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Improvement of Cascaded Semiconductor Optical
Amplifier Gates by Using Holding Light Injection

Jianjun Yu and Palle Jeppesen, Member, IEEE

Abstract—The cascadability of semiconductor optical amplifier
(SOA) gates by using holding light injection is numerically and ex-
perimentally investigated. Our experimental results show that the
signal bit error rate after two cascaded SOA gates will be larger
than 10 9 without holding light injection; however, 11 SOA gates
can be cascaded with holding light injection. The results show that
the number of cascaded SOA gates by using holding light injection
can be strongly increased.

Index Terms—Holding light injection, numerical simulation,
optical network, semiconductor optical amplifiers (SOAs), wave-
length division multiplexing (WDM).

I. INTRODUCTION

T HE semiconductor optical amplifier (SOA) is a promising
candidate for cascaded optical fiber systems and optical

gating because of the coverage of the entire fiber transmission
window and the possibilities for integration and low cost. The
low input power dynamic range and high cross-gain modulation
(XGM) induced in multichannel gating due to gain saturation
and XGM, respectively [1], [2], have been overcome with the
introduction of gain control schemes such as feed-forward, laser
gain clamping [3], polarization multiplexing technique (PMT)
[4], [5], and holding light injection [6], [7]. Theoretical inves-
tigation [3] has shown that a four-channel system at 10 Gb/s
cannot be cascaded over three SOAs by using small signal injec-
tion, nor over six gain clamping (GC)-SOAs by using laser gain
clamping with passive and active distributed Bragg reflector
(DBR) regions at 1 dB penalty, mainly due to extinction ratio
(ER) degradation for the cascaded SOA gates and limited re-
laxation frequency for the cascaded GC-SOA gates. In order
to overcome the limited relaxation frequency of GC-SOA with
laser gain control, the methods of holding light injection and
PMT can be used. However, PMT involves a complex trans-
mitter.

In this paper, we investigate the performance of cascaded
SOA gates by using holding light injection. In a single-channel
system, the injected holding light increases the SOA stimulated
recombination rate, which results in reduced carrier lifetime and
improved gain recovery rate. In this way, the extinction ratio can
be improved. In a wavelength-division multiplexing (WDM)
system, when the total WDM signal power into the SOA is low,
the holding light shares more power as compared to when the
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total signal power is medium, thus reducing the signal power
increment in the signal channels with 1 bit. On the other hand;
when the total input signal power is high, the holding light will
share less power and decrease the signal power reduction in 1
bit. Therefore, the holding light acts as a reservoir to suppress
gain fluctuations of WDM signals in the SOAs. Because the
holding light is injected from outside of the SOA, it is not af-
fected by the limited relaxation frequency like a GC-SOA. The
gain of the signal will be reduced due to the large holding light.
Therefore, the method of holding light injection is more suit-
able for an optical switch in WDM networks than for an in-line
amplifier. Comparing the applications of the SOA for an optical
gate and an in-line amplifier, there are the following differences:
When the SOA is used as an in-line amplifier, the SOA should
have not only a large saturation input power but also large gain
because a large saturation input power will lead to a large dy-
namic range, and a large gain can compensate the loss of a long
fiber. This paper will show that a long SOA is beneficial for en-
hancing the SOA gain; however, the long SOA will lead to a
small saturation input power. When the SOA is used as an op-
tical gate, a large saturation input power is the main parameter.
We will also show that a short SOA gate has large saturation
input power.

This paper is divided into six sections. Section II gives the nu-
merical model for the SOA and two kinds of configurations of
cascaded SOA gates. In Section III, the numerical model is ver-
ified by several experiments. In Section IV, we experimentally
and numerically investigate the cascadability of SOA gates for
single-channel systems and further verify our numerical model.
In Section V, we numerically investigate the cascadability of
SOA gates in multichannel systems. Conclusions are given in
Section VI.

