-1000S). Controlled amounts of ASE noise was added to the filtered
conjugate to change its OSNR. The output was fed to a polarization and phase-
diversity coherent receiver. The electrical analog signal corresponding to the in-phase
(I) and quadrature (Q) components in each polarization were digitized using high-speed
ADCs. The digital samples were equalized for various impairments using off-line DSP.

It was found that the conjugate wave had a conversion efficiency of about −3 dB at
port 2. In contrast, the efficiency was ≈ −7 dB at port 1 because the conjugate wave
was produced only through Bragg scattering. Our estimate of conversion efficiency is
based on the total power in both polarizations; differences in the power levels for X and
Y polarizations become important for evaluating the BER performance. The measured
BER for the two conjugate waves is shown in Fig. 33, for both X and Y polarizations, at
the input (a) and output (b) ports for a 10 Gbaud PM-QPSK signal. The back-to-back
performance of the signal is also shown in these figures for comparison. It can be seen
that the BER performance of both conjugate waves is nearly identical, with only a
negligible difference at the two ports of the SOA. This result can be attributed to the
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Figure 33

BER as a function of OSNR for the X- and Y-polarized conjugate waves, measured
at (a) input and (b) output ports for a 10 Gbaud PM-QPSK signal. The back-to-back
case is also shown for comparison. © 2019 IEEE. Reprinted, with permission, from
Sobhanan et al., IEEE Photon. Technol. Lett. 31, 919 (2019) [152].

Figure 34

Schematic of the MSSI.

polarization-insensitive nature of OPC in this experiment. When compared with the
back-to-back case, the OSNR penalty is <1.5 dB in all cases. This penalty is due to
phase distortions resulting from the phase-noise transfer in a partially degenerate FWM
scheme, which are especially severe at low baud rates and from the nonlinear phase
noise in SOA. We should stress that the OPC process is expected to be independent of
the modulation format. Conjugate generation at larger baud rates can be realized with
a larger pump–signal detuning, albeit with lower conversion efficiencies. In Ref. [152],
the authors also discussed unitary polarization transformation of the Bragg scattering
and stressed the polarization-insensitive nature of the OPC process.

5.2. Simultaneous Compensation of Dispersive and Nonlinear Distortions
As we discussed earlier in this section, the OSNR of an incoming signal is nearly
preserved at the output end of an SOA used for OPC. Moreover, OSNR of the conjugate
wave is nearly the same as that of the signal. We also found that chirp-free amplification
of the signal occurs in the presence of a saturating pump. Here we discuss how OPC
by an SOA can be used for simultaneous compensation of distortions induced by
the combination of dispersion and nonlinearity inside optical fibers [153]. Figure 34
shows a schematic of the MSSI scheme.

Let Z1 and Z2 be the lengths of the transmission fibers before and after the OPC stage,
respectively. Following the OPC analysis of Ref. [153], the propagation of a telecom
signal through an optical fiber is governed by the following nonlinear Schrödinger
equation (NLSE):

∂E(z, t)
∂z

+
j
2
β2
∂2E(z, t)
∂t2

− jγ1 |E(z, t)|2E(z, t) +
α

2
E(z, t) = 0, (74)

where α, β2, and γ are the fiber attenuation, second-order dispersion, and nonlinear
parameters, respectively. This equation can be used to study the evolution of the
complex envelope E(z, t) of the signal through the first span of the fiber. The conjugate
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of the signal (E∗) generated through OPC requires the use of the following modified
NLSE for its propagation through the second span of the fiber:

∂E∗(z, t)
∂z

−
j
2
β2
∂2E∗(z, t)
∂t2

+ jγ2 |E∗(z, t)|2E∗(z, t) +
α

2
E∗(z, t) = 0. (75)

Note that the signs of both the second and third terms in Eq. 74 are inverted for the
propagation of the conjugate wave.

In general, β2 may vary with distance because of dispersion management. How-
ever, if the accumulated dispersion is the same in both sections, i.e.,

∫ Z1
0 β2(z) dz =∫ Z2

0 β2(z) dz, all dispersive effects can be compensated by the OPC. However, the non-
linear impairments depend on the local optical power of the signal that varies because
of losses. As a result, the degree to which the nonlinear effect can be compensated
depends on the design of the transmission link. From Eqs. (74) and (75), a general
condition for perfect compensation of the Kerr effect can be written as [154]

1
γ1P1

∫ Z1

0
β2(z) dz =

1
γ2P2

∫ Z2

0
β2(z) dz, (76)

where the subscripts 1 and 2 stand for the two spans, respectively. When β2 and γ are
constants and have the same values in two spans, the dispersive and nonlinear phases
accumulated in the first span can be compensated when the conjugate is transmitted
through an equal length of the second span of fiber, assuming Eq. 76 is satisfied [153].

Let us assume OPC is performed using partially degenerate FWM inside an SOA.
Consider a signal at the frequency ωs with the linewidth △νs and a pump at the
frequency ωp with the linewidth △νp. When both are injected into the SOA, the
conjugate at the frequency 2ωp − ωs is generated with a linewidth of 4△νp + △νs
[104]. In addition, the SOA is expected to introduce nonlinear phase distortions,
depending on the bias current and the input power levels. Thus, an SOA is expected to
introduce some penalty with respect to the back-to-back situation owing to the inherent
phase distortions and the phase-noise transfer during the OPC process similar to what
we have seen in the previous section. SOAs may still be preferred because of their
compact size and relatively smaller power levels required for the pump, provided the
performance penalty associated with their use is not too large.

