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Abstract: In this study, we propose applying non-uniform biasing current technique to improve the gain uniformity of the
semiconductor optical ampliﬁer (SOA) for high-speed optical routers. The output pulses will have high-gain deviation
because of the high-speed input pulses and the slow SOA gain recovery, thus resulting in a high system power penalty. The
theoretical SOA operation principle is demonstrated using a segmentation model that employs the rate and propagation
equations with third-order gain coefﬁcients. The impact of the bias current on the SOA gain responses owing to the input
packet of 1 mW input Gaussian pulses at a wavelength of 1550 nm is analysed in order to optimise the proposed non-uniform
bias current shape. The uniform and the optimised non-uniform bias current techniques are investigated in terms of the SOA
gain uniformity and the average output power for high-speed data rates from 10 to 160 Gb/s. The impact of the average bias
current applied to the SOA on the non-uniform shape is also investigated at all input data rates. Results obtained show a
signiﬁcant improvement in the gain standard deviation of 4.6, 6.3, 8.7, 10.1 and 10.2 dB for the data rates of 10, 20, 40, 80
and 160 Gb/s, respectively, when applying 150 mA average non-uniform biasing and these values reaches 15.2, 16.3, 17.7,
18 and 17.4 dB at 200 mA. The proposed technique also offers an increase in the average output power for the input pulses
compared with uniform biasing.

1

Introduction

The use of wavelength division multiplexing (WDM) and
optical time division multiplexing (OTDM) increases the
overall capacity of the point-to-point optical ﬁbre
transmission systems. The development of high-capacity
optical networks increased the demand of new optical
devices that are able perform in almost all all-optical
functions in order to overcome the speed and capacity
bottleneck of optical – electrical – optical (OEO) conversion
[1]. One of these key optical devices is a semiconductor
optical ampliﬁer (SOA) which is the most promising
element for all-optical switching because of their small size,
low switching energy non-linear characteristics and the
seamless integration with other devices [2].
In order to avoid system penalties [3] arising from bit
pattern dependencies and for more gain uniformity for highbit-rate input signals, fast gain recovery is required in highspeed applications. The gain recovery of SOA is limited by
the carrier lifetime, which itself depends on the applied bias
current [1]. Different approaches have been used to speedup the recovery time by changing the cavity length of the
SOA or by changing the input pulse width [4]. Several
research groups have reported theoretical and experimental
results on externally injected SOAs [1, 5]. Investigation on
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non-uniform biasing has been reported in literatures using
on and off impulses [6] and exponential shape current
injections [7]. These investigations proposed to reduce the
SOA switching time. However, the linearity of the output
gain experienced by all input pulses has not been addressed
in the current research. In [6], narrow current impulses were
added with increasing amplitudes to the step signal. On the
other hand, an exponential-shaped current injection was
used in order to reduce the turn-on time delay in an SOA
switch in [7]. This exponential biasing requires more energy
to be applied to the SOA.
In this paper, we propose applying an optimised nonuniform current to the SOA for an input OTDM packet of
Gaussian-shaped pulses in order to improve the SOA gain
uniformity. We will theoretically investigate the SOA gain
response owing to the input packet using uniform and nonuniform biasing currents techniques. The output gain
uniformity and the average power for both techniques are
compared at high-speed input data rates. The dependence of
the optimised non-uniform shape on the average applied
current will be investigated. The operation principle of the
SOA is shown in the following section. Section 3 presents
the mathematical analysis of the total gain and the change
of the carrier density in terms of the rate and propagation
equations. In Section 4, we optimise the bias current shape
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and use it as an alternative to the uniform current in order to
improve the SOA gain uniformity at high-speed data rates.
The ﬁnal section concludes the ﬁndings of the investigation.