II. THE MODEL FORNUMERICAL SIMULATION

In order that the carrier dynamics can be studied along the
length of the amplifier, the SOA is segmented into a number
of smaller sections. Electron-rate equations are then applied to
each section of the cavity [8]–[11]

(1)

Here corresponds to the different amplifier sections and
refers to the different optical input beams.is the carrier den-
sity in section ; is the time; is the drive current; is the elec-
tronic charge; and, , and are thickness, length, and width of
the SOA, respectively. is the carrier recombination lifetime
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TABLE I
PARAMETERS OF THESOA

in section , is the material gain in sectionfor input beam
. is the photon energy, and represents the average light

intensity in segmentof the SOA cavity and for beam. We ne-
glect the facet reflectivity of the SOA in this paper. For ,
we apply

(2)

where is the net gain in section, the confine-
ment factor, and the material loss.

The material gain is approximated by the following ex-
pression [9]:

(3)

where and are empirically determined constants. is
the spectral shift, which is expressed by [11]

(4)

Here is the carrier density at transparency, nm is
the peak wavelength at transparency, andis a constant char-
acterizing the gain-peak shift. For , we use

(5)

where , , and are the conventional constants.

The phase change in section including the linear and
nonlinear phase is given by [9]

(6)

is the cavity length of section, is the lightwave wave-
length of beam , is the refractive index, and is the
change in refractive index with carrier density. The first term
on the right-hand side of this equation represents linear phase;
the other two terms on the right-hand side represent nonlinear
phase. If no fiber is considered, it is unnecessary for us to in-
vestigate the phase change in the cascaded SOA gates because
only signal intensity is considered in (1) and (2). All parameters
of the SOA are shown in Table I.

The amplified spontaneous emissin (ASE) of the SOA
is obtained by multiplying the electrical field with the total
gain and by adding to each spectral component of
the signal independent noise terms whose real and imagi-
nary parts are independent Gaussian variables with variance

. Here accounts for incom-
plete population inversion ( for the SOA in this work
[1]), is the Plank constant, is the signal carrier frequency,
and is the bandwidth occupied by each Fourier component
of the discrete Fourier spectrum. It means that the noise figure
of the SOA is 8 dB: this value is the same as the one measured
in our experiment when the holding light is chosen to be
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(a)

(b)

Fig. 1. Two configurations A and B of SOA gating using holding light injection. (a) Configuration A. (b) Configuration B.

about 4 dBm. Reference [1] has shown that there is almost no
difference between using this kind of ASE noise model and
other complex models of ASE noise.

We consider two SOAs, SOA1 and SOA2, with the same pa-
rameters except for the length and injection current. SOA1 is
short, with a length of 400m operated at 50 or 120 mA. SOA2
is long, with a length of 1200m operated at 200 mA, which is
the same as the value used in our experiment. In order to be ver-
ified by the subsequent experiment, the wavelength of channel
one is chosen to be 1549.4 nm; the other channel wavelength
is larger than that of channel one, and the wavelength separa-
tion is 1.6 nm. Reference [12] has shown that in a short SOA, it
is possible to obtain good performance. Therefore, SOA1 will
be suitable for cascadability. Because we do not have a short
SOA available, in this paper SOA2 is used to verify the precision
of our numerical simulation. We consider signals with external
intensity modulation (no initial frequency chirp and an initial
ER of 15 dB) at 10 Gb/s. Each wavelength transmits a different
64-bit pseudorandom nonreturn-to-zero data pattern. At the re-
ceiver, each channel is separated by an optical bandpass filter
( GHz), followed by a photodiode simulated by a
square detector, then passed through an electrical low-pass filter
( GHz) to obtain an eye diagram. Both filters are
second-order Butterworth filters [13]. The performance of cas-
caded gates is estimated by-value [1], [14], extinction ratio,
and penalty [12]. corresponds to a bit error rate (BER)
of 10 [13].

Two kinds of configurations of cascaded SOA gates can be
applied in a long-haul WDM system using holding light injec-
tion. They are defined as configuration A and B and are shown
in Fig. 1(a) and (b), respectively. Configuration A is the same
as that used in [15], where one common unmodulated reservoir
channel is added. Because the gain of an SOA is different at var-
ious wavelengths, the relative value between the signal power
( ) and the holding light power ( ) is changed after an SOA.

