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Low-Complexity Compensation of SOA Nonlinearity
for Single-Channel PSK and OOK
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Abstract—Carrier density fluctuations in semiconductor optical
amplifiers (SOAs) impose penalties on phase-shift keying (PSK)
signals due to nonlinear phase noise (NLPN), and on-off keying
(OOK) signals due to self-gain modulation. In this paper, we pro-
pose a simple scheme to equalize the impairments induced by SOA
nonlinearities, derived from the small signal analysis of carrier
density fluctuations. We demonstrate via simulation almost com-
plete cancelation of the NLPN added by a saturated SOA on a
differential PSK signal. We demonstrate via both simulations and
experiment the effectiveness of the method for mitigation of non-
linear distortions imposed by SOAs on an OOK signal.

I. INTRODUCTION

S EMICONDUCTOR OPTICAL AMPLIFIERS are a very
interesting alternative to erbium-doped fiber amplifiers

(EDFAs) due to their wide spectral gain, compact size, inte-
grability, and cost effectiveness [1]. The nonlinear behavior of
semiconductor optical amplifiers (SOAs) can be another attrac-
tive feature. For example, SOAs are used as building blocks
for 2R regenerators [2], wavelength converters [3], nonlinear
media for four-wave mixing [4], or intensity noise suppressors
[5]. EDFAs remain the amplifiers of choice when linearity
is essential. When SOAs are used strictly as amplifiers, gain
variations induce distortions and impose performance penalties.
We will discuss how these nonlinearities can be overcome in
SOAs.

SOA gain dynamics are determined by carrier recombina-
tion and few ultrafast processes (spectral hole burning, carrier
heating, Kerr effect, and two photon absorption) [6]. Due to their
fast response, these processes become important when working
with subpicosecond pulses. In this paper, we focus rather on the
gain fluctuations caused by carrier recombination, whose time
scale is dominated by the carrier lifetime, typically between a
few picoseconds and several hundred picoseconds.

The carriers inside the SOA can be thought as one single
reservoir of carriers replenished by the dc current and from
which the optical signals drain carriers for amplification [7].
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The gain is a function of the amount of carriers in the reservoir.
When the SOA is saturated, any variation of the input power
translates into a variation of the level of the reservoir, which,
in turn, the reservoir variations cause variations of the instan-
taneous gain. For typical SOA carrier lifetimes, the gain can
follow the variations of the input power over a bandwidth of
the order of gigahertz.

In the case of ON-OFFkeying (OOK), this behavior leads to
nonlinear distortions being imposed on the waveform [8]. The
problem is less important for very low bit rates, i.e., when the
bit time is much smaller than the SOA carrier lifetime ,
or at very high bit rates, i.e., when . For typical SOAs,
significant bit pattern distortions are imposed on the signals with
a bit rate in the range from 1 to 30 Gb/s.

To overcome this problem, SOAs have been used with
differential phase-shift keying (DPSK) [9], quadrature differ-
ential phase-shift keying (DQPSK) [10], and other constant
or quasi-constant envelope modulation formats [11]. When
phase-modulated signals are amplified with SOAs, the limiting
nonlinear impairment becomes nonlinear phase noise (NLPN).
NLPN arises whenever intensity noise is translated into phase
noise through self-phase modulation (SPM). This is a very well
known and widely studied phenomenon in optical fiber, named
the Gordon–Mollenauer effect [12]. Fiber NLPN is due to the
Kerr effect, whereas NLPN in SOAs arises from the refractive
index modulation due to carrier density fluctuations [13]. In
nonlinear fiber links, the NLPN bandwidth is limited to the
nonlinear diffusion bandwidth, inversely proportional to the
map strength [14]. In SOAs, on the other hand, the NLPN has
the same bandwidth as the gain fluctuations.

NLPN in SOAs was investigated, for example, in [15] and
[16]. A good approximation of the relation between the output
and the input phases to the SOA [17] is

(1)

where is the linewidth enhancement factor of the SOA and
is the integrated gain. When the input to the SOA is a con-

stant (or quasi-constant) envelope signal with finite optical SNR
(OSNR), its intensity suffers from random fluctuations due to
the noise. If the SOA is saturated, these fluctuations modulate
the reservoir of carriers and hence the SOA gain . The mech-
anism by which these fluctuations translate into phase noise is
given in (1); note that an SOA with zero linewidth enhance-
ment factor would exhibit no NLPN. The linewidth enhance-
ment factor is an unavoidable, inherent characteristic of SOAs,
deriving from changes in the real part of the refractive index
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[18]. In this paper, we consider static and neglect the com-
plex dynamics of as they only become important at very high
bit rates [19].