2

SOA principle of operation

The SOA is an optoelectronic device that can amplify an input
light signal under suitable operating conditions (see the SOA
model in Fig. 1). An input signal enters the SOA from the
input facet side through the active region where it achieves
gain. Gain occurs when an external electric current is
applied to supply the energy source to the active region [8].
The SOA is coated with input and output facets. The
ampliﬁer facets are reﬂective causing ripples in the gain
spectrum [9]. Electrons acquire higher energy when the
SOA is biased with a direct current. Therefore applying
more bias current will result in a larger number of excited
electrons in the conduction band.
Applying a short-duration input optical pulse into the SOA
will result in stimulated emission leading to the signal
ampliﬁcation. The reduction of excited electrons (i.e. carrier
density) in the conduction band will lead to a decreased
SOA gain. This reduction is owing to the fact that the gain
is proportional to the carrier population density. Moreover,
this phenomenon will increase the active refractive index
because of the non-linear refractive index being dependent
on the carrier density [10].
The carrier non-equilibrium is governed mainly by the
spectral hole burning effect [11]. The distribution recovers
to its equilibrium state by the carrier – carrier scattering.
Instantaneous mechanisms such as two-photon absorption
and the optical Kerr effects [12] will then inﬂuence the
SOA response. After few picoseconds, a quasi-equilibrium
distribution will occur, owing to the carrier temperature
relaxation process, followed by the carrier density recovery.
The SOA gain recovery time is limited by the carriers’
lifetime.

3

Theoretical model

We have developed a numerical model to analyse the bias
current and its effect on the SOA gain. The model is based
on position-dependent rate equations for the carrier density
and the optical propagation equation in the forwardpropagating direction for injected input pulses. Therefore
the model accounts for a non-uniform carrier distribution.
The complete rate equations in small segments in an SOA
are iteratively calculated with third-order gain coefﬁcients
[13].

3.1

Rate equations

When light is injected into the SOA, changes occur in the
carrier and photon densities within the active region that
can be described using the rate equations. The gain medium
of the ampliﬁer is described by a third-order material gain
coefﬁcient g (per unit length), which is dependent on the
carrier density N and the input pulse wavelength l and is
given by [14]
g=

a1 × (N − NO ) − a2 × (l − lN )2 + a3 × (l − lN )3
1 + (1 × Pav )
(1)

where a1 is the differential gain parameter, a2 and a3 are
empirically determined constants that characterise the width
and asymmetry of the gain proﬁle, respectively. NO is the
carrier density at transparency point, lN is the wavelength at
which the gain has a peak value, 1 is the gain compression
factor and Pav is the average output power. The peak gain
wavelength is given by

lN = lO − [a4 × (N − NO )]

where lO is the peak gain wavelength at transparency and a4
is the empirical constant that shows the shift of the gain peak.
The net gain coefﬁcient is deﬁned by
gT = (G × g) − as
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where G is the conﬁnement factor which is the ratio of the
light intensity within the active region to the sum of light
intensity [8] and as is the internal waveguide scattering
loss. The SOA gain achieved by an optical input signal at
any given location z is given by
G = egT ×z

(4)

Therefore the average output power over the length of the
SOA L can be expressed by [15]
 gT ×L

e
−1
Pav = Pin ×
gT × L

(5)

where Pin is the input pulse power. The rate of change of the
carrier density within the active region of the device is given
by
dN
I
=
− [(A × N ) + (B × N 2 ) + (C × N 3 )]
dt
q×V
G × g × Pav × L
−
V ×h×f

Fig. 1 Segmentation model of the SOA device

(2)

(6)

where I is the SOA bias current, q is the electron charge, h is
the Plank’s constant and f is the light frequency. A is the
surface and defect recombination coefﬁcient while B and C
are the radiative and Auger recombination coefﬁcients,
respectively. The active volume is determined by
V ¼ L × W × H where W and H are the width and
thickness of the active region, respectively.
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3.2

Propagation equation

The SOA is assumed to have a negligible reﬂectivity at the
end facets, so the reﬂected waves are omitted. The
propagation equation for the forward light is given by [14]
dPin
= [(G × g) − as ] × Pin
dz

4

(7)