In the following numerical simulation, we can see thatis very
important for a given . In configuration B, each SOA gate in-
cludes its own holding light generated by a DFB-LD. There are
two schemes for holding light injection into the SOA gate: the
holding and signal lightwaves copropagate in the SOA gate or
the holding and signal lightwaves counterpropagate, as shown in
Fig. 1(b). The optical filter is unnecessary in the counterpropa-
gation scheme. In configuration B, at each SOA gate is fixed
and not affected by the former SOA gate in a WDM system. In
the copropagation scheme, in order to reduce the effect of the
holding light on the adjacent SOA gate, an optical notch filter
(ONF) is used to suppress the holding light. An optical filter can
be used in a single-channel system. We only study the coprop-
agation scheme in our numerical simulation, and we make the
following assumptions.

1) ONF has no effect on WDM signals, and the holding light
is fully suppressed after the ONF.

2) The gain of the SOA is balanced by a tunable attenuator
(TA) following the SOA gates.

3) is smaller than 6 dBm because the gain of the SOA is
very small when is large.

III. EXPERIMENTAL VERIFICATION

The experimental setup for a single SOA gate is shown
in Fig. 2. The multiplexed four-channel WDM signals are
modulated at 10 Gb/s with a pseudorandom bitstream (PRBS)
of sequence length 2 1 chosen to be in agreement with
the computer simulations. The signals were decorrelated
by 360-ps/nm dispersion compensation fiber. The operating
wavelengths are 1549.3 nm (channel 1), 1550.9 nm (channel
2), 1552.5 nm (channel 3), and 1554.1 nm (channel 4). The
SOA used in the experiment is 1200m long and has less than
0.5 dB of polarization dependence, a confinement factor of 0.6,
and a peak gain wavelength of 1550 nm. The SOA saturation
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Fig. 2. Experimental setup for a single SOA gate using holding light injection and four WDM signal channels.

(a)

(b)

Fig. 3. Measured and numerically simulated gain of channel 2 as a function of
holding optical power with signal input power per channel of�12.8 dBm. (a)
Single-channel and (b) four-channel system.

output power is 8.7 dBm, and small signal gain is 25 dB when
pumped at 200 mA. Note that the gain and input or output
power of the SOA are measured in the fiber, and the fiber-chip
coupling less is estimated to 2 dB in this paper. The holding
light at 1540 nm and the WDM signals are injected into the
SOA by using a 50 : 50% optical coupler.

Keeping the signal average input power per channel ()
fixed at 12.8 dBm, Fig. 3(a) and (b) shows the gain of channel
2 versus when only channel 2 and when four simultaneous
channels operate, respectively. Very good agreement is evident
between experiment and theory when both one channel and four
channels operate. We can also see that the larger, the smaller

(a)

(b)

Fig. 4. Measured and numerically simulated gain of channel 2 as a function
of signal input power with holding light of 4.6 dBm. (a) Single-channel and (b)
four-channel system.

the signal gain. Comparing SOA2 operated at 200 mA and SOA
1 operated at 120 mA, the signal gain is almost the same when

is larger than 4 dBm.
Keeping fixed at 4.6 dBm, Fig. 4(a) and (b) shows the

measured and simulated signal gain versus. There is good
agreement between experiment and numerical simulation.
The measured saturation input powers for SOA2—defined
as , at which gain is decreased by 3 dB from the unsat-
urated value—are 0 dBm for single-channel and6.4 dBm
for four-channel operation. So, the saturation input power
decreases with increasing number of channels. From Fig. 3(b),
we can see that SOA1 has larger saturation input power
than SOA2, demonstrating that a short SOA is beneficial for
improvement of saturation input power.
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(a)

(b)

Fig. 5. Experimental setup for multi-SOA gates. (a) Copropagation and (b) counterpropagation.

Fig. 6. BER as a function of received power.

IV. EXPERIMENT AND NUMERICAL SIMULATION FOR

CASCADED SOA GATES WITH SINGLE-CHANNEL OPERATION

The experimental setup for cascaded SOA gates is shown in
Fig. 5. Two SOA gate schemes of copropagation and counter-
propagation are investigated and shown in Fig. 5(a) and (b), re-
spectively. The cascadability of the SOA gates is measured in a
loop experiment. The SOA used in this experiment is the same as
that in Section III. It is clear that our experimental setup is based
on configuration B in Fig. 1. The operating wavelengths for

Fig. 7. Optical spectra.