The literature is rich with proposals for the compensation of
NLPN in fiber [20]–[25]. There are also various studies of com-
pensation of SOA nonlinearities. For instance, SOA bias current
can be modulated to counterbalance the reservoir fluctuations
by injecting more or less carriers according to the instantaneous
input power [26]. The authors in [27] propose an all-optical,
linear equalizer made by two Mach–Zehnder interferometers
to combat gain variation-induced distortions. The reduction of
SOA-induced nonlinear impairments is achieved in [28] with
the use of electronic maximum-likelihood sequence estimation
at the receiver. A very recent paper [29] proposes digital signal
processing that follows coherent detection; the SOA dynamic
gain equation is solved numerically, implementing SOA back-
propagation in an IC.

In this paper, we use small signal analysis of the SOA dy-
namic equation to estimate the gain fluctuations and compen-
sate SOA nonlinearity. Our solution is simpler and more cost
efficient than those previously proposed. We consider both in-
tensity modulation and differential phase modulation. For phase
modulation, we alleviate NLPN via an optoelectronic feedfor-
ward mechanism. In the case of intensity modulation, an elec-
trical filter is used to derive a signal to correct for the distortion
of the received waveform.

As in [25], for fiber-induced NLPN, we also exploit the cor-
relation between intensity and phase noise due to nonlinear in-
teraction. The novelty of our solution stems from the different
nature of NLPN in fiber and SOAs. For SOA-induced NLPN,
we can virtually compensate all the phase noise introduced by
the SOA with an electrical filter whose optimal characteristic
we derive from SOA equations. This is contrary to fiber NLPN;
as discussed in [25], postcompensation cannot remove all the
fiber NLPN, since the nonlinear phase shift is proportional to
the path-averaged intensity, and not the intensity at the end of
the link.

In this paper, we focus on single-channel systems, i.e., when
SOAs are used as building blocks for monolithically integrated
modulators, [30], receivers [31], or other agile network com-
ponents such as wavelength converters [32], [33]. On the other
hand, our solution might be extended to the wavelength-divi-
sion multiplexed (WDM) scenario, where SOAs would amplify
a comb of signals. When more than one channel is present at
the SOA input, the reservoir of carriers fluctuates as a function
of the total WDM signal power, causing nonlinearities. Given
the low-pass nature of the SOA, the reservoir fluctuations have
a bandwidth in the order of a few gigahertz. These fluctuations
can therefore be estimated and corrected with the schemes we
propose. Nevertheless, the extension of our study to the WDM
case is not straightforward since gain might vary from channel
to channel, depending on the number of channels, their spacing,
and the spectral shape of the SOA gain. We leave this matter as
a subject of future investigations.

This paper is organized as follows. In the next section, we
introduce our proposal for SOA nonlinearity postcompensation
based on a small signal model for the SOA. In Section III, we

describe a large-signal SOA numerical model that we will use
to assess the validity of our NLPN compensation method in
Section IV. In Section V, we investigate via simulation and ex-
periment the equalization of distortions induced by the SOA on
a 10 Gb/s OOK signal. We conclude this paper in Section VI.

II. EXPLOITING THE LOW-PASS NATURE OF SOAS

According to the model presented in [17] and [34], the rela-
tion between the output and the input fields to the SOA is

(2)

where is the SOA linewidth enhancement factor and
is the material gain integrated over the length of

the amplifier. Since is proportional to the carrier density,
the quantity can be thought of as a properly normalized
reservoir of carriers available for amplification. As we pointed
out in Section I, a major source of nonlinearity is the temporal
fluctuations of . The equation governing the dynamics of

is [17], [34]

(3)

where is the unsaturated material gain of the SOA and
is defined as the input power normalized to the saturation power
of the amplifier: . In this model, the
SOA internal losses are neglected, so that the spatial distribu-
tion of the carriers along the propagation direction do not af-
fect the total gain. It is trivial from (2) and (3) to derive the dif-
ferential equation relating and the output power