Segmentation model

This paper uses a segmentation model employing the rate and
propagation equations presented in Section 3 [16]. These
equations are adopted to investigate the gain of the SOA
and the uniformity of the emerging output pulses using
MatlabTM.
Fig. 1 shows the reduction of N owing to the input pulse
propagation through all segments of the SOA segmentation
model. This model presents a bulk homogeneously
broadened travelling-wave-type SOA divided into 50 equal
segments, and the input pulse is single mode with narrow
linewidths. The carrier density is assumed to be constant
within each segment. However, the carrier density and the
signal power changes from segment-to-segment depending
on the input power and the carrier density of the previous
segment.
Fifty segments were chosen to accurately investigate the
effect of the input power on the change in the carrier
density and the signal gain along the SOA for data rate up
to 160 Gb/s. The SOA parameters implemented are
obtained from [8, 14] and are given in Table 1.
In this paper, the input pulse to the SOA model is a
Gaussian pulse with a full-wave-half-maximum (FWHM) of
1.167 ps and peak power of 1 mW. All the signal power is
coupled directly into the SOA. The reason a short pulse of
.1 ps pulse width is chosen as the input pulse is because at
pulses ,1 ps intraband relaxation processes are not
sufﬁciently fast to instantaneously replenish the depleted
carriers owing to ampliﬁcation in the energy range
corresponding to the pulse spectrum (spectral hole burning).
If the average energy of the hole is lower than that of the
initial state, the result is a rise in the average carrier
Table 1

temperature. The carrier-heating component becomes nonnegligible as the pulse width approaches 1 ps [17].

5

Results and discussion

In order to understand the effect of the bias current and N rate of
change (i.e. dN/dt) on the gain proﬁle and SOA gain
uniformity, a number of successive pulses are required to
propagate along the SOA active region. Therefore a packet of
identical Gaussian pulses is applied to the SOA at 1550 nm.
The packet consists of ten pulses of 1 mW peak power and
these pulses are separated by 100 ps (10 Gb/s) to ﬁll a packet
duration tp of 1 ns. The gain response of the SOA when the
packet is launched into the active region is displayed in
Fig. 2. The rapid increase in the gain reaching a steady-state
value within tbias  1 ns is because of the SOA biasing. A
large quantity of electrons in the valence band will gain
enough energy to overcome the energy gap, which increases
N in the conduction band and hence the SOA total gain.
When the ﬁrst pulse in the packet enters the SOA at
t  3 ns, sudden gain depletion occurs as a result of the
interaction of the incident photons with excited electrons
from the conduction band. This depletion takes place during
the pulse propagation along the SOA lasting 5.83 ps.
Owing to the slow recovery of the SOA gain, following the
exodus of the ﬁrst pulse, the next pulse enters the SOA
prior to its full gain recovery. A further gain depletion is
introduced because of the second pulse. This process
continues until the last pulse exits the SOA.
In order for all pulses to accomplish the same gain, all the
pulses should experience the same gain depletion. It is
apparent from Fig. 2 that the gain reduction reaches different
levels from one pulse to another (i.e. the gain depletion
envelope is not uniform). Fig. 2 also shows that by applying
a packet with more pulses, that is, more than ten pulses, the
variation of gain depletion is negligible. Therefore there is no
signiﬁcant difference when injecting more than ten pulses in
the current investigation. The applied bias current controls
the number of excited electrons in the conduction band and
hence the SOA gain. For that reason, in order for all pulses
to achieve the same output gain, bias current characteristics
are used so that these pulses enter the SOA at the same

Physical parameters of the SOA

Parameter
carrier density at transparency (NO)
wavelength at transparency (lO)
initial carrier density (Ni)
signal wavelength (l)
internal waveguide scattering loss (as)
differential gain (a1)
gain constant (a2)
gain constant (a3)
gain peak shift coefficient (a4)
SOA length (L)
SOA width (W )
SOA height (H )
confinement factor (D)
surface and defect recombination
coefficient (A)
radiative recombinassions coefficient (B)
Auger recombination coefficient (C)
gain compression factor (1)