signal and holding light are 1554.1 and 1540 nm, respectively.
The reflection from the facets of the SOA is smaller than26
dB. The signal lightwave is modulated at 10 Gb/s with a PRBS
of sequence length 2 1, and the power of input signal and
holding light to the SOA are kept constant for every round-trip.
The polarization controllers in the setup are used to keep the in-
terference between signal and reflected signal to a minimum so
that the impact of crosstalk from the reflection can be neglected.
The loop includes 30-km standard single-mode fiber (SMF) and
6-km dispersion compensation fiber (DCF) providing a full dis-
persion compensation when the signal wavelength is 1554.1 nm.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on February 9, 2010 at 08:48 from IEEE Xplore.  Restrictions apply. 
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(a) (b)

(c) (d)

Fig. 8. Eye diagrams after one SOA gate at 10 Gb/s. (a) Numerical simulation after the SOA gate with signal power of�14.8 dBm and without holding light. (b)
Experiment after the SOA gate with signal power of�14.8 dBm and without holding light. (c) Numerical simulation with holding power of�2 dBm and signal
power of�7.8 dBm. (d) Experiment after the SOA gate with holding light of�2 dBm and signal power of�7.8 dBm.

To reduce nonlinear effects in the fibers, the input powers into
SMF and DCF are 0 and6 dBm, respectively. Using copropa-
gation gating, an optical filter is needed to suppress the holding
lightwave; however, using counterpropagation gating, the op-
tical filter is unnecessary, but an optical circulator (Cir) is used
in our experiment.

Adjusting the holding and signal lightwave powers into the
SOA and using copropagation gating, 11 SOA gates with a BER
of 10 can be obtained when the powers of holding light and
signal are 2.7 and 8.5 dBm, respectively. The penalty is 2 dB
after six SOA copropagating gating. Using counterpropagation,
ten SOA gates with a BER of 10 can be obtained, and the
optimal powers of the holding and signal lightwave are almost
the same as those in the copropagation case. Because an op-
tical filter is added after the SOA in the copropagation scheme,
SOA ASE noise is suppressed, which leads to the result that one
more SOA gate can be cascaded with the copropagation scheme.
Signal gain in the SOA is about 14 dB. The BER performance of
back-to-back and after cascaded SOA gates is shown in Fig. 6.
The error floor appears around 10, which means that the max-
imum number of SOA gates is 11 and 10 for co- and counter-
propagation, respectively. These experimental results show that
the difference between the co- and counterpropagation schemes
is small when the SOA gates are operated at 10Gb/s. The optical
spectra of signals in the counterpropagation scheme are shown
in Fig. 7. Because of the ASE noise accumulation, the signal
optical spectrum after cascaded SOA gates is broadened.

We simulate numerically the above experimental system with
the copropagation scheme. Because of computer capacity lim-
itation, we only simulate with a 64-bit pseudorandom nonre-

turn-to-zero data pattern. Without the holding lightwave, we
find that it is impossible to realize after two cascaded
SOA gates; this is because the SOA has a long cavity and large
confinement, which leads to a very strong gain-saturation effect.
Fig. 8(a) shows the simulated 10-Gb/s output signal eye diagram
after the SOA gate for an input signal power of14.8 dBm; a
clear distortion caused by gain saturation can be seen. Fig. 8(b)
shows the experimental result with an input signal power of

14.8 dBm. Fig. 8(c) and (d) shows the eye diagrams of nu-
merical simulation and experiment with holding power of2
dBm and signal input power of 7.8 dBm after one SOA gate,
respectively. No distortion can be seen after the holding light is
injected. We can see that the experimental results are in good
agreement with the numerical simulations.

Fig. 9(a) and (b) shows simulated eye diagrams for holding
light of 2 dBm and no fiber considered. Fig. 9(a) shows that
ASE noise accumulation leads to amplitude jitter with signal
input power of 7.8 dBm; however, with reference to Fig. 9(b),
strong gain saturation effect leads to reduction of the extinction
ratio for a signal input power of 2.8 dBm. Fig. 10 shows cal-
culated maximum number of cascaded SOA gates as a
function of signal input power for different holding light powers
without fiber. Fig. 10 shows that a large number of SOA gates
can be cascaded for relatively large input signal power. When
holding light power is 2 dBm, the maximum number of SOA
gates is 22 for an input signal power of6.8 dBm. At low input
power levels, the output and the input signals have the same
shape; however, the noise accumulation of SOA ASE noise will
limit the maximum number of cascaded SOA gates. For large
input power, the effect of ASE noise can be reduced, but large
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(a)

(b)

Fig. 9. Eye diagrams with holding light power of�2 dBm and no fiber
considered. (a) Signal input power of�7.8 dBm, after 12 round-trips. (b)
Signal input power of�2.8 dBm, after ten round-trips.