(4)

We can now write the gain and the output power as their mean
values plus a zero-average term as follows:
and . It is well known that the SOA
acts, in the small signal approximation (i.e., when ),
as a low-pass filter between the optical intensity and the gain
fluctuations [34]. In the case of output power, we can write

(5)

where the subscript reminds us that a linearization of (4) was
performed, denotes the convolution, is

(6)

and is a single-pole low-pass filter with time constant

(7)

In Fig. 1, we report a contour plot of the 3 dB bandwidth of the
filter as a function of the SOA carrier lifetime and the input
average power . The 3 dB bandwidth is smaller than a few gi-
gahertz for a wide range of realistic values of input power, when
the carrier lifetime is larger than 50 ps. The carrier lifetime ,
an intrinsic parameter of every SOA, is swept in the wide range
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Fig. 1. 3 dB bandwidth of���� as a function of the two parameters that com-
pletely determine its time constant.

Fig. 2. Signal (either CW or phase-modulated DPSK) plus additive white
Gaussian noise (AWGN) pass through an optical bandpass filter (OBPF) before
entering an SOA. The postcompensation stage includes a photodiode, an
electrical filter, and a PM.

of 10 ps to 1 ns. At carrier lifetimes smaller than approximately
20 ps, the bandwidth of the filter becomes as large as 10 GHz.

In this paper, we will exploit (5) to estimate the gain varia-
tions by observing the output power. We will then compensate
for the SOA nonlinearities both for phase-modulated and inten-
sity-modulated signals. We begin with phase modulation and
compensate the SOA-induced nonlinear phase noise. The refer-
ence link is outlined in Fig. 2. The input signal (either a contin-
uous-wave (CW) laser or a phase-modulated signal) is optically
filtered and injected in an SOA. After amplification, there is a
compensation stage composed of an ac-coupled photodiode, an
electrical filter, and a phase modulator (PM). The optimal band-
width of the electrical filter depends on the saturation level of
the SOA and also on the average optical input power (see, e.g.,
Fig. 1). The average input power to the line amplifiers is an im-
portant design parameter of an optical network, and it should
not vary much with time. Nevertheless, simple low-frequency
circuits can be devised to monitor the input average power and
adjust the filter bandwidth accordingly.

As can be seen in Fig. 2, and using (1), the phase after post-
compensation can be written as

(8)

Fig. 3. SOA model includes � sections along the propagation direction,
each with a lossless “short” SOA and a lumped loss.

where we have taken the SOA low-pass filter impulse re-
sponse and implemented it in an electrical filter. The constant

is used to take into account the effect of splitting loss, photo-
diode responsivity, filter losses, and PM efficiency.

By writing and using (5), we can reformu-
late the postcompensated phase as

(9)

where, in the last passage, we choose . Thus,
under the small signal assumption, we can perfectly suppress
the NLPN introduced by the SOA, leaving only an offset to the
input phase. We turn to numerical simulation to confirm our
analysis and quantify the validity of the small signal assumption.

III. LARGE- VERSUS SMALL-SIGNAL MODELS

Here, we introduce the large-signal SOA model that we will
use in the simulations reported throughout the paper. We use
the space-resolved model described in [35] that captures the dis-
tributed nature of the carrier density along the propagation di-
rection , as well as the distributed intrinsic losses of the SOA.
Note that neglecting these features was the main drawback of
the small-signal analysis of the previous section.

The schematic of the model is outlined in Fig. 3. An SOA of
length is divided into sections. We used as
results were unchanged with larger . Each section is com-
posed of a lossless SOA of length followed by a lumped
loss. The equations governing the th section are

(10)

(11)

where and are the input and output fields of the
th section, respectively. The unsaturated integrated gain of each

SOA section is and is the integrated gain of the th
section. The initial condition is , and for each
section, after the first the input field is the attenuated output of
the previous section per

(12)

The output field is therefore .
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Fig. 4. Logarithmic plot of the NSD as function of the SOA intrinsic losses.

In our simulations, we neglect internal amplified spontaneous
emission (ASE). In [35], the ASE is treated as a white noise
added to the input signal. Hence, including the ASE would
translate into a different OSNR at the SOA input. We will show
that the accuracy of the proposed method shows very little
dependence on the input OSNR, and therefore, results would
not change when including ASE as in [35].