5.2a. Amplitude- and Phase-Modulated Signals
In a 1988 demonstration of MSSI [155], 2-ps optical pulses were sent over 40 km of
standard fiber by employing an SOA in the middle of the span. It was found that the
second-order dispersive effects governed by β2 were completely compensated. At the
same time, distortions and the excess chirp generated within the SOA were negligible
even for 2-ps pulses. It was this experiment that suggested that SOAs can be used
for OPC in high-data-rate applications. Indeed, an implementation of this technique
for a 40-Gb/s amplitude-modulated system showed that both dispersive and nonlinear
distortions could be compensated over distances of up to 406 km [156,157].

Several experiments employed SOA-based OPC for phase-modulated signals
[158,159]. A 40-Gb/s RZ-DPSK signal was successfully transmitted over 100 km
with a penalty of less than 2.5 dB with respect to back-to-back configuration [158].
In another experiment, this technique was used to demonstrate the transmission of a
107-Gb/s RZ-QPSK signal over 108 km of standard fiber with a BER smaller than
the FEC limit [159]. More recent work has used the OPC technique for advanced
modulation formats. We discuss this work next in the context of m-QAM signals.
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Figure 35

BER in four cases plotted as a function of OSNR for a 40-Gb/s QPSK signal. Back-to-
back performance is shown with the curves marked b2b. Reprinted from [160] under
a Creative Commons license.

5.2b. mQAM Signals
In a 2020 experiment, SOA-based OPC was used to transmit 21-Gbaud QPSK signal
over 100 km of standard fiber [160]. A narrow-linewidth laser at wavelength 1551.11
nm was used with an IQ modulator to generate the QPSK signal at 21 Gbaud. The
modulated signal was transmitted in the first 50-km span using EDFAs such that the
signal power launched into the OPC stage was −8 dBm. The pump laser at wavelength
1550.11 nm (pump–signal detuning 125 GHz) had 1 mW power that was enough
to saturate the SOA and initiate the FWM process needed for OPC. The conjugate
wave was filtered, amplified, and fed to the second 50-km span of standard fiber.
The OSNR of the signal/conjugate was controlled by introducing ASE noise from an
EDFA at the coherent receiver. The received signal was digitized and is processed
using off-line DSP. Both the signal and the pump wavelength were swept over the
C-band, while maintaining the detuning of 125 GHz between them. Figure 35 shows
the BER performance as a function of OSNR under four operating conditions [160].
The “b2b-signal” curve represents the back-to-back case, without any OPC or fiber
link and is used as a reference to calculate the OSNR penalty. The “b2b-OPC” curve
corresponds to the conjugated idler (without any fiber). The BER is estimated with
respect to the conjugate data in this case. It shows a penalty of about 1 dB compared
with the back-to-back case because of nonlinear phase distortions inside the SOA used
for OPC. The performance of the system after 100-km fiber, but without the OPC
module, is also shown. DSP in this case included dispersion compensation through
frequency-domain equalization [129]. For this reason, BER results were identical to
the back-to-back case. The BER curve with rectangles shows the results when an OPC
stage was used mid-span with a 1-mW pump power and a conversion efficiency of
−3 dB. The off-line DSP in this case did not include dispersion compensation. It is
seen that the power penalty is less than 1.5 dB (at the FEC limit) compared with the
“b2b-OPC” case [160]. The origin of this penalty may be nonlinear chirp accumulated
within the SOA. Compared with the back-to-back case, the total penalty is about 2.5
dB. It may be possible to reduce it further with optimization of the signal and pump
powers launched into the SOA.

To observe the effect of input signal power, it was increased in steps of 2 dBm, and
the performance of the system with signal modulated in 16-QAM modulation format
was evaluated with and without OPC. Care was taken to ensure that launched power
was the same in each span, and the pump power was maintained at 0 dBm in all cases.
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The error vector magnitude (EVM) is calculated as a function of the signal power,
and the result are shown in Fig. 36(a). The EVM is larger for an OPC-based system at
low powers owing to (i) phase-noise transfer from the pump and (ii) nonlinear chirp
inside the SOA. Penalty at the smallest launch power can also be attributed to a lower
conversion efficiency and a lower output OSNR of the conjugate wave, even though the
input signal to SOA is maintained at −8 dBm. The initial drop in EVM with increasing
power is due to a corresponding increase in the OSNR at the input end. As the input
power increases beyond a certain value, nonlinear distortions increase the EVM, as
seen in Fig. 36(a). However, the power level at which EVM starts to degrade is larger
in the presence of OPC. Indeed, the OPC-based system performs better at high power
levels, a feature indicating the nonlinear tolerance of such a system.

Without OPC, EVM penalty becomes too large at power levels larger than 8 dBm
due to the large nonlinear phase distortions from the fiber distorting the data of the
16-QAM signal. In contrast, data could be retrieved successfully (BER below FEC
limit) even at a launch power of 12 dBm when OPC was used. The reason is that most
of the nonlinear effects accumulated in the first fiber span were compensated in the
second span because of OPC. Referring to Fig. 36 and taking 10% EVM as being
acceptable, the power margin of OPC is about 2 dB. This margin would increase for
longer lengths (say 500 km each section) because nonlinear distortions increase with
length.