Fig. 10. Calculated maximum number of cascaded SOA gates(Q > 6) as
a function of signal input power for different holding light power and without
fiber.

red-shifted chirp will be generated. The signals with red-shifted
chirp will be broadened rapidly when they are transmitted in the
SMF. It is well known that the system will need dispersion over-
compensation when the input signals have a red-shifted chirp,
however, the dispersion is fully compensated in our loop system.
This leads to bad transmission performance, which in turn re-
duces the maximum number of cascaded SOA gates. Fig. 11(a)

(a)

(b)

Fig. 11. Eye diagrams with holding light power of�2 dBm. (a) Signal input
power of�6.8 dBm, after 20 round-trips and no fiber considered. (b) Signal
input power of�6.8 dBm, after 20 round-trips and fiber considered.

Fig. 12. Calculated maximum number of cascaded SOA gates(Q > 6) as a
function of signal input power for different holding light power with fiber.

and (b) shows eye diagrams for holding light power of2 dBm,
signal power of 6.8 dBm, and after 20 round-trips without
and with fiber, respectively. We can see that the eye diagram
in Fig. 11(b) is worse than that in Fig. 11(a).

Fig. 12 shows calculated maximum number of cascaded SOA
gates as a function of signal input power for different
holding light powers with fiber. The fiber characteristics are the
same as those in our experiment. The input powers into the SMF
and DCF are 0 and 6 dBm, respectively. We can see that the
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maximum number of cascaded SOA gates is reduced; this con-
clusion is in agreement with the above analysis. For small input
signal power, the maximum number of cascaded SOA gates with
fiber is the same as that without fiber, due to the fact that the
output signal for a small input signal power has small chirp. The
maximum number of SOA gates is 12 with holding and signal
powers of 2 and 8 dBm, respectively. In this case, the results
are almost the same as the experimental results for the coprop-
agation scheme. From Fig. 12, we can also see that a maximum
number of 16 SOA gates is obtained when the powers of signal
and holding light are 6.8 and 2 dBm, respectively. This nu-
merical result is different from our experimental result because
the PRBS in our experiment is 2 1, which is longer than in
our numerical simulation. A longer PRBS will generate larger
pattern effect, which pattern effect will be more pronounced at
relatively large input signal power. The larger pattern effect will
reduce the maximum number of SOA gates. If we use a longer
PRBS to simulate the SOA gates, the eye diagram will become
worse than in Fig. 9(b). Therefore, it is because of the pattern
effect that we cannot obtain the predicted maximum number of
SOA gates for an input signal power of6.8 dBm in our exper-
iment. The experimental results demonstrate that the numerical
simulation has its limitation. However, in a WDM system, the
distribution probability of “1” and “0” will be equal, which leads
to a reduced pattern effect. Therefore, we believe that numerical
results for WDM systems will be closer to the experimental re-
sults.

V. NUMERICAL SIMULATION FOR MULTIWAVELENGTH

SOA GATES

In this section, we simulate multiwavelength SOA gates
with a copropagation scheme without fiber. The bit rate is still
10 Gb/s. For a four-channel system, it is clearly seen from
Fig. 13(a) that the number of cascaded gates is rather limited
when using configuration A, as shown in Fig. 1(a). The main
reason is that the ratio between and is changed, which
leads to the fact that in the second SOA gate is not the
same as in the first one. Fig. 13(b) shows the results by using
configuration B, shown in Fig. 1(b). It can be seen that more
SOA gates can be cascaded with a short SOA operated at a
small injection current; however, in this case, the gain of the
SOA is small, which can be seen from Fig. 4(b). Of course, even
if is reduced to 1.2 dBm, the number of cascaded gates is
still larger than ten, and the gain is larger than 8 dB. Therefore,
an SOA with a short length and operated at a small current
is suitable for cascading. When is small, the maximum
number of cascaded SOA gates is mainly limited by ASE noise
accumulation, but too large will lead to XGM of different
channels even when holding light is present, so there exists an
optimal for a given set of and injection current.