The total integrated gain , as distinguished from the
lossless gain of the single-reservoir model of the previous
section, is defined as

(13)

The fluctuation, not necessarily small, of the gain around its
average is . In order to establish
the effectiveness of (5), we compare the “true” results of the
large-signal model against the result of the small-signal
approximation (5) in terms of the normalized standard deviation
(NSD)

(14)

The input signal to the SOA (parameters in Table I) is a CW
laser plus additive white Gaussian noise (AWGN) filtered by
a second-order super-Gaussian filter with a 3 dB bandwidth of
15 GHz. SOA parameters were chosen to give realistic results
when compared with experimental data [36], [37]. The total
signal power is 3 dBm, and two disparate OSNRs are consid-
ered, 10 and 26 dB. Fig. 4 shows the NSD calculated from (14),
where is obtained numerically with the large-signal SOA
model and is obtained from (5). We sweep a wide range
of intrinsic loss ; NSD is always below , re-
gardless of the signal OSNR. To visualize the accuracy of the
small-signal model, we plot in Fig. 5 a portion of the waveforms
for dB and .

For a CW laser corrupted by filtered AWGN, the power spec-
tral densities (PSDs) at SOA input and output are shown in
Fig. 6(a) and (b), respectively, for phase and intensity [13]. In
Fig. 6(b), we show the advantageous reduction in intensity noise
at low frequencies. In Fig. 6(a), we have instead an enhance-
ment of phase noise at low frequencies, a manifestation of the

Fig. 5. Predictions of integrated gain from large �� ��� versus small �� ���
signal models; NSD is 0.018 in this example.

TABLE I
PARAMETERS USED IN THE SIMULATION (UNLESS

SPECIFIED OTHERWISE IN THE TEXT)

Fig. 6. PSD of intensity and phase noise at the input and output of the SOA.
The input signal is a CW laser plus AWGN. OSNR is 23 dB, noise is filtered
with a super-Gaussian filter of order 2, with 15 GHz 3 dB bandwidth.

NLPN problem. The SOA gives an advantage in intensity noise
suppression that we wish to maintain, but an enhancement of
phase noise that we wish to combat. Predictions from large- and
small-signal models coincide.

The bandwidth of the noise redistribution (a few gigahertz)
indicates the speed with which the reservoir can follow the input
power fluctuations. The novel, important message of Fig. 6 is
that numerical PSD calculated with the large-signal model and
the small-signal PSD are very similar, validating our exploita-
tion of small-signal analysis of the single-reservoir model that
neglects SOA intrinsic losses.
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Fig. 7. Logarithmic 2-D PDF of the complex electric fields; input power is 0 dBm, ���� � �� dB, super-Gaussian optical filter of order 2 and 15 GHz
bandwidth.

IV. NLPN COMPENSATION

In this section, we will numerically implement the scheme
shown in Fig. 2 and evaluate its effectiveness. For the sake of
generality, and in order to clarify the principle of the compen-
sator, we will begin with the simple case where the signal is a
noisy CW laser and evaluate the phase noise variance suppres-
sion. The proposed method would work with any phase-mod-
ulated scheme; we will show as an example the case of binary
DPSK modulation and calculate the noise suppression in terms
of differential phase Q factor.

A. NPLN Reduction: Noisy CW Laser

Consider a simple CW laser with filtered additive Gaussian
noise, filtered by a super-Gaussian optical filter (order 2 and 15
GHz 3 dB bandwidth), and injected into an SOA. The SOA is
simulated with the large-signal model of the previous section,
with parameters listed in Table I. The nonlinear phase noise gen-
erated by the SOA is compensated with the scheme shown in
Fig. 2.

In this first round of simulations, the input power to the SOA
is fixed at 0 dBm. In Fig. 7(a), we described the 2-D proba-
bility density function (PDF) of the electric field in the com-
plex plane at the input of the SOA, where the Gaussian noise
gives a bell-shaped PDF in two dimensions (circular contours).
Fig. 7(b) is the PDF of the signal at the output of the SOA. Any
constant phase shift has been ignored, and all PDFs are cen-
tered at (1, 0). As predicted by the PSDs shown in Fig. 6, we
can see a clear enhancement of the phase noise and a reduction
(squeezing) of the intensity noise. Note that the real and imagi-
nary parts of the electric fields are now strongly correlated due to
the NLPN process. Finally, Fig. 7(c) shows the PDF of the signal
at the output of the postcompensation stage described in Fig. 2
when using the optimal in (8). The phase noise has clearly
been reduced, whereas the intensity noise remains suppressed.
In other words, this compensator preserves the reduction in the
intensity noise, and drastically reduces the phase noise intro-
duced by the SOA. The net effect is that of having an SOA with
almost zero linewidth enhancement factor, i.e., no NLPN.