The performance advantage of the SOA-based OPC across the entire C-band is shown
in Fig. 36(b), where the EVM is evaluated for 16-QAM signals for the 100-km link,
using launch power per span of 10 dBm. The EVM is around 10% throughout the
C-band with a ±1% variance. However, such a system at any wavelength will operate
successfully because the BER is below the FEC limit at all the points in Fig. 36(b).
These results indicate that the use of SOA-based OPC is beneficial for WDM systems
making use of the entire C-band [160].

5.2c. Coherent Orthogonal Frequency-Division Multiplexed Signals
SOA-based OPC is also useful for coherent OFDM systems. Its effectiveness for
distortion compensation in such systems was demonstrated in Ref. [161] using a
16-QAM coherent orthogonal frequency-division multiplexing (CO-OFDM) signal.
Coherent OFDM signals pose a much bigger challenge to the use of SOAs because

Figure 36

(a) EVM for a 16-QAM signal as a function of input power to each 50-km fiber span
with and without OPC. (b) EVM over the C-band when OPC is used with a per-span
launch power of 10 dBm. Reprinted from [160] under a Creative Commons license.
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Figure 37

EVM performance of a 80-Gb/s 16-QAM CO-OFDM system with and without SOA-
based OPC. CDC stands for chromatic-dispersion compensation. The shaded region
shows the acceptable FEC limit. Reprinted from [161] under a Creative Commons
license.

their relatively larger peak-to-average power ratio (PAPR) is expected to induce larger
gain fluctuations, resulting in more nonlinear phase noise. In practice, distortions
resulting from fiber’s nonlinearity as well as SOA’s nonlinearity affect a CO-OFDM
system when an SOA is used for MSSI, especially in the case of few-hop fiber links.

As an example, Fig. 37 compares the EVM performance of a 80-Gb/s 16-QAM
CO-OFDM system as a function of launched power, with and without OPC. In
this experiment, the OFDM signal was produced using 16-QAM symbols with 72
subcarriers (along with a guard band and eight pilot subcarriers), and it spanned a
total frequency spread of 20 GHz. This frequency-domain signal is converted to the
time domain through a 128-point inverse FFT operation. This digital electric sig-
nal was used to drive a coherent transmitter and to generate a 80-Gb/s, 16-QAM,
CO-OFDM signal at the 1551.11 nm wavelength (with a 25-kHz linewidth). Power
levels used were identical to those used for the single-carrier experiment [160]. DSP
algorithms included (correlation-based) time and (blind) frequency synchronization,
training-symbol-based channel estimation/equalization, and pilot-assisted phase-noise
correction [162].

The curve with circles in Fig. 37 shows the EVM as a function of launched power
when no OPC was employed but dispersion was compensated at the receiver. The
curve with squares show the improvement realized when OPC was used mid-span to
compensate for nonlinear distortions. As one may expect, the magnitude of the error
vector is much smaller in the OPC case, especially at high-power levels. With the
use of OPC, the power at which the EVM starts to degrade beyond the FEC limit is
about 9 dBm, which is larger by 5.5 dB compared with the case without OPC, thereby
indicating the improved nonlinear tolerance of the OPC system. The relatively poorer
performance of the OPC case at smaller launched powers (<-3 dBm) is attributed to
the lower OSNR of the input signal.

5.3. Regeneration and Quantization of Optical Phase
The advent of coherent systems requires devices capable of regenerating or quantiza-
tion of the phase of an optical signal. Such devices are typically based on a FWM-based
PSA, built typically utilizing FWM in nonlinear media. The general schematic of a
parametric amplifier is shown in Fig. 38.

When the pump and signal wave mix in a nonlinear media, it creates a dynamic grat-
ing. Considering the phase modulation of the pump due to this grating, sidebands are
generated at frequencies ωp − (ωp − ωs) and ωp + (ωp − ωs). Power is thus transferred

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Figure 38

General schematic of a parametric amplifier.

from the pump (at ωp) to the signal (at ωs) and to the idler (at ωi) simultaneously.
Thus, when the incoming signal is allowed to mix with strong pump(s), in addition to
the generation of conjugate idlers, the signal also experiences amplification. The gain
experienced by the signal in this case is referred to as the parametric gain, and this pro-
cess is utilized to realize parametric amplifiers. Wide-band and high-gain fiber optic
parametric amplifiers have been demonstrated in the past with HNLFs [163–165]. If the
idler is seeded at the input of the parametric amplifier, it results in a coherent mixing of
signal and idler, giving rise to a phase-sensitive operation. The gain experienced by the
signal in this case is a function of its input phase and this property of PSAs is used for
phase regeneration. In case of binary PSK (BPSK) signals, the signal is symmetrically
placed between two pumps and the idler generated at the signal frequency, coherently
mixes with the signal, resulting in two-level phase quantization [166]. Four level quan-
tization occurs when the signal (with phase ϕs) adds coherently with its conjugated
third harmonic (with phase −3ϕs); both generated at the same frequency, resulting
in a phase addition corresponding to eiφs + r.e−i3φs , where r is the ratio of the corre-
sponding power levels. Phase-sensitive amplification thus requires efficient nonlinear
media.

PSAs have been demonstrated in nonlinear media such as optical fibers, periodically
poled lithium niobate, photonic crystal fibers, or chalcogenide waveguides [143] in
the past. However, the pump power required for achieving PSA in these nonlinear
media is relatively high. The use of SOAs for such a device requires not only much
smaller powers (<10 mW) but also has the advantage that it can be integrated within
a chip containing a photonic integrated circuit. SOAs have been used for realizing a
PSA in several studies [167–169]. In this section, we discuss the details of the some
experiments that have demonstrated phase regeneration and phase quantization using
SOAs.