Fixing , Fig. 14 shows the number of cascaded gates as
a function of . It is clearly seen that there exists an optimal

for a given . In order to identify what limits the cas-
cadability, Fig. 15(a) and (b) shows-value, penalty, ER, and
relative power as a function of the number of cascaded gates for
SOA1 operated at 120 mA, dBm; and for config-
uration B when is chosen as 4.5, 4, and 3 dBm, respectively.

(a)

(b)

Fig. 13. Number of SOA gates that can be cascaded atQ > 6 as a function of
signal input power per channel in a four-channel system. (a) Configuration A.
(b) Configuration B. Results are from numerical simulation.

Fig. 14. Number of SOA gates that can be cascaded atQ > 6 as a function of
holding optical power in a four-channel system with configuration B.

We can see that high ER and high power can be maintained when
is chosen as 4.5 dBm. The increased signal power is due

to the strong ASE noise power accumulation. The accumulated
ASE noise is added to the signal power meaning an increased
total power; however, is not changed. Therefore, the accu-
mulated ASE noise will affect the number of cascaded gates.
With a value of 4.5 dBm, the maximum number of cascaded
SOA gates is 12 at 1-dB penalty. However, if we consider the

-value, the maximum number of cascaded gates is 23 at BER
of 10 . When is chosen as 3 dBm, we can see that
the power of the signal is rapidly reduced and becomes close
to zero already after transmission over two SOA gates. ER is
rapidly reduced after transmission over four SOA gates, and we
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(a)

(b)

Fig. 15. Q-value, ER, penalty, and relative power of channel 2 as a function of
number of cascaded gates in a four-channel system with SOA1 operated at 120
mA, P = �16:8 dBm, and configuration B. (a)Q-value and penalty and (b)
ER and relative power.

Fig. 16. Maximum number of cascaded gates atQ > 6 as a function of the
number of channels for an optimal signal input power and SOA1 and SOA2
operated at 120 and 200 mA, respectively. The wavelength of channel 1 is 1549.4
nm; other channel wavelengths are larger than that of channel 1; and the channel
spacing is 1.6 nm.

also find that the power and ER of the signal are rapidly reduced
even if ASE noise is not taken into account. The rapidly reduced
signal power and ER lead to a small number of cascaded SOA
gates.

As shown in Fig. 4, the saturation input power per channel
is reduced for increased number of channels; this means that
the optimal must be decreased in order to limit the XGM
of different channels. However, ASE noise accumulation plays

a more important role for WDM signals when is small.
For this reason, the number of cascaded gates will be reduced
with an increasing number of channels. On the other hand, since
the bit patterns of the WDM channels are random and indepen-
dent of each other, the statistics of the signal channels tends to
smoothen the total power fluctuations in a system with an in-
creasing number of channels. For that second reason, the XGM
will be reduced and a larger can be endured. Therefore, the
number of cascaded SOAs will be increased if only the second
reason is taken into account. Simultaneously considering the
above two reasons, if the second reason is predominant, then
the number of cascaded gates will be increased. On the contrary,
if the first reason is predominant, then the number of cascaded
gates will be reduced. From Fig. 16, comparing a WDM system
having eight channels with another having 16 channels, we can
see that there is a very small reduction in the number of cas-
caded SOA gates because of the above-mentioned reasons.

VI. CONCLUSION

The cascadability of SOA gates when using holding light in-
jection was numerically and experimentally investigated at 10
Gb/s. Our experimental results show that the BER of the signal
after two cascaded SOA gates will be larger than 10without
holding light injection; however, 11 SOA gates can be cascaded
with holding light injection. The difference between the co-
and counterpropagation SOA gating scheme is small when the
SOA is operated at 10 Gb/s; the optical filter can be avoided
when counterpropagation is used. Because the red-shifted chirp
is generated after SOA gates, the maximum number of cascaded
SOA gates will be reduced when the signals are transmitted in
a system with full dispersion compensation. Numerical simu-
lations demonstrate that a higher number of SOA gates can be
cascaded when the SOA has a short cavity and a small injection
current. The holding light power plays a very important role for
the cascaded SOA gates: a large number of cascaded SOA gates
can be obtained only when a certain holding light power is used.
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