Fig. 8. Phase variance versus linewidth enhancement factor, � � � dBm.

Fig. 9. Phase variance versus SOA input power, � � 	.

To better quantify our results, we figure in Fig. 8 the variance
of the optical phase versus SOA linewidth enhancement factor

at the three test points. The postcompensation stage is very ef-
fective, almost perfectly compensating the NLPN added by the
SOA. The discrepancy between the small-signal approximation
and the true signal is acerbated by per (9); compensation is
expected to be less accurate for very high values of . Nonethe-
less, for realistic values of shown in Fig. 8, the discrepancy is
barely notable.

We also expect the small-signal approximation (and therefore
the compensator itself) to be less accurate when working in deep
saturation. To investigate this case, we sweep the SOA input
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Fig. 10. DPSK eye diagrams after demodulation; input power is 0 dBm, ���� � �� dB, super-Gaussian optical filter of order 2 and 15 GHz bandwidth.
(a) Input to SOA. (b) Output. (c) Postcompensated.

power up to dBm, with resulting phase noise variances
at the input, output, and following postcompensation shown in
Fig. 9. The method is very effective even at very high satura-
tion levels: the gain compression at dBm of input power is

dB.
In the Appendix, we give an analytic expression for the phase

noise variance at the SOA output. The calculation is straightfor-
ward and a similar one was performed in [16]. It is useful as it
shows the quadratic dependence of the output phase noise on
and input power. Moreover, in Figs. 8 and 9, we show that this
calculation also agrees with the large-signal model prediction.

B. NPLN Reduction: DPSK Modulation

Our study of the CW input signal allowed us to unambigu-
ously interpret input/output behavior of the SOA and our com-
pensator; however, this is not the situation where NPLN is prob-
lematic. In this section, we show the effect of NLPN postcom-
pensation on the more realistic case of a binary DPSK signal.
The signal is generated by an ideal non-return-to zero (NRZ)
DPSK transmitter at a bit rate of Gb/s. We use De Brujin
sequences of length for the bit pattern. The signal is loaded
with AWGN, and then optically filtered to limit out-of-band
ASE. Simulation parameters are unchanged from the previous
section. The scheme for NLPN postcompensation is again the
one shown in Fig. 2. The DPSK signal is demodulated inco-
herently with an ideal 1-bit delay interferometer followed by a
balanced detector. In the electronic domain, the photocurrent is
then filtered with a fifth-order Bessel–Thompson filter with a
3 dB bandwidth of 0.65R.

Fig. 10 shows the eye diagrams of the received signal after
demodulation at the three test points (before the SOA, after am-
plification, and after postcompensation). The eye diagram after
the SOA is closed due to excess phase noise; the eye becomes
very open after postcompensation. The eye is actually better
after postcompensation than at the SOA input due to the inten-
sity noise reduction introduced by the SOA.

One of the major differences of SOA postcompensation with
respect to compensation of fiber-generated NLPN [25] is the
role of the electrical filter. We have shown in Section II that
an RC filter with time constant completely removes SOA

Fig. 11. (Left) Differential phase Q in decibels versus ���	 3 dB bandwidth;
abscissa are normalized to the optimal value derived in the previous section.
(Right) Eye diagrams of the differential phase at � � 
����� 	. The
input power is 0 dBm, OSNR 23 dB, and optical filter bandwidth 15 GHz.