5.3a. SOA-Based Phase Regeneration
The pumps, signal, and idler waves must be phase-correlated for phase regeneration.
Establishing this phase correlation has been challenging in the practical implemen-
tation of phase-sensitive amplification. A common approach is to generate the idler
through a FWM process at a “copier stage” and transmit it along with the signal. To
avoid transmission of high-power pumps through the transmission fiber, the pumps
are typically generated locally at the PSA through an injection-locking process [143].
Thus, efficient and controllable FWM is required at both the copier and the PSA stage.
Here we discuss a few demonstrations where SOAs were used at both the copier and
PSA stages.
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Figure 39

(a) Experimental setup used for DPSK regeneration. (b) Optical spectrum after the
carrier extraction stage at the output of SOA-1. (c) Optical spectrum at the output of
the WSS. (d) Optical spectrum at the output of SOA-2 when both channels are locked
either at the maximum or minimum gain stateof the PSA. (e) Optical spectrum at the
output of the SOA-2 when the channels are locked at different phase sensitive gain
states of the PSA. © 2012 IEEE. Reprinted, with permission, from Sygletos et al.,
European Conference on Optical Communication, paper Tu.1.A.2 (2012) [170].

Phase regeneration of a two-channel DPSK signal was demonstrated as early as 2012
using SOAs [170]. The schematic of this experiment is shown in Fig. 39. The signal
was allowed to experience FWM with a pump laser in SOA-1 to extract the phase-
correlated pumps for the PSA stage; the corresponding output spectrum is shown
in Fig. 39(b). Note that the pump power required for this process was less than 4
mW, which is significantly smaller than the power levels required (≈1 W) for the
corresponding implementation in a HNLF by the same authors [171]. Two slave lasers
were injection-locked, where the extracted pumps from SOA-1 acted as the master to
strip off any residual signal modulation. The cleaned-up pumps were then combined
with the signal in a wave-shaper, whose output spectrum is shown in Fig. 39(c).
Another benefit of using an SOA as a copier is that the path difference between the
signal arm and the copier arm is reduced significantly, thus minimizing the effects of
environmentally induced phase fluctuations between the signal and the pumps.

The signal experiences phase-sensitive amplification at the PSA stage, which is in
another SOA (SOA2). As the modulation format in this case is DPSK, the idler gen-
erated at the signal wavelength for each channel coherently mixes with the signal,
resulting in two-level quantization/regeneration. Figure 40 shows the BER as a func-
tion of received power and the corresponding eye diagrams observed at the output of
the PSA stage. Note that the two-level quantization requires the signal and idler to
mix with equal proportions for maximum phase squeezing. As the SOA also offers
nonparametric gain, the PSA process resulted in a nonoptimal phase squeezing for the
degenerate mixing of the signal and the idler in this experiment. However, significant
phase squeezing was observed at the nondegenerate idler (indicated as λ-converted
channels). Figure 40 shows the BER performance of the DPSK signals with a sensi-
tivity improvement of more than 4.5 dB. This brings us to an important issue when
SOAs are used for optimization, the optimization of the mixing ratios of the signal
and idler: this issue is discussed in the next section.

Four-level quantization was implemented with SOAs for the first time in Ref. [169].
Figure 41 shows the spectra measured in this experiment at the input and output of the
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Figure 40

BER versus total received power: (a) for ChA and its wavelength-converted channel;
(b) for ChB and its wavelength-converted channel at the input/output of PSA with and
without the presence of input periodic degradation. (c) Corresponding eye diagrams
for the four channels. © 2012 IEEE. Reprinted, with permission, from Sygletos et al.,
European Conference on Optical Communication, paper Tu.1.A.2 (2012) [170].

Figure 41

Example of spectra before (dashed orange line) and after (solid blue line) FWM in
SOA. © 2016 IEEE. Reprinted, with permission, from Bottrill et al., IEEE Photon.
Technol. Lett. 28, 205 (2016) [169].

PSA stage. It is evident that there are two possibilities for the generation of quantized
output: a conjugated output from the mixing of the conjugated signal and its third
harmonic (e−iφs + r.e3iφs) and an nonconjugated output from the mixing of signal and
conjugate of its third harmonic (eiφs + r.e−3iφs), labeled as S̄′ and S′, respectively, in
the figure. The highly efficient FWM processes in the SOA enabled this demonstration
without a copier stage. The schematic of the experimental setup used for four-level
quantization is shown in Fig. 42. Phase correlations were established by deriving the
signal and the pumps from the same laser source, to minimize additional complexities.
A phase modulator was used in the signal arm to introduce phase errors while phase
correlated pumps were derived by over-driving a Mach–Zehnder modulator (MZM)
followed by a programmable filter (PF). The fiber stretcher is used to match the phases
in the signal and pump arms.
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Figure 42

Experimental setup used for four-level phase quantization. © 2016 IEEE. Reprinted,
with permission, from Bottrill et al., IEEE Photon. Technol. Lett. 28, 205 (2016)
[169].

Figure 43

(a) Phase and amplitude noise statistics before and after regeneration for both the
conjugated and unconjugated output. (b) Constellation plots for the three input phase-
noise levels studied for the unregenerated case, as well as for the conjugated and
nonconjugated output. © 2016 IEEE. Reprinted, with permission, from Bottrill et al.,
IEEE Photon. Technol. Lett. 28, 205 (2016) [169].

