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Abstract—The Semiconductor Optical Amplifier (SOA) is
a key component of cost-effective short/medium range trans-
mission systems. However it can introduce signal distortions.
In this paper the authors investigate the possibility to reduce
the signal distortions in SOA operating with the multiple wave-
length channels. Using numerical simulations the negative in-
fluence of the nonlinear effects, namely cross-gain modulation
(XGM) and the patterning effect can be reduced in deep SOA
saturation regime. The self-healing effect is pronounced for
the 4 or more wavelength channels and the transmitted symbol
length longer than double of the SOA recovery time.
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1. Introduction

The increasing demand for the short and medium range
high capacity optical transmission systems, utilized in, e.g.,
Local Area Networks (LAN), Metropolitan Area Networks
(MAN), and data/storage center interconnections, has re-
cently caused the growth of interest in Semiconductor Op-
tical Amplifiers (SOAs). Main advantages of SOA are: low
cost, possibility of the photonic integration with other com-
ponents like lasers or modulators, relatively high gain, and
wide amplification bandwidth. On the other hand, the main
SOA disadvantages are high noise figure (6 dB or more) and
introduction of the nonlinear effects like the inter-channel
crosstalk caused by the cross gain modulation (XGM) ef-
fect. XGM is caused by the decrease of the carrier density
in the active region of the SOA. Moreover, the SOA car-
rier recovery time (f.) in the range of 10 to 200 ps causes
patterning effect for the signal with the symbol bit rate
over 1 Gb/s [1], [2]. Those two effect contribute to the
intra-channel crosstalk in the Dense Wavelength Division
Multiplexed (DWDM) systems. Therefore techniques are
needed to counteract signal distortions in the SOA.

So far, the following techniques have been used to mitigate
the SOA XGM and the patterning effect: utilization of the
gain-clamped SOA [3], keeping the SOA in the shallow sat-
uration state [4], utilization of the continuous wavelength
reservoir channel to suppress the power fluctuations in the
SOA [5], introduction of the additional dummy signal with
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inverted polarization to achieve the constant intensity of
the output signal [6], dispersion management [7], modula-
tion of the SOA injection current in accordance with the
transmitting bit sequence [8], feeding the SOA with many
channels to achieve the power averaging effect while keep-
ing the SOA in the shallow saturation state [9], utilization
of the constant envelope modulation format [10], utiliza-
tion of the optical equalizers at the output of the ampli-
fier [11], [12] or active control of the decision threshold in
the receiver [13]. The abovementioned methods of counter-
acting the nonlinear effects have following drawbacks: high
power penalty [5], [6], poor utilization of the available SOA
output power level [4], [9], high system complexity [7], [8],
[10], [12] or the necessity to replace the currently installed
equipment [3].

In the article, the authors analyze the possibility to coun-
teract negative influence of XGM and patterning effect,
by driving the SOA into deep saturation. The proposed
method allows the mitigation of the negative SOA on the
signal quality influence, while avoiding disadvantages of
the mentioned methods. In particular, the impact of the
DWDM channel number, signal line rate, signal extinction
ratio and the depth of the SOA saturation on the amplified
signal quality is investigated. The conducted simulations
show that reduction of the signal distortions and smallest
power penalty introduced by the SOA occur for the number
of channels 4 or more and for the line rates, for which the
ratio of the carrier recovery time to symbol duration (7. /T;)
is greater or equal 2. For a typical SOA, for which the car-
rier recovery time is 250 ps [14], this corresponds to the
bit rate over 8 Gb/s. The signals with high extinction ratio
show overall better signal quality. The method proposed
in the article can be successfully utilized to increase the
performance of, e.g., the cost-effective 400G and 1000G
Ethernet systems.

2. Semiconductor Optical Amplifier

A Semiconductor Optical Amplifier is an optoelectronic de-
vice capable of amplifying the optical signal. Its structure
is similar to a semiconductor laser. The amplification takes
place in the active region of the amplifier after obtaining

10

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY



Utilization of the SOA Deep Saturation and Power Averaging Effect to Counteract Intra-Channel Crosstalk in DWDM System

the carrier population inversion. In the SOA amplifier, the
increase of the optical output power leads to the decrease
of the carrier density (or carrier number), which in turn
leads to the decrease of the gain (saturation effect). The
SOA gain recovery time varies from 10 to 200 ps, there-
fore the signal amplification depends on the previous signal
levels. Impact of the saturation effect and the amplifier’s
memory (patterning effect) on the transmitted signal was
studied in [1], [13].