Value
1.4 × 1024/m3
1605 nm
3 × 1024/m3
1550 nm
40 × 102/m
2.78 × 10220 m2
7.4 × 1018/m3
3.155 × 1025/m4
3 × 10232 m4
500 mm
3 mm
80 nm
0.3
3.6 × 108/s
5.6 × 10216 m3/s
3 × 10241 m6 /s
0.2/ W
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Fig. 2 SOA gain response to a packet of successive 10 Gaussian
pulses
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carrier density. Based on the direct temporal relationship of the
bias current on the SOA gain shown in (6), we propose
applying a non-uniform bias current to the SOA, where each
Gaussian pulse enters the SOA at a different biasing value in
order to improve the output gain uniformity. Consequently,
in order to optimise the non-uniform bias current shape that
would achieve the best gain uniformity, we investigate the
SOA gain response of all the input pulses for a range of bias
current values (see Fig. 3). From Fig. 3, one can see that the
same gain (i.e. uniform output gain) can be achieved by the
input pulses at different bias current values. However, it is
important for the non-uniform bias current applied to the
SOA to have an average value equivalent to the uniform bias
current in order to maintain the same power used in both
cases. For 10 Gb/s input data rate, this uniform output gain
condition occurs at Gm ¼ 23.02 dB (horizontal dashed line in
Fig. 3). This gain value intersects with all pulses at different
biasing values while maintaining an average bias current
Iav ¼ 50 mA where I oscillates between the minimum, Imin ,
and maximum, Imax , bias currents corresponding to the ﬁrst
and tenth pulses, respectively. The appropriate response of
the non-uniform bias current should be inversely proportional
to the SOA gain depletion envelope shown in Fig. 2. As a
result, the proposed optimised non-uniform biasing shape at
10 Gb/s input data rate is shown in Fig. 4. The bias current
cycle (repetition rate) covers the packet duration (i.e. 1 ns
which is only 10% of the respective input data rate) and
varies between 148.3 and 151.7 mA.
In this paper, we have adopted a bit pattern of all ‘1’s in the
simulation because this pattern will give the least recovery
time for the SOA, thus resulting in the worst-case scenario
for SOA gain depletion. The all ‘1’s sequence is also a
commonly used bit pattern in optical applications
employing polarisation modulation techniques such as,
SOA-based ultrafast all-optical switches [18, 19].
In order to measure the gain uniformity of the output
pulses, the gain standard deviation is introduced, which is
given by
⎞
⎛

np
1 
s = 10 log⎝
(G − Gav )2 ⎠
np x=1 x

(8)

Fig. 3 SOA gain response of all pulses within the packet to the
uniform bias current
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Fig. 4 Optimised non-uniform bias current for input packet at
10 Gb/s

where np is the number of successive input pulses within the
packet launched into the SOA, Gx is the gain achieved by each
input pulse and Gav is the average gain of all the pulses.
Comparing the gain uniformity of the SOA when biased
with uniform and the proposed non-uniform bias currents,
a signiﬁcant improvement of 4.6 dB is achieved using the
non-uniform biasing technique. It was highlighted earlier in
this section that there is no vital need to apply more than
10 input pulses in the investigation; however, at data rates
.10 Gb/s, the variations of gain depletion after the tenth
pulse cannot be neglected. The injection of more number
of input pulses at each higher data rate is necessary.
Therefore in the following investigation, the number of
input pulses per packet is increased at each data rate
maintaining the packet duration of 1 ns. The input OTDM
packet with different time separations, of 50, 25, 12.5 and
6.25 ps is launched to the SOA for 20, 40, 80 and 160 Gb/
s, respectively. The change in the input pulses rate has a
direct impact on the SOA total gain and, therefore, the
gain uniformity. For all data rates, the depletion in the
SOA gains because of the propagation of the ﬁrst pulse of
the input packet is similar; however, the time available for
the gain to recover after the departure of the ﬁrst pulse
from the SOA is halved in each case. Therefore the second
input pulse enters the SOA at a lower gain level
(compared with lower data rate), and results in further gain
depletion.
In order to understand this impact, the SOA gain response
when a 1 ns packet of 20 Gaussian pulses at 20 Gb/s is
applied to the SOA is displayed in Fig. 5. The ﬁgure shows
the further depletion of SOA gain after the 10th pulse and it
is clear that applying more than 20 pulses does not affect
the gain depletion envelope. The same approach to optimise
the non-uniform bias current (see Fig. 3) is employed
for the 20 pulses packet. A reduction of 6.3 dB in s is
achieved employing the proposed biasing technique.
The shapes of the periodic 1 Gb/s biasing currents
corresponding to the 20, 40, 80 and 160 Gb/s input packets
are plotted in Figs. 6a – d, respectively. Fig. 6 shows that
the optimised non-uniform current ﬂuctuates within a
higher range at higher data rates. These current ﬂuctuation
ranges are 6, 12.6, 22 and 35.6 mA at 20, 40 80 and
160 Gb/s, respectively, maintaining Iav ¼ 150 mA.
487
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It is evident from Fig. 6 that biasing shapes at higher input
rates have steeper slope to reach the maximum current value.
This response refers to the slope of the gain depletion
envelope of the ﬁrst few pulses of the input packet. The
reason for the steep slope at higher rates is because of the
limited recovery time.
Based on the results obtained so far and the rate and
propagation equations from Section 3, we have derived a
general equation for the optimised non-uniform biasing
shape at any input data rate and for any number of pulses
which is given by