Figure 43 shows the noise statistics of the signal observed in the experiment and it is
evident that the output phase noise is very similar between the conjugated or unconju-
gated output. By comparing the regenerated phase noise curves to the unregenerated
phase noise curve, the system shows a reduction in phase noise for all input phase
noises exceeding 5.5◦ rms and for the highest input noise case of 12.2◦ rms, the system
results in a halving of phase noise. The output magnitude noise in all cases can be
seen to be worse than the input magnitude noise, worsening as the input phase noise
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increases. This phase-noise-dependent increase in magnitude noise is expected from
this type of phase squeezer [166] and is the result of phase dependent gain. The large
increase in phase noise for low input phase noise levels is due to the ASE induced
magnitude noise being converted into phase noise through nonlinear effects (such as
SPM and XPM) as well as the ASE itself, which we believe can be improved through
the use of a longer SOA. Constellation plots are shown in Fig. 43(b), before and after
regeneration, for both the conjugated and unconjugated outputs using three different
values of input phase noise. The conjugated and unconjugated results match each other
quite well, both showing deterioration of the signal in the case of low phase noise,
but showing a clear reduction in phase noise for the higher input noise levels. The
increase in phase noise observed for low input phase noises is due to the fact that
the poor OSNR of the pumps and corresponding amplitude noise induces a nonlinear
phase noise in the signal [118]. It should also be reiterated that, power levels of the
coherently mixing signals need to be optimized in order to achieve the maximum
phase squeezing and this is indeed a challenge in the case of SOAs because they also
provide nonparametric gain. However, this issue can be resolved by quantifying the
gain extinction ratio (GER) as a function of input signal power levels, as discussed in
the following subsection.

5.3b. Power Optimization for Phase Quantization
The GER is decided by the correct choice of mixing ratios of the signal with the
desired idler. Several reports in the past have described the details of optimization
of power levels of the mixing beams in HNLF-based PSA [172]. In Ref. [173], an
experimental study was conducted with random gain values and it was concluded that
the best phase quantization is achieved when the power ratio between the signal and
the conjugate are equal in case of two-level quantization. A brute-force optimization of
the quantization may be possible by adjusting the power levels at the input of the PSA
when the nonlinear medium is passive. However, this may be difficult for an active
gain medium such as SOA. SOAs also provide asymmetric gain, hence it would be
cumbersome to carry out an optimization by just randomly adjusting the power ratio
of the input waves.

In this section, a relation between the signal-to-idler amplitude mixing ratio (r) and
the GER, which is a measurable quantity at the output of the SOA, that can be
used to achieve optimal M-level phase quantization in general is described as in
Ref. [174]. This relation is universal and can be applied irrespective of the nonlinear
medium used for the PSA. The numerical results on the influence of GER on M-level
quantization with SOA are presented in Ref. [175]. The experimental data that verifies
the dependence of GER on the quality of phase quantization in SOA is described in
this section [174].

The complex amplitude Aout of the coherent combination of signal and the idler for
M-level quantization can be written as

Aout = A0 exp(jϕs) + rA0 exp
(︁
−j(M − 1)ϕs

)︁
, (77)

where A0 and rA0 are the amplitudes of the two mixing fields. The quality of this
interference output or the quantization depends on the mixing ratio r, which is decided
by the conversion efficiency of the mixing process and by the nonparametric gain
offered by the SOA. The importance of the choice of r for an M-level quantization was
studied in detail in Ref. [176]. The average deviation of the phase quantizer from an
ideal step function was quantified in this work through a misfit factor (MF) defined as

MF = log10

(︃
M2

π2

∫ π
M

− π
M

|ϕo(r, ϕs) − ϕstep | dϕs

)︃
, (78)
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Figure 44

Misfit factor as a function of the mixing ratio r for M = 2 and 4.

Figure 45

Quantized output as a function of relative input signal phase (a) output power (normal-
ized) and (b) output phase for two-level quantization, (c) output power (normalized)
and (d) output phase for four-level quantization, for different r values. Reprinted from
[174]. © 2021 The Optical Society.

where ϕs is the input phase to be quantized, ϕo is the phase of the output field defined
in Eq. (77), and ϕstep is the ideal step function.

Figure 44 shows MF as a function of r for M = 2 and 4. The misfit factor of an ideally
quantized output would tend to −∞. The quantized output as a function of the relative
input phase are shown in Fig. 45 for both two- and four-level quantization and for
different values of r. For the two-level phase quantization, the value of r that leads
to the ideal MF is 1, as seen in Fig. 45, indicating that optimal quantization occurs
when the conjugate and the requisite idler mix with equal amplitudes. The optimal
mixing ratio progressively decreases with increasing M. For M = 4, MF is found to
be minimum at r = 0.5. As r is not measurable directly in an experiment, especially
when the nonlinear medium is an SOA, it can be quantified through the GER, defined
as the ratio of the maximum output gain to the minimum output gain as ϕs is tuned
over its 2π range.

For a process governed by Eq. (77), the output power Pout is given by

Pout = |Aout |
2 = A2

o(1 + r2 + 2r cos(Mϕs)). (79)
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Figure 46

(a) Phase of the input signal to the phase quantizer obtained by driving a phase
modulator with a 15 MHz sawtooth input voltage. (b) Two-level phase-quantized
output of the PSA stage. Reprinted from [174]. © 2021 The Optical Society.