The operation of the amplifier can be modeled with the
following rate equations [2]:

n(z,t + At) = n(z,t)+
{L _n(z,t)  ailn(z,t) —nollig(z,1)

ev Te hv

}At, (1)

Isig(z,t + At) =

Z
Isig,m<z,r+m>exp{ / al[n<z,r+m>—no]dz/}, )

I'Pin
Isig,in(t) = A(t) ) (3)
A=d-W, (4)

where n is the carrier density in the SOA active region,
t is the time, z is a distance from the beginning of the
SOA active region, [ is the injection current, e is the ele-
mentary charge, V is the volume of the SOA active region,
T, is the carrier life time, a; is the differential gain fac-
tor, ng is the carrier density in the SOA transparency point
(state when the losses within the SOA are compensated by
the SOA gain), I is the optical signal intensity, & is the
Planck’s constant, v is the frequency of the optical signal,
I' is the optical confinement factor, P, is the instantaneous
input optical power, A is the cross-section area of the SOA
active region, d is the height of the SOA active region,
W is the width of the SOA active region, and L is the
length of the SOA active region. The utilized model does
not take into account the wavelength dependency of the
gain profile. The presented above SOA model takes into
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Fig. 1. The SOA gain in the function of the output power.
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Fig. 2. The SOA carrier density in the function of time after
single impulse amplification.

account the saturation effect, the XGM effect and the car-
rier recovery time.

The applied in simulations SOA amplifier had the nomi-
nal small signal gain G of 20.18 dB and saturation output
power Py of 7.07 dBm (Fig. 1). The carrier recovery time
t. measured with 20%-80% method was equal to 250 ps
(Fig. 2).

3. Numerical Simulations

3.1. Simulation Setup Block Diagram

The block diagram of the simulation setup is shown in
Fig. 3. The SOA amplifier is fed with the multi-wavelength
signals characterized by the extinction ratio ER, line rate B,

Transrﬂnitter
I 1
N ! Mod Mux
: SOA
2y K Mod Att.] Att.2
Demux
. Eye Filter
diagram
PIN
L J
v
Receiver

Fig. 3. The simulation setup.

number of channels Ch, and input optical power per chan-
nel P,. The utilized pseudo-random bit sequence had the
length of 2!5 — 1. The bit sequences and the initial phases
of the DWDM signals were random for each channel, which
resulted in the signal decorrelation. The number of OOK
modulated channels Ch was changed from 1 to 32 and the
extinction ratio ER had values of 10 dB and 30 dB, which
corresponds to the typical values of two major types of the
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optical modulators: the electro-absorption modulators and
the Mach-Zehnder modulators, respectively. The utilized
wavelength multiplexer and demultiplexer were ideal with-
out any losses and intra-channel crosstalk. In the receiver,
only the thermal noise was taken into account and its level
was independent of the signal power [16]. The electrical
filter used in the receiver was the 5th order Bessel filter.
Moreover, in the receiver an ideal electrical amplifier was
used. Based on the eye diagram of the received signal, the
signal quality was estimated.

3.2. Signal Quality Measure

The most important signal quality measure used in telecom-
munication systems is the bit error rate (BER). There are
various methods of determining the BER. The most pop-
ular of which are the direct approach of counting the er-
rors and the Gaussian approximation method. In the com-
mercial telecommunication systems the required BER is
around 107'2-107!3. Determining this value in simula-
tions using the direct method is impossible due to the very
long simulation time, as this approach would require the
transmission (simulations) of at least 10'* bits. Gaussian

(a)

rBit 1

Threshold calculated in
the Gaussian approach

{ rEO

FBito

Probability density

Probability density

Fig. 4. Distributions of received signal samples and corre-
sponding Gaussian distributions: (a) SOA in shallow saturation,
(b) SOA in deep saturation.
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approximation is an analytical method taking into account
only the mean values of 0 and 1 bit levels and their vari-
ations [16], which is why this method is broadly utilized.
However, it is required that the values of the received signal
samples have the Gaussian distribution and that is why it
is not useful in the case investigated in the paper. Figure 4
shows the differences between the actual distributions of
received signal samples and corresponding Gaussian dis-
tributions. It can be seen in the Fig. 4b the distributions
differ much from Gaussian distribution. As a result, the
indicated BER value is relatively high despite the wide eye
opening. This means that in the case of analyzing the sig-
nal amplified by the SOA driven into deep saturation, the
Gaussian approximation method is ineffective as it would
bring unreliable results. In general, it is possible to deter-
mine the BER value in the analytical way if the probability
density function of the received signal samples is known.
Unfortunately, the distribution of the signal samples after
the amplification in the SOA has not been determined yet.
However, the lowest value of 1 bit does not generally fall
below some constant level, while the highest value of 1 bit
may vary in the wide range [1], [17], [18]. This lowest
value of 1 bit as I, which can be seen in Fig. 4b. Simi-
larly we denote the highest value of 0 bit as Ipy,. Therefore,
as the received signal quality measure the eye opening of
the signal was taken defined as I, — Iom. Since it directly
reflects the signal quality, the eye opening width can be
considered to be directly related to the BER.