NLPN in the small-signal regime. We now investigate the im-
portance of the bandwidth of postcompensation electrical filter.
The differential phase is defined as ,
where is the bit duration and is the instantaneous phase
of the optical field. We define the differential phase Q factor [38]
as

(15)

where and are the standard deviations of the sam-
pled differential phase on the 0 and rails, respectively. The
curve shown in Fig. 11 (left) shows the dependence of
on the bandwidth of the electrical filter. The input power to the
SOA is 0 dBm, the OSNR is 23 dB, and the 3 dB bandwidth of
the second-order super-Gaussian filter is 15 GHz. The -axis is
the 3 dB bandwidth normalized to the optimal value derived in
Section II. To be consistent with [25], the differential phase Q
is expressed in decibels, i.e., . With this convention,
the Q required for error-free transmission is dB.
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Fig. 12. OOK postcompensation.

In Fig. 11 (right), we present differential phase eye diagrams,
where the differential phase is traced in the in-
terval. The eye diagrams are reported for the optimal value of
filter bandwidth. The figure demonstrates that, as we expected
from the results of the previous section, the postcompensation is
very effective in suppressing the NLPN introduced by the SOA,
even when the differential phase Q is degraded by as much as

dB before compensation. Moreover, we see a clear maxima
at the optimal filter bandwidth. For this specific case, after
postcompensation is within 1 dB of the unimpaired Q over a
bandwidth range of 200 MHz (from to ),
attesting the robustness of this solution.

V. NONLINEAR DISTORTION COMPENSATION FOR

INTENSITY-MODULATED SIGNALS

We can also exploit the correlation between the SOA output
and the gain perturbation induced by NLPN to develop a com-
pensation strategy for intensity-modulated signals. Consider the
setup shown in Fig. 12, where the SOA output is again filtered;
in this case, the control signal multiplies the output, essentially
inverting the gain perturbations. We will evaluate the impor-
tance of including or not the exponential function inside the gray
dotted box. Without the exponential function, the setup can be
built by analog microwave devices (one splitter, one filter, and
one mixer).

The postcompensated intensity is given by

(16)

where is a properly chosen constant, and we ignored the effect
of the low-pass filter LPF for the sake of clarity. The filter will
be included in the simulations. Since the input signal to the SOA
is an intensity-modulated signal, possibly with high extinction
ratio, in principle, differs from the true gain , as (5)
is the result of a small-signal approximation. As we will see via a
numerical example and an experimental validation, the method
nonetheless yields very good results.

Note the method as it is cannot compensate for the chirp in-
duced by the SOA on an intensity-modulated signal. This is not
an issue if the SOA is used as a preamplifier since photodetec-
tion is not sensitive to chirp. It could be a problem if SOAs are
used before fiber transmission. SOA-induced chirp could then
be compensated with the scheme shown in Fig. 2. Chirp- and
intensity-induced distortions could actually be compensated by
cascading the two proposed schemes, or even at the same time
with the scheme shown in Fig. 2 by substituting the PM with a
dual-drive Mach–Zehnder modulator (DDMZM), and deriving

Fig. 13. OOK Q factor at SOA input, output, and after postcompensation.

appropriate filters for the two arms of the DDMZM. We leave
this matter for future investigations.

A. Dependence on Saturation Level

Once again, we expect the small-signal approximation to be
less effective when the depth of gain saturation is increased.
In this section, we show through a numerical example that the
proposed method shown in Fig. 12 works very well up to high
values of gain compression. The simulated OOK signal has an
extinction ratio of 13 dB at a bit rate of Gb/s. Noise
is added such that its OSNR is 23 dB over the typical 0.1 nm
bandwidth. Even though in this section we are mainly inter-
ested in the deterministic distortions induced on the modulated
waveform, we include the noise (with a rather high OSNR)
in order to take into account realistic signal-noise interactions
inside the SOA also. The noisy signal is then filtered with a
second-order super-Gaussian filter with a 3 dB bandwidth equal
to . The SOA nonlinear gain fluctuations distort the signal.
The SOA output is photodetected and low-pass filtered with a
fifth-order Bessel–Thompson filter with 3 dB bandwidth equal
to , in order to emulate a bandwidth-limited detector. The post-
compensation stage follows, composed of a splitter, the same
RC filter presented in the previous sections with impulse re-
sponse , and a mixer. The output of the RC filter is an esti-
mate of the integrated gain , therefore we should apply an
exponential function. We explore suppressing the exponential
function, allowing implementation in analog microwave devices
(splitter, filter, and mixer). In place of the exponential , we
use its linearized counterpart .