The GER can be found in an analytic form using the output power and is given by

GER = 10 log10

(︃
Pout,max

Pout,min

)︃
= 10 log10

(︃
1 + r
1 − r

)︃2

. (80)

Thus, there exists a direct relation between r and GER and it can be used to optimize the
experimental operating conditions for any M-level quantization scheme. For M = 2,
MF is minimum at r = 1 and, hence, GER should be as large as possible. However,
MF is minimum at r = 0.5 for M = 4, and substituting it in Eq. (80), we find that
the optimal GER for best quantization is 9.54 dB. Thus, the GER helps to identify
the operating point which would correspond to minimum MF and provide the best
possible phase quantization.

In one SOA-based experiment that used the optimized GER, the input pump power
(1 mW) was chosen such that it was sufficient to saturate the SOA. The signal-to-
idler power ratio (S/I) and the pump-to-idler power ratio (P/I) were chosen such that
GER was maximum in the case of two-level quantization [174]. The largest GER was
observed for a S/I power ratio of −6 dB, and the corresponding phase quantization
results are shown in Fig. 46(a). The phase of the signal was modulated at a frequency
of 15 MHz using a sawtooth waveform, and the applied drive voltage was set such
that it varied from −Vπ to +Vπ (3.5 Vpp) at the input port of the modulator. Thus,
one cycle of sawtooth waveform modulated the signal’s phase linearly over the 2π
range. Figures 46(a) and 46(b) show the input and the output of the phase-quantization
stage. It is evident that the output is quantized to two fixed phase states with a nonzero
mean phase shift (corresponding to the residual ϕs). The two quantized phase states
are found to have a phase difference of π, as expected for a two-level phase quantizer.
The lower quantized value is aligned to 0 rad, and the upper quantized one to π, for
a clear visualization, i.e., the output phase plotted is the relative output phase. Phase
jumps in both Figs. 46(a) and 46(b) are due to phase wrapping between −π and +π,
whenever random phase drifts occur owing to some environmental perturbation or
voltage fluctuations in RF source used to drive the modulator. The GER is maximum
at an S/I ratio of −6 dB, and almost ideal phase quantization is realized for the
optimized power ratio. Other S/I ratios resulted in smaller GER values with a large
quantization error. Similar results were found for the four-level quantization at a GER
of 9.5 dB [174]. The specific values of the optimized power ratio are specific to the
reported experiment and can change under different experimental conditions, but the
concept of optimal GER is independent of the experimental conditions.

5.4. Comparison with Other Nonlinear Media
It is now established that FWM is the key process that can enable wavelength conver-
sion, phase conjugation, parametric amplification, and phase-sensitive amplification,
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Table 4. Summary of the Different Demonstrations of OPC and PSA-Based Phase
Regeneration and Phase Quantization Experiments in Different Nonlinear Media with the
Corresponding Pump Power Levels Used

Process Nonlinear Medium Pump Power (dBm) Reference

OPC

HNLF

25 [177]
30 [178]
32 [179]
32 [180]

30.1 [181]

PPLN

25.9 [182]
20.4 [183]
> 20 [131]
24.4 [184]

Si waveguide 26 [46,185]
Si nanowire 22.4 [186]

SOA 0 [150–152]

Phase quantization HNLF

27 [176]
29 [172]
>20 [187]
26 [188]

Phase regeneration

HNLF

33 [166]
>30 [189]
29 [190].
30 [4]

PPLN
30 [144].

24.7 [145]
21 [191]

SiGe Waveguide <21 [146]

SOA
< 6 [192]
< 7 [170]
<10 [169]

PSA

PPLN 33 [89]
a-Si:H waveguide 32 (Peak power-pulsed) [193]

Si-Photonic crystal waveguide 31.7 (Peak power-pulsed) [194]
AlGaAs 19 to 27 [195]

Phase quantization SOA 0 [174]

under the characteristic operating conditions required for each process. Any nonlinear
medium capable of yielding FWM can thus be used for the realization of the above
functionalities. In order to compare these, Table 4 lists the pump powers used in various
experiments for FWM-based OPC process in different nonlinear media. It is clear from
this table that SOAs require the least pump power and should be used when energy
efficiency is a prerequisite. Table 4 also lists the corresponding comparison for other
phase manipulation processes discussed in this section, and it is evident that SOAs
stand out in terms of the pump power requirement and, hence, the energy efficiency.
Most of the passive nonlinear medium discussed in Table 4 require pump power levels
well in excess of 10 mW to initiate nonlinearity, which potentially implies the need for
high-power EDFAs to achieve the required pump power levels. When employing SOA
nonlinearities to undertake various all-optical processing functions, pump powers of
smaller than 10 mW are typically required, however, the SOA being an active medium
we also need to consider the power consumed by the SOA drive current for energy
efficiency calculations. Thus, while we compare the energy efficiency in general, in
the case of SOAs based signal processing applications we need to consider power
consumption of pump laser and the SOA, while for other passive media discussed in
Table 4, we need to consider power consumption of laser and EDFA in order to reach
the required pump power levels. A standard single mode laser diode and SOA, with
output power levels around 10 mW, will typically consume a few watts of electrical
power for laser/SOA drive current and thermo-electric cooler (TEC) [196,197]. Usu-
ally the power consumption for high-power EDFA is several tens of watts [198] (it can
be more for higher-power EDFAs). Thus, for SOA based nonlinear systems the total
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power consumed should be in the order of 10 W, while for other passive nonlinear
medium based systems the total power consumed is (laser+EDFA+nonlinear medium)
several tens of watts and can exceed 100 W. Thus, effective power consumption for the
nonlinear processes is lower for SOA-based systems compared with other nonlinear
media and, hence, it has higher energy efficiency. We would also note here the ability
to develop integrated functional components based on SOAs is key to reducing both
footprint and power consumption for practical network applications.