I=

Fig. 5 SOA gain response to a packet of successive 20 Gaussian
pulses


Gnp
q×V
1
×
ln
Gss
(2tint + tsep )
G × a1 × L


np−1
np

tsep 
D2
+
D
+tint D1 +
tint x=1 3
i=1

(9)

Fig. 6 Optimised non-uniform bias current for input packet at
a
b
c
d

20 Gb/s
40 Gb/s
80 Gb/s
160 Gb/s
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where
D1 = (A × Nss + B × Nss2 + C × Nss3 )
G × gss × L × Pav1
V ×h×f

(10)

D2 = (A × Ni + B × Ni2 + C × Ni3 )

(11)

+

D3 = (A × Nx + B × Nx2 + C × Nx3 )


G × gx × L × Pavi
+
V ×h×f

(12)

where tint and tsep are the time propagation of the pulse
through the SOA (i.e. 5.83 ps) and the pulses separation
time, respectively. Gnp and Gss are the SOA gains of the
last pulse and at steady-state condition (i.e. before the entry
of any pulse), respectively. Nss and gss are the carrier
density and gain coefﬁcient at the steady-state value,
respectively, whereas Pav1 is the average power of the ﬁrst
pulse.
For the non-uniform technique, the maximum current value
of the biasing shape should not exceed the practical SOA
biasing limit of 300 – 400 mA [20]. This paper focuses on
the 300 mA as the maximum (boundary) current limit for
safe SOA operation. Therefore further investigations are
carried out for higher Iav , that is, 200 and 250 mA at all
data rates to ﬁnd the boundary condition for the proposed
technique. Results obtained show that in case of
maintaining Iav ¼ 200 mA, the Imax for the optimised
biasing shapes are 206.7, 213, 224, 235.1 and 247.8 mA at
10, 20, 40, 80 and 160 Gb/s, respectively. On the other
hand, for Iav ¼ 250 mA, the Imax values are beyond 300 mA
at 80 and 160 Gb/s. Nevertheless, the SOA gain uniformity
is improved employing the non-uniform bias current in all
cases.
The gain standard deviations for the packets at all data rates
for Iav ¼ 150 and 200 mA are measured using uniform and
non-uniform biasing in order to distinguish the
improvement of the SOA gain uniformity. The advantage of
using the non-uniform technique over uniform biasing can
be seen in Fig. 7. The ﬁgure depicts a bar chart of the s