3.3. Simulations

The simulations were carried out as follows: the SOA am-
plifier was fed with the signals with defined values of 4 pa-
rameters: the extinction ratio ER, the line rate B, the in-
put optical power per channel P, and the number of chan-
nels Ch. Number of transmitted bits was 4096. Based on
Egs. (1)-(4), the SOA output signal was calculated. The
total output power Pyy1or and the output power per chan-
nel Py, was measured. Next, the investigated channel was
filtered out in the wavelength demultiplexer and attenuated
or amplified to achieve the optical power of —15 dBm.
The optical signal was converted into electrical domain and
the corresponding eye diagram was obtained and analyzed.
Finally, in the middle of the bit duration, the eye opening
width was measured.

3.4. Results

To make the results independent of the SOA characteristics,
the results were normalized in the following way: the op-
tical signal power was normalized with respect to the SOA
saturation output power Py, with the relationship P — Py
[dB] and the line rate B was normalized with respect to
the SOA carriers recovery time 7, with relationship #. /75,
where Ty, denotes the bit duration. The eye opening width
was expressed in the amplitude units. The results of simu-
lations showed that depending on the extinction ratio, line
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rate, the number of channels, and the depth of the SOA sat-
uration, the received optical signal had different eye open-
ing widths. Those widths varied in the range of 30 to 80
amplitude units (change of 4.5 dB). The eye diagrams pre-
sented in the Fig. 5 show the eye diagram shape changes
depending on the system parameters.

1 channel 2 channels 8 channels

Poucn = 4.80 dB P_ycn = 1.98 dB Py c, = -3.87 dB
Pourot = 4.80 B Py = 4.99 dB P 0= 5.16 dB

1JT,=025
1

Ilth

— IOh
Poyon=485dB P, =2.02dB Poycy = -3.89dB|

Poiror = 4.85 B P = 5.03 dB Pouyry = 5.14 dB

tJT,=2.5

Poucn = 5.04 dB P, = 2.09dB P, = -3.88 dB
Poutror = 5.04 dB Poyre= 5.11 dB Py = 5.15 dB

oo

1T, =10

Fig. 5. The signal eye diagrams obtained for different values
of line rate and channel number (shown optical power values are
normalized).

In general, in the analyzed SOA amplifier, if different sig-
nals received with the same optical power generated eye
diagrams with the different eye opening widths, then the
signal which generated the eye diagram with wider eye
opening was less distorted in the SOA. In the Fig. 5 it
can be seen that the width of the eye opening increases
with the increase of the channel number. The improve-
ment can be explained by the power averaging effect. With
the increase of the channel number, the total input signal
power shows lower fluctuations around the mean level and
therefore the fluctuations of the SOA carrier density and
the SOA gain are also smaller. Increase of the line rate
shortens the duration time of symbols and therefore re-
duces the gain variations within a given symbol or symbol
group.

In the third column, presenting the results obtained for
8 channels system, it can be seen that increasing the normal-
ized channel line rate from 0.25 to 10 caused the increase of
the eye opening width by 10 amplitude units. Along with
that increase the concentration of optical power near the
I level also increased. The values above the Iy, level are
unwanted, as the decision threshold in the receiver must
be set according to the I1y, and Ioy, levels [13]. The in-
creased concentration of 1 bit optical power near the Iy
level means the decrease of the power penalty, i.e., eye
opening increase, as ideally the whole optical power of
1 bit should be concentrated in the Ijy level. Described
change indicates the signal quality improvement.
Increasing the output optical power, means driving the SOA
amplifier into the deeper saturation. In the Fig. 6 it can be
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seen that as the channel number increases the achievable
eye opening width also increases. In other words, increas-
ing the channel number leads to the decrease of the signal
degradation.
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Fig. 6. The eye opening width as a function of the total output
power and channel number for the extinction ratio of 10 dB.

What is more, the eye opening width increases with the
increase of the line rate, what can be particularly seen for
the cases of 2 and 4 channels. In the case of 4 channels
the improvement in the eye opening width reached approx-
imately 3 dB. This is evidently the result of the power aver-
aging effect. The biggest increase in the eye opening width
can be achieved for the normalized output optical power
of 7 dB, in the SOA deep saturation. In the graphs in the
“b” column of the Fig. 6, it is clearly seen that in the whole
range of the output optical powers increasing the channel
number leads to the increase of the eye opening width. The
biggest improvement is achieved in the deep saturation of
the SOA and it reaches 3 dB.