6. OPTICAL SWITCHING

A huge demand for data processing, data storage, and communication capacity (in
optical networks and data centers) motivates the search for alternatives to electrical
switches and routers. Processing of big data requires huge volumes of small packets to
be exchanged between the memories in the servers of data centers. Switching capac-
ity of electrical routers is ultimately limited by the fastest clock speed and energy
efficiency. Optical switching is an attractive alternative. It also has the potential to
be bit-rate and modulation format agnostic, along with the ability to provide high
switching speeds. Switching typically involves processing of the data at the packet
level. The most desired properties of a switch are its (a) ability to buffer, (b) low
insertion loss, (c) small size, (d) large port count, (e) fast switching speed, and (f)
low energy consumption. Traditional low-loss implementations involving liquid crys-
tals, microelectromechanical systems (MEMS), and piezo-based free-space optics can
potentially provide a large port count, but are not viable because of their relatively
low switching speeds, large footprints, high cost, and insufficient reliability. Electro-
optic implementations with sufficiently high speeds are highly lossy to be useful in a
practical large port count scenario.

Implementation of fast reconfigurable switches on a silicon platform is attractive
because its large-scale integrability, compatibility with the CMOS process, fast switch-
ing time, and high reliability. Switching is implemented with phase shifters in one of
the arms of a MZI or in a micro-ring resonator by either utilizing carrier injection
(free-carrier dispersion effect) or the thermo-optic effect. IBM demonstrated a 90-nm
CMOS switch with integrated electronic buffers in the 4 × 4 configuration, with −20
dB cross talk and only 5 mW power consumption, but its insertion loss was 3 dB
[199]. In addition to the phase-change elements, thermo-optic heaters are required
to correct for phase errors in any interferometer-based implementations. A 32 × 32
silicon-photonics chip has been demonstrated with a high-index contrast planar light
wave circuit [200]. Its 1024 switches were implemented using thermo-optic phase
shifters on both arms of the MZIs employed for switching. A fiber-to-fiber inser-
tion loss of 10.8 dB, on-chip electric power consumption of 1.9 W, and a cross talk
better than −20 dB (over 14.2-nm wavelength range) band was demonstrated in this
implementation.

Scaling to a large number of ports is realized by cascading optical switches, but this
approach is limited by high insertion losses. On-chip amplifiers, fabricated along
with the switch, will help to compensate for such losses. In this context, SOAs find
applications in the fabrication of optical switches as compact and small-footprint
amplifiers. In addition, they also offer themselves as an alternative switching media
that can provide high extinction ratios, or low cross talks, and faster switching speeds
along with the gain. SOAs also have the amenability for integration and, hence, can
be scaled to larger port dimensions.

A 16 × 16 InP-based switch was demonstrated as early as 2011 with 192 gating SOAs
and with a potential energy efficiency of 3 pJ/bit [201]. Its size was 37% smaller
than other similar implementations and it was suitable for 100-Gb/s packets. In this
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Figure 47

Top view of the SOA-integrated silicon photonics switch fabricated. Adapted from J.
Lightwave Technol. 37, 123 (2019) [204].

architecture, packet scheduling can be carried out within a data-center cluster without
any buffering. Any switching between the clusters or to the external Internet is proposed
to be carried out with a buffered router. SOAs are used not only as switching elements
but also in the shuffle network that cascades smaller dimension sub-switches. The
shuffle networks need to be powered to make it transparent, and to control the gain in
each path. However, a large footprint of InP photonic circuits prevents the scalability
of ports, considering the wafer size.

A hybrid approach, where SOAs are used as phase shifters in MZIs and short-length
SOAs are used at the output of a dilated coupler as gain/loss elements, was demon-
strated in Ref. [202]. The switch employed a 16 × 16 configuration and it exhibited
an extinction ratio of 47 dB and relatively low power consumption compared with
other SOA-based devices. This implementation minimized the ASE noise during the
OFF state, resulting in low power consumption. An active–passive integration was
demonstrated in Ref. [203] where monolithically integrated SOA gate arrays were
used for switching, while the shuffle network was passive.

The flip-chip bonding technology has also been explored to integrate SOAs on top
of silicon photonic platforms. Using this approach, in a recent demonstration, a 4 × 4
silicon-photonics had path-independent insertion loss, and it was capable of handling
an eight-channel, 32-Gbaud, 16-QAM WDM signal [204]. The top view of the fabri-
cated device is shown in Fig. 47. The circuit had also incorporated a spot-size converter
with inverse taper for mode-matching the SOA and the silicon photonic circuit. The
fiber-to-fiber gain of 5 dB was demonstrated, which proves that SOAs could compen-
sate the losses incurred during a multi-stage switching process. One design issue here
is the optimization of the placement of the SOA with respect to the switches. As we
discussed in Section 3, finite time of the nonlinear gain response to the input optical
signals has to be taken into account. In Ref. [204], the SOA array was placed after the
switches to better suppress nonlinear distortions, while maintaining tolerable OSNR
values for the given input power ranges in the experimental system.