Fig. 7 Gain standard deviation reduction employing the nonuniform bias current as a replacement of the uniform current for
all ‘1’s bit pattern packet
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improvement when the uniform bias current is replaced by
the proposed technique at Iav ¼ 150 and 200 mA for all
rates. At higher input rates, more improvement in the SOA
gain uniformity is achieved. Fig. 7 also shows that
ﬂuctuation of s improvement is less perturbed at rates
.40 Gb/s for both Iav cases. The reason for the small
difference in s improvement at higher rates is the shorter
time spacing between input pulses. In case of using the
non-uniform biasing technique, the average s improvements
are 8 and 16.9 dB for 150 and 200 mA Iav , respectively, at
all the data rates investigated.
This paper also presents another key advantage of
employing the non-uniform current for biasing the SOA
which is the higher average output power. Although both
biasing techniques supply the same power to the SOA, the
proposed non-uniform technique offers higher-power
ampliﬁcations for the input pulses. Fig. 8 introduces the
increase in the average output peak power Ppoav for using
optimised non-uniform biasing instead of the uniform
current at 150 and 200 mA Iav .
Fig. 8 shows that biasing the SOA with the proposed nonuniform current technique amplify the input pulses with
higher power regardless of the pulses speed rate. The reason
for such response is because of the continuous saturation in
case of uniform biasing while the non-uniform technique
allows gain recovery. Fig. 8 conﬁrms the higher increase in
Ppoav at 200 mA Iav for all rates. The maximum increase in
Ppoav of 50.5 mW appears at 40 Gb/s maintaining
Iav ¼ 200 mA.
It is of interest to measure the impact of the non-uniform
biasing technique on other optical applications that use
random bit patterns. For that reason, we have applied input
packets with the same random bit sequence to SOA biased
with both techniques at all data rates.
Fig. 9 shows that s is similar for both cases. However, the
proposed technique improves (i.e. increases) the average
output power of the packet regardless of the data rate or the
average biasing current. The Ppoav comparison between
both biasing currents can be seen in Fig. 10 at Iav of 150
and 200 mA. Results show that applying input packets with
random sequence results in higher Ppoav achievements

Fig. 8 Average output peak power increase employing the nonuniform bias current as a replacement of the uniform current for
all ‘1’s bit pattern packet
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Fig. 9 Comparison of gain standard deviation between uniform
and non-uniform biasing techniques for random bit sequence packet

generated at 1 Gb/s and the practical results will be
addressed in the next stage of this research.
The paper compared the uniform bias current to the nonuniform biasing technique for the same input packet to
highlight the advantages of employing the proposed
technique. The SOA gain uniformity resulted in signiﬁcant
improvement of the gain standard deviation (i.e. lower s) at
all investigated data rates. An enhancement of 4.6, 6.3, 8.7,
10.1 and 10.2 dB in the SOA gain uniformity when biased
with the proposed current is achieved at input rates of 10,
20, 40, 80 and 160 Gb/s, respectively, for 150 mA average
current. On the other hand, these values reach 15.2, 16.3,
17.7, 18 and 17.4 dB at 200 mA. The obtained results show
average improvements of 8 and 16.9 dB for 150 and
200 mA Iav , respectively, at data rates investigated. The
paper also investigated the average output power of the
pulses between both biasing techniques. The optimised nonuniform current offered higher power ampliﬁcations for the
input pulses regardless of the packet bit rate or sequence.
The boundaries of the proposed technique are studied
regarding the maximum current limit that should be reached
by the non-uniform shape. The paper showed that the
average output power will improve employing the proposed
non-uniform biasing technique regardless of the input bit
pattern while the gain uniformity will either show
improvement or remain unaffected.

7

Fig. 10 Average output peak power increase employing the nonuniform bias current as a replacement of the uniform current for
random bit sequence packet

compared with all ‘1’s sequence at all input data rates (see
Fig. 8).

6

Conclusions

This paper proposed an optimised non-uniform current shape
to bias the SOA which was able to enhance the SOA gain
uniformity at high-speed data rates. In this paper a gain
standard deviation equation is introduced in order to
measure the SOA gain uniformity. The carrier density and
corresponding SOA gain uniformity dependence on the
applied bias current are analysed. Accordingly, we have
optimised a biasing shape for the SOA in order to linearise
the gain of the input pulses. An SOA non-uniform bias
current equation is proposed for the ﬁrst time to optimise
the gain uniformity at any input data rate and for any
number of pulses. The optimised shape can be practically
490
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