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Electrical Postcompensation of SOA Impairments for
Fiber-Optic Transmission
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Abstract—An electrical postcompensation scheme for semicon-
ductor optical amplifier (SOA) impairments has been proposed.
An on-off keying transmission over 100-km standard single-mode
fiber and three SOAs was demonstrated experimentally with SOA
impairment compensation. An 8-dB improvement in QQ-factor has
been achieved.

Index Terms—Data pattern effect, on—off keying (OOK),
self-phase modulation (SPM), semiconductor optical amplifiers
(SOAs).

1. INTRODUCTION

HE semiconductor optical amplifier (SOA) has attracted

much attention as a potential substitute for the erbium-
doped fiber amplifier for optical transmission due to its low cost,
compactness, and ultrawide gain spectrum. It is also the only
mature technology for providing amplification in the 1310-nm
transmission window. A few transmission experiments using
SOAs have been demonstrated using both on—off keying (OOK)
and differential phase-shift keying in the 1310- and 1550-nm
windows [1]-[4]. The performance in such systems was mainly
limited by the amplified spontaneous emission (ASE) noise and
nonlinear impairments of the SOA. When the signal power or
launching power is low, the systems suffer from the rapid degra-
dation of the signal-to-noise ratio (SNR) at the receiver due
to accumulated ASE noise of SOAs along the link. When the
signal power is high, SOAs will be saturated and the signals
will suffer from the data pattern effect or self-gain modula-
tion, self-phase modulation (SPM), and interchannel crosstalk
effects such as cross-gain modulation (XGM) and four-wave
mixing (FWM) through SOAs in wavelength-division multi-
plexing (WDM). In order to maximize the SNR of the received
signals while maintaining system performance, SOA nonlin-
earities need to be compensated. Currently electrical postcom-
pensation of fiber impairments has become available aided by
coherent detection and digital signal processing (DSP) tech-
nique [5], [6]. In this letter, we propose, for the first time to
our knowledge, an electrical postcompensation scheme for SOA
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Fig. 1. Diagram of a single SOA IC. Optical path: black line. Electrical path:
blue line.

impairments and demonstrate experimentally SOA impairment
compensation (IC) in a nonreturn-to-zero (NRZ) transmission
system.

II. PRINCIPLE OF SOA IC

Fig. 1 shows the schematic diagram of a single SOA IC. The
intensity P(z,7), phase ¢(z, ), and gain g(z, 7) of the signal
along the SOA can be described by [7]
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where Qint, a7, 9o, Te, Fsay are the internal loss, linewidth
enhancement factor, small-signal gain coefficient, spontaneous
carrier lifetime, and saturation energy of the SOA, respectively.
Eout(t) is the measured output electrical field of the SOA
after coherent detection. The proposed IC scheme is based on
propagating the distorted signal backward in a virtual SOA in
the digital domain by replacing 9/0z with 9/9(—z) in (1)-(3),
which is equivalent to reverse the signs of gain and loss as
follows:

O ~ai)P 4)
o~ ong )
%:.qo;.q _.}qE:t ©)
where g/ = —g./oz;m = —Qint, g(l) = —go. Integrating (6)

over the SOA length (L) and making use of (4) to eliminate
the product g ‘P by ignoring ozlnt and the spatial dependence of
the carrier lifetime 7. along the SOA, the overall dynamics for
g 1in the SOA IC can be obtained as follows:
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Fig. 2. Constellation of 16QAM signal (a) before SOA; (b) after SOA without
IC; (c) after SOA with IC.
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Fig. 3. Experimental setup of 1310-nm transmission with SOA IC. VOA: vari-
able optical attenuator. BPF: bandpass filter.

where A’ ( fo (z,t)dz and hy = —goL = —InGy; Go
is the small signal gain of the SOA. Ps,t = Fgat/7e is the sat-
uration output power of the SOA. P,y (t) = |Eout(t)|? is the
output signal intensity of the physical SOA and the input for the
SOA IC. Solving (4), (5), and (7), the electric field of the signal
after IC can be written as