In the Fig. 7 in the “a” column, it can be seen that even
for high channel number it is possible to achieve high out-
put optical power per channel. The increase of the channel
number leads to the reduction of the signal degradation. In
the graphs in the “b” column it is visible that increase of the
channel number (with constant optical power per channel)
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Fig. 7. The eye opening width as a function of the output power
per channel and channel number for the extinction ratio of 10 dB.
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Fig. 8. The eye opening width as a function of the output power
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two extinction ratio values: (a) 10 dB and (b) 30 dB.
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initially leads to the eye opening width reduction. However,
beyond a specific channel number the eye opening begins
to increase, in the investigated case of 4 channels. The
channel number, above which the improvement is observ-
able, occurs at lower channel number for the high values of
the output optical power per channel. Again, the improve-
ment is pronounced for the channels with the short symbol
duration.

Figure 8 shows the results of the simulations for two ex-
tinction ratios. The 30 dB extinction ratio is achieved in
the Mach-Zehnder modulator and the 10 dB one in the
electro-absorption modulator. The signals with the 30 dB
extinction ratio have overall better signal opening than sig-
nals with the 10 dB extinction ratio. For the high extinction
ratio signals, the improvement in the signal quality occurs
for lower value of the output power.

(a)
| 2 channels, P, - Py, = 0 dB |
g 30
.8
E
£
2
710 16.8 17 1
—— 162165174
025 05 1 2 4 8 16
/T,
Line rate —»
(b)
8 channels, PoutCh - Psat =0dB |
18.6
— 30T
.8
=
% /
5
£ 0}
)
174 17.7
025 05 1 2 4 8 16
tc/Tb
Line rate —»
Z axix: 10 log10 (EO), color scale:

Fig. 9. The eye opening width as a function of the normalized
line rate and the signal extinction ratio for: (a) 2 channels and
(b) 8 channels, and for the constant normalized output power per
channel.

Figure 9 shows the eye opening width as a function of
the extinction ratio and the line rate for 2 and 8 channels.
Normalized output optical power per channel was constant
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and equal to 0 dB, therefore in the second case the total
output optical power was 6 dB higher than in the first case,
so the SOA was operating in much deeper saturation. In
both analyzed cases the improvement of the eye opening
width can be achieved by the increase of the line rate (up
to 1 dB improvement). The maximal improvement caused
by the line rate increase is obtained for the normalized line
rate values higher than 3. In 8 channels case, in the whole
range of parameters the maximal improvement observed is
approximately 1 dB.

Figure 10 presents the eye opening width as a function of
the line rate and channel number, for the constant value
of total output optical power. In the Fig. 10a, the output
optical power was equal to 0 dB and in the Fig. 10b it
was equal to 6 dB (deeper saturation). In both analyzed
cases the improvement of the eye opening width can be
achieved by the increase of the channel number (up to 3 dB
improvement) as well the increase of the line rate (up to
1 dB improvement). For the SOA operating in the deep
saturation (Fig. 10b) the eye opening widths are 1-2 dB

@ ER=10dB, P, - P, =0dB |

32p 18.6
o 18.3

Channel number

/T,
Line rate —

®) [ ER=10dB, P, - P, =6 4B ]

sat

Channel number

t/T,
Line rate —»

Z axix: 10 log10 (EO), color scale:
BT =000 T

Fig. 10. The eye opening width as a function of the normalized
line rate and the channel number, for the constant normalized total
output power: (a) 0 dB and (b) 6 dB.

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

Y

smaller. It has to be noted, though, that in the (b) case the
total output optical power is 6 dB higher what is desired in
the DWDM system to achieve longer transmission distance.
It can also be seen that higher improvement can be achieved
by increasing the line rate and channel number in the deep
SOA saturation.

The results of simulations show that for shallow SOA sat-
uration the eye opening widths of the received signals are
high and therefore the introduced signal distortions are
small. When the SOA is driven into deep saturation, the
system with small channel number experiences much higher
reduction of the eye opening, while for the system with the
high channel number this reduction is lower. For the sys-
tem with 32 channels the eye opening width reduction is
almost negligible.

4. Conclusion

The authors investigated the possibility of counteracting
the inter-channel crosstalk and related power penalty in the
DWDM system with the utilization of the SOA deep sat-
uration and power averaging effect. Results of conducted
simulations show that power averaging effect caused by the
increase of the line rate, as well as the channel number in
the SOA amplifier, has the strongest positive impact on the
signal quality when the SOA amplifier is driven into deep
saturation. To maximize the power averaging effect, the
SOA should operate with high total output optical power
and with many high line rate channels. It is also shown
that even for the large channel number it is possible to
keep the high output optical power level per channel. The
biggest reduction of the signal distortions is observed for
the channel number over 4 and with line rate for which the
ratio . /T, was more than 2.
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