Figure 48(a) shows the switch settings and Fig. 48(b) shows the Q factors measured
at different input signal power levels for switching of a 16-QAM signal. It also shows
measured values of the OSNR at the output at these power levels. Even though
the OSNR values improve with increasing input signal power, significant nonlinear
degradation occurs owing to gain-induced phase changes discussed in Section 3, and
hence an optimization of input power levels becomes necessary. The experimental
results suggest the optimum input power to be close to −10 dBm. Holding-beam and
phase-conjugation approaches discussed in Section 3. may improve the data quality
for a wider range of input power levels.
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Figure 48

(a) Switch settings and (b) measurements of the Q factor of the output optical signal
for a 4 × 4 silicon photonics switch containing SOAs for amplification. Adapted from
J. Lightwave Technol. 37, 123 (2019) [204].

Before integrated optical switch technologies may become practical, it is imperative
to increase the number of switching ports with a larger number of WDM channels and
with SOAs compensating for the cascading losses. To realize such switches, the ability
to efficiently integrate the SOAs on the silicon-photonic platforms is going to be the
key. It will result not only in high-performance optical switches but also in devices
exploiting merits of both the SOA and silicon-photonic platforms.

7. CONCLUDING REMARKS

It should be evident from this review that SOAs have many interesting properties that
make them suitable for a variety of applications. In particular, they have the potential
to become important for coherent communication systems. Here, we mention a few
other SOA applications that we were unable to include in details in this review.

Implementation of network functionalities in the optical domain can potentially lead
to optical transparent networks that are free from bottlenecks resulting from opti-
cal–electrical–optical conversions. Header recognition is typically performed at the
network nodes for routing of packets. As most all-optical header-processing systems
are constrained by the number of labels that can be processed, a hybrid photonic router
is envisaged, where optical processing parallelizes the header bits and electronic pro-
cessing is used for each parallel channel [205]. Performing the latter functionality in the
optical domain would enable all-optical routing decisions. Optical header processing
using multiple header recognition systems has been demonstrated using pulse-position
modulation-based techniques [206]. Optical header recognition systems have also been
reported in the past for on–off data using several approaches. These include the optical
correlation systems based on SOA-loop mirror, fiber Bragg gratings, and terahertz
optical asymmetric demultiplexer [207,208]. The gain-recovery times limit the speed
of operation of these SOA-based systems. Header recognition systems have also been
demonstrated using cascaded SOA-MZI configurations for XGM [209,210]. A com-
bination of XNOR and AND gates was used for one header processing system [211],
where each logic gate was implemented using the SOA-MZI configuration. A header
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recognition scheme for the BPSK data has also been realized using XNOR and AND
gates with only two SOAs [212].

SOAs have found applications in the realm of microwave photonics, where the
microwave (or millimeter-wave) signals are manipulated directly within the photonic
domain. In one approach, such signals are used to modulate an optical carrier, which
can be manipulated in the optical domain using available photonic technologies that
include both active devices such as EDFAs and SOAs and passive components such as
optical delay lines and filters. In an early experiment [213], a sub-carrier-multiplexed
(SCM) signal was wavelength converted using FWM with only a 0.5 dB power penalty.
Later studies analyzed the performance of XGM- and XPM-based wavelength con-
version of an SCM signal [214]. A tunable delay line, based on the concept of slow
light, has also been made through FWM inside SOAs [215,216]. There is also a body
of research work that have used the SOA nonlinearities to directly manipulate the
phase shift of microwave signals [217–220]. In these studies, light from a laser is
modulated by a microwave carrier and is passed through an SOA, where it is allowed
to undergo FWM and self-gain modulation. A controllable phase shift is impinged
on the microwave signal, depending on the SOA’s input optical power level and its
bias current. The phase-shifting property of the SOAs also has allowed the creation of
continuously tunable opto-electronic oscillators [221], tunable microwave notch filters
[222,223], and a 360◦ phase-shifter using three cascaded SOAs.

FWM in SOAs has also been used to study correlation between two optical fre-
quencies. There is a predictable transfer of phase from the pump and signal to the
generated idler, which depends critically on the correlation properties of the pump and
signal. This feature has been utilized to quantify the correlation between the spectral
lines of an optical frequency comb [224,225]. There are also experiments in which
SOAs are utilized for converting the data format such as NRZ-to-RZ conversion and
vice versa [226–229]. In recent past, a group demonstrated the photonic digital-to-
analog conversion using the red frequency chirp [230] and using the blue chirp in
SOAs [231].

Recently, mode-division multiplexing in few-mode fibers have been used to substan-
tially increase the capacity of fiber-optic links. A critical component in such systems
is the few-mode fiber amplifier. The use of multimode SOAs for this purpose has been
explored . The first four-mode SOA was demonstrated in Ref. [232]. A p–i–n junction
with carefully designed QW layers was used to achieve the same overlap and uniform
gain for all four modes. Many issues, such as minimal electrical leakage, polarization-
independent operation, and minimal mode mismatch between a few-mode fiber and an
SOA, need to be addressed before such SOAs become practical. SOA-based parametric
amplifiers have also been studied recently for optical signal processing in few-mode
telecommunication systems [233,234].

Thus, there exists a vast realm of applications areas in addition to on-chip amplification
where SOAs can be put to use in coherent communication systems and microwave
photonics. Further advances in nanoscale engineering to realize efficient and reliable
quantum dot structures in SOA to operate in the otherwise-inaccessible wavelengths
will aid in amplification and optical signal processing across the transparency band of
optical fibers.
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