(1 —iag)h (t)
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El*n(t) = Eout(t) * eXp [

To demonstrate the feasibility of the SOA IC scheme, an optical
10-Gsym/s 16 quadrature amplitude modulation (QAM) signal
transmission through a saturated SOA with SOA IC was simu-
lated. The 16QAM transmitter and SOA were simulated using
the VPI TransmissionMaker. The SOA module was based on the
transmission line model with a small-signal gain of 21.8 dB and
a saturation output power of 9.8 dBm at the injection current of
120 mA. ASE noise of the SOA was ignored for simplification.
SOA IC was implemented by solving (7) numerically using the
fourth-order Runge—Kutta method. Fig. 2(a) and (b) shows the
constellations of the 16QAM signal before and after the satu-
rated SOA. The corresponding average signal powers are —9
and 9.8 dBm, respectively. The constellation in Fig. 2(b) rotates
due to the SPM effect through the SOA and the radial and an-
gular spreads in each cluster of the constellation arise from the
data pattern effect due to gain saturation of the SOA. Fig. 2(c)
indicates that both the SPM effect and the data pattern effect are
compensated effectively with SOA IC.

The proposed SOA IC scheme here can be universal for any
modulation format with coherent detection. However, coherent
detection might not be required in an intensity-modulation
system where the SOA nonlinearities are dominant and the
signal is not distorted from fiber, which is the case in the
following transmission experiment.

III. EXPERIMENTAL SETUP AND RESULTS

Fig. 3 shows the experimental setup for a 1310-nm NRZ
transmission experiment over 100-km standard single-mode
fiber (SSMF) with electrical postcompensation for SOA im-
pairments. A 10-Gb/s NRZ signal was generated by externally
modulating a 1310-nm distributed-feedback (DFB) laser
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Fig. 4. Eye diagrams of (a) the received NRZ signal and the signal after IC for
(b) one SOA; (¢) two SOAs; (d) three SOAs.

with 2'5 — 1 pseudorandom binary sequence (PRBS) data
from a pulse pattern generator. The first bulk SOA having a
small-signal gain of 23.5 dB and a saturation output power
of 12 dBm at the injection current of 180 mA worked as a
power booster. The variable optical attenuator was used to
control the launching power into fiber. The transmission link
was composed of two spans of 50-km SSMFs, each of which
was followed by a bulk SOA to compensate the fiber loss. The
measured fiber losses at 1310 nm were 17.4 and 18.4 dB, re-
spectively. At an injection current of 120 mA, these two SOAs
had small-signal gains of 24 and 23.5 dB and saturation output
powers of 10 and 7 dBm, respectively. An optical bandpass
filter with a 3-dB bandwidth of 7 nm was used to remove the
ASE noise before photodetection. At each launching power, the
signal power evolution throughout the transmission link were
monitored by an optical powermeter to obtain the SOAs gain
and the intensities of the received NRZ signals were acquired
by an Agilent high-speed sampling oscilloscope after photode-
tection. The SOA IC was implemented off-line in the software
domain. Direct detection, instead of coherent detection, was
used before SOA IC here because the intensity-modulated
signal are not distorted from fiber due to negligible chromatic
dispersion of SSMF at 1310 nm thus signal phase is not nec-
essary for SOA IC.

Due to spectral broadening mainly through the SOAs from
SPM, the received NRZ data were measured and sampled by the
sampling oscilloscope at 27 GSa/s. In off-line processings for
SOA IC, the data were first up-sampled to 40 GSa/s or 4 Sa/bit
for higher temporal resolution. An ideal noiseless amplifier was
assumed between two adjacent SOAs to compensate fiber loss.
For IC for each SOA, (7) was solved numerically using the
fourth-order Runge—Kutta method with measured small-signal
gain and saturation output power of the SOA. At each launching
power, the carrier lifetimes of the three SOAs were optimized
through global search by maximizing the eye opening after IC.
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Fig. 5. -factor and OSNR versus launching power.

