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Abstract: A numerical model of picosecond pulse 
propagation in a tensile-strained bulk semiconductor 
optical amplifier is described. The phenomenological 
parameters were obtained using the Levenberg-
Marquardt algorithm and experimental pulse ampli-
tude and phase measurements obtained using fre-
quency resolved optical gating. 
 
Introduction 
Semiconductor Optical Amplifiers (SOAs) have at-
tracted much interest in applications in all-optical 
signal processing such as clock recovery and optical 
time division demultiplexing (OTDM). In such appli-
cations SOAs are used to amplify high-energy optical 
pulses with pulse widths of the order of picoseconds. 
Common optical pulse sources used in ultrafast opti-
cal communications include mode-locked lasers, 
gain-switched lasers, and CW lasers followed by 
electro-absorption modulators. These sources can all 
generate high quality pulses that exhibit low chirp 
and jitter and high temporal and spectral purity. 
Commercial picosecond mode-locked lasers are now 
available that are suitable for use in ODTM systems.  
It is of interest to model the propagation of such 
pulses through an SOA. Models can give greater in-
sight into the physical processes occurring within 
SOAs and can also be used to design subsystems 
utilizing SOAs as active gain elements. Most pulse 
propagation models use a variant of a modified non-
linear Schrödinger equation (MSE) that includes the 
SOA non-linearities that are relevant to the pulse 
time scale [1]. Pulse propagation through an SOA is 
strongly dependent on the SOA pulse shape. Both the 
pulse intensity and phase must be considered. The 
MSE includes a number of phenomenological pa-
rameters, whose magnitude determines the influence 
the corresponding physical effect has on pulse propa-
gation. The principle physical effects that influence 
pulse distortion in the 2 ps regime are non-linear gain 
saturation, carrier heating, due to the combined ef-
fects of stimulated emission, free-carrier absorption 
and two-photon absorption (TPA). The phenomenol-
ogical parameters must be obtained by a comparison 
between model predictions and experiment. 
The SOA modelled in this paper is a commercially 
available device manufactured by Kamelian. It has a 
tensile strained InGaAsP active region sandwiched 
between two InGaAsP separate-confinement het-
erostructure layers and operates in the 1.55 µm re-
gion. The device structure consists of central active 

region waveguide of width 1.1 µm, thickness 0.1 µm 
and length 840 µm. The active region narrows line-
arly as a lateral taper of length 80 µm to width 0.5 
µm at each end. The tensile strain is used to compen-
sate for the different TE and TM confinement factors 
in order to achieve polarization independent opera-
tion. In this paper we model the propagation of 2 ps 
mode-locked laser pulses using the MSE through this 
type of SOA. In the model, the spatial dependency of 
parameters such as the saturation energy is included. 
The MSE phenomenological parameters are obtained 
using the Levenberg-Marquardt technique and ex-
perimental measurements of the amplifier pulse am-
plitude and phase using the technique of Frequency 
Resolved Optical Gating (FROG). FROG can be 
used to overcome the limitations of traditional meth-
ods of pulse characterisation and provides complete 
characterization in the spectral and temporal domains 
with corresponding phase information. 
  
Pulse propagation model 
The MSE used to model the propagation in the SOA 
of an optical field with complex amplitude ( )τ,zV is 
given by [1], 
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where the local time gvzt −=τ ( z  is the propa-

gation direction) and  is the group velocity. In the 
model we also take into account the spatial and time 
dependency of the attenuation coefficient 

gv

( )τγ  and 

linewidth enhancement factors  ( )τα N  (due to car-

rier density changes) and ( )ταT  (due to carrier heat-

ing). 2γ is the TPA coefficient.  represents self-
phase modulation. The change in the dynamic gain 
due to carrier heating is given by  
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where  is a phenomenological constant represent-
ing the contribution of SE and FCA to carrier heating 
and  represents the contribution of TPA. 