Fig. 13 illustrates the behavior of the simulated Q factor as a
function of the average input power to the SOA. As can be seen,
the method is very effective up to high input powers. Fig. 13
(insets) shows the eye diagrams at the SOA input, output, and
after postcompensation for 0 dBm input power, thereby demon-
strating the effectiveness of the method. The maximum gain in
Q factor is dB. Without the exponential block, the postcom-
pensator performance deteriorates slightly, and the maximum
gain in Q factor is dB.
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Fig. 14. Experimental setup for OOK postcompensation.

Fig. 15. Measured waveforms of OOK signal at the SOA input (a) and output
(b). The result of offline processing are also reported: (c) is � ���, and (d) is the
signal after post-compensation.

B. Experimental Validation

In order to further establish the effectiveness of the method,
we present measured SOA output waveforms, rather than sim-
ulated. The experimental setup is outlined in Fig. 14. A polar-
ization-controlled DFB laser is modulated by an MZM driven
with a length De Brujin sequence. No significant difference
in the signal statistics was observed when using a longer se-
quence. The modulated signal passes another polarization con-
troller (PC) and an isolator (ISO) before entering the SOA with
average input power of dBm. The SOA output is again
isolated to avoid backreflections, and a variable optical attenu-
ator (VOA) is used to control the power on the photodiode. An
Agilent 86116A wideband sampling oscilloscope captures the
output, with the averaging function invoked; the waveform is
the average of 100 realizations. This minimizes the impact of
random noise, as we are mostly interested in the deterministic
distortions induced by the SOA.

Our simulator was extensively verified to assure good predic-
tions of measured waveforms, as we have reported in [36] and

[37]. The parameters we used are the same as for the numer-
ical predictions of the previous sections, and are presented in
Table I. The resulting optimal bandwidth of the low-pass filter
is smaller than 1 GHz. Fig. 15 summarizes the results of the ex-
periment. Fig. 15(a) shows the measured waveform at the output
of the MZM (input to SOA), whereas Fig. 15(b) is the waveform
at the output of the SOA. With this signal, we can estimate (of-
fline) from (5). The result is shown in Fig. 15(c). Using
the scheme proposed in Fig. 12, we obtain the waveform shown
in Fig. 15(d), where the distortions introduced by the SOA are
almost perfectly canceled.

VI. CONCLUSION

Starting from the small-signal analysis of the SOA gain
dynamic equation, we have presented a simple yet effective
method for the postcompensation of SOA-induced nonlineari-
ties. We have shown via numerical simulations, the performance
of the nonlinear phase noise compensation for phase-modulated
signals, and investigated the range of saturation level and other
SOA parameters covered. We have demonstrated both via sim-
ulation and experiment its effectiveness for the compensation
of SOA-induced waveform distortions on OOK signals. The
postcompensation stage shown in Fig. 2 could be integrated
into one device, where the new component is the equivalent of a
zero linewidth enhancement factor SOA for phase modulation.
The postcompensator shown in Fig. 14 could be exploited at
the receiver side, alleviating the restrictions imposed by SOAs
to the use of intensity-modulated signals.

APPENDIX

PHASE NOISE VARIANCE AT SOA OUTPUT

We analytically calculate the variance of the phase noise at the
SOA output , under the small-signal assumption when
the input field to the SOA is a CW laser plus filtered AWGN, as
per Fig. 2. The input field can be written as

(17)

where is the imaginary unit and is defined as

(18)

with OSNR being the signal optical SNR on the typical resolu-
tion bandwidth nm. The real and imaginary parts
of the zero-mean Gaussian random noise are and ,
with equal PSD) given by

(19)

where is the frequency response of the optical filter.
We will calculate the variance of the output phase as

(20)
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The average of the output phase is straightforward from (1)

(21)

The second moment can be written as

(22)

where is the variance of [equal variance for ] and
gives the filtering effect of the SOA, defined as

(23)

with being the autocorrelation function of and
, equal to the inverse Fourier transform of (19) due to the

Wiener–Khinchin relation. At we have

(24)

Noting that the variance of the input phase can be written (in
the small-signal regime) as

(25)

the output variance can be written as

(26)

This clearly shows that the SOA leads to an increase in phase
noise variance, with explicit dependence on linewidth enhance-
ment factor and saturation level. Figs. 8 and 9 show good match
between (26) and simulation results.
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