After IC for each SOA, the eye-diagram of the compensated
signal was plotted. Fig. 4(a) shows the eye diagram of the re-
ceived NRZ signal after transmission over 100-km SSMF when
the launching power into fiber is 5 dBm. Strong pattern effect
can be observed due to the accumulated SOA impairments; the
eye is almost closed. Some of the pattern effect is compen-
sated after IC for the preamplifying SOA, shown in Fig. 4(b).
The SOA impairments are further compensated after IC for the
in-line SOA, shown in Fig. 4(c). After IC for the power boos-
tering SOA, shown in Fig. 4(d), only negligible pattern effect
remains in the signal. The optimized carrier lifetimes in IC for
the three SOAs are 150, 321, and 339 ps, respectively.

The dependence of the measured optical signal-to-noise
ratio (OSNR) of the received signal in the optical bandwidth
of 0.1 nm and the calculated (-factor on the optical launching
power is shown in Fig. 5. The received NRZ signals suffer from
the accumulated ASE noise at low launching powers and SOAs
nonlinearities at high launching powers, respectively. The
optimum launching power is about —2 dBm with the Q-factor
of 10.5 dB without IC. The optimum launching power and the
corresponding (-factor are both increased after each SOA IC.
After IC for all three SOAs, the optimum launching power is
increased to 5 dBm with the Q-factor of 18.5 dB. Compared to
the (Q-factor of the signal at back-to-back (22.9 dB), the 4.4-dB
difference is mainly due to the presence of the accumulated
ASE noise in the received signals, which cannot be compen-
sated. The performance can be further improved by using
optical filters after each SOA to remove the excess ASE noise.

IV. CONCLUSION AND DISCUSSION

In conclusion, an electrical postcompensation scheme for
SOA impairments has been proposed. Transmission of OOK
signal incorporating SOA IC has been demonstrated experimen-
tally. The optimum launching power was increased by 7 dB and
the (Q-factor of the received NRZ signal was improved by 8 dB
with SOA IC. The proposed SOA IC scheme is universal for any
modulation format. The fourth-order Runge—Kutta algorithm
is realized by multiplications, summations, and exponential
calculations thus SOA IC can be implemented in digital do-
main using DSP in application-specific integrated circuit chips

with multiply accumulate units and lookup tables. The digital
processing speed of 40 GHz was used in the experiment to
make the SOA IC effective; however, the DSP speed may be
reduced by parallel processings. Coherent detection might not
be necessary under some circumstances such as in the current
experiment. However, when fiber dispersion is present, signals
will be distorted through the interactions of fiber nonlinearities
and dispersion; therefore, signal phase is required through
coherent detection to compensate the impairments in fiber and
SOA simultaneously. Furthermore, in WDM systems, the full
rate equation model for SOAs and the coupled wave equations
need to be used. The full knowledge of the exact bit sequences
of the WDM channels is required to compensate interchannel
effects such as XGM and FWM through SOAs effectively.
Recently maximum likelihood sequence estimation has been
employed to increase tolerance to SOA nonlinearities [8]. This
method requires a Viterbi decoding procedure whose computa-
tion requirement increases exponentially with the accumulated
SOA impairments and becomes unacceptable for high spectral
efficiency modulation formats such as QAM. For example, the
calculations required for decoding one symbol of a 16QAM
signal using a Viterbi decoder with a channel memory of three
symbols involve 61440 comparisons, 4096 summations, and
65 536 look-ups. Moreover, it cannot mitigate interchannel non-
linearities through SOAs. However, the number of calculations
in the SOA IC scheme described here is independent of channel
memory and the modulation format and increases linearly with
the number of SOAs. For IC of a single SOA in our experiment,
the calculations for each symbol of the received signal include
merely 64 multiplications, 78 summations, and 20 look-ups.
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