1h

2h ( )sU  is 
the unit step function. The dynamic gain due to car-
rier density changes is given by 
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where ,  and ( )zgm ( )zWs sτ  are the unsaturated 
material gain coefficient, saturation energy and spon-
taneous lifetime respectively.  is determined, 
for a given bias current, using the steady-state model 
[2].  is a function of z due to the spatial de-
pendency of the optical confinement factor. Both 

and  are also polarisation dependent and are 
shown in Fig. 1. The derivatives   
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the linewidth enhancement factors can also be deter-
mined from the steady-state model and are shown in 
Fig. 2 and Fig. 3 as a function of . mg
Numerical solution and experiment 

The MSE can be solved by using the finite-difference 
beam propagation method described in [3]. However 
in order to obtain good agreement between model 
predictions and experiment the phenomenological 
constants must be known. In this work we are par-
ticularly interested in the dynamics of the propaga-
tion of 2 ps mode-locked laser pulses. To determine 
the phenomenological constants, we first character-
ised the amplitude and phase of a 10 GHz repetition 

rate 2 ps pulsewidth commercial mode-locked laser. 
The pulses were then amplified and the amplified 
pulse stream also characterised using FROG [4]. It is 
well known that the distortion experienced by pulses 
amplified by an SOA is very sensitive to the input 
pulse shape. In this work we use the experimentally 
measured complex pulse amplitude as the model in-
put. In order to determine the phenomenological con-
tants , , 1h 2h p2γ  and chτ we use the pulse propaga-
tion model and the Levenberg-Marquardt technique 
to determine the values of the parameters that mini-
mise the r.m.s. error between the normalised pre-
dicted and experimental amplified pulse power for 

three different input pulse peak powers ranging from 
low to high saturation. Once these values have been 
obtained, we then adjust the value of in order to 
obtain a reasonable match between the predicted and 
experimental frequency chirp of the amplified pulses. 
The normalised predicted and experimental input and 
amplified pulse power is shown in Fig. 4. The pre-
dicted and experimental pulse chirp is shown in Fig. 
5. The agreement between experiment and the nu-
merical model using the extracted parameters is good 
for the pulse power temporal profile. In the case of 
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Fig. 2: Polarisation dependent linewidth enhancement 
factors versus corresponding polarisation dependent mate-
rial gain coefficient. 

Fig. 3: First (solid line) and second order gain dispersion 
versus material gain. 

Fig. 1: Unsaturated TM polarisation dependent saturation 
energy (solid line) and material gain coefficient spatial 
distributions for a bias current of 200 mA, which corre-
sponds to a fibre-to-fibre gain of 24 dB. 
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the pulse chirp, although the magnitude of the pre-
dicted chirp and its slope is similar to the experimen-
tal results, the agreement is not as good. This is be-
cause the temporal distortions of the pulse power in 
the 2 ps regime are primarily due to the effects of the 

two types of gain saturation and the direct effect of 
TPA (i.e. the 2γ term). However the phase evolution, 
and hence the chirp dynamics, is a result of a compli-
cated addition of three types of self phase modula-
tion, which are controlled by the changing pulse 
shape. It is also modified by the gain curvature and 
slope, which also depend on the pulse shape. 
 
Conclusions 
A numerical model for picosecond pulse propagation 
in tensile-strained SOAs has been developed. The 
phenomenological model parameters representing the 
various non-linear processes in the SOA are deter-
mined using a parameter extraction algorithm and 
experimental FROG measurements of amplified 
mode-locked laser pulses. There is good agreement 
between experiment and model predictions of the 
amplified pulse temporal power. However the ampli-

fied pulse chirp is more difficult to predict due to the 
complexity of the self-phase modulation processes in 
the SOA, and possibly requires the development of a 
more accurate propagation model. 
 
Acknowledgments 

Fig. 4: Experimental (‘o’) and predicted (solid line) ampli-
fied pulse powers for TM polarisation at 1550 nm. The bias 
current is 200 mA and the parameter is the input pulse peak 
power. 

This work was supported by Science Foundation Ire-
land Investigator Grant 02/IN1/I42. The author 
thanks A.E. Kelly of Amphotonix Ltd. for supplying 
the Kamelian SOA parameters and useful discus-
sions. 
 
References 
1 M.Y. Hong et. al, IEEE J. Quantum Electron., no. 

4, pp. 1122, 1994. 
2 M.J. Connelly, IEEE J. Quantum Electron., no. 1, 

pp. 47, 2007.  
3 N.K. Das, et al. IEEE J. Quantum Electron., no. 10, 

pp. 1184, 2000.  
4 A.M Clarke et. al. IEEE Photon Tech. Lett., no. 9, 

pp. 1800, 2005. 
 

Fig. 5: Experimental (‘o’) and predicted (solid line) ampli-
fied pulse chirp for TM polarisation at 1550 nm for the 
pulses in Fig. 4. The chirp increases as the input power 
increases. 
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