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ABSTRACT 

Reflective SOAs (RSOAs) have promise for applications such as optical modulators in WDM PONS. Bulk 
polarization insensitive SOAs are realised by the use of a tensile-strained active region, which compensates for 
different TE and TM confinement factors. RSOA wideband models are required to predict RSOA static and 
dynamic behaviour. In this paper, we present a wideband static and dynamic model of a commercial tensile-
strained tapered waveguide RSOA. Wavelength and carrier density dependency of the material gain and additive 
spontaneous emission is determined using full band structure calculations. In the static model, estimation of the 
amplified signal and spontaneous emission is achieved by an efficient numerical solution of travelling-wave and 
carrier density rate equations. Unknown model parameters are determined by least squares fitting of modelled and 
experimental ASE spectrums. The dynamic model extends the static model to permit SOA drive current 
modulation and is used to determine the RSOA response when driven by multi Gb/s NRZ data signals. There is 
good agreement between 1.25 Gb/s data simulated and experimental eye diagrams.  

Keywords: Reflective semiconductor optical amplifier, modelling, modulator. 

1. INTRODUCTION 

RSOAs have promise for applications in WDM optical networks including as basic amplifiers and modulators 
[1]. In the latter data is superimposed on an input CW lightwave by using current modulation. Polarization 
insensitive rectangular cross section waveguide SOAs can be fabricated using tensile-strained bulk material [2]. 
There is a need for models to predict wideband RSOA static and dynamic behaviour such as static gain, noise 
figure, Amplified Spontaneous Emission (ASE) spectrum and current modulation response. In this paper we extend 
our prior work on traveling-wave SOAs [2, 3], to develop RSOA static and dynamic models. A full bandstructure 
model is used to determine the wavelength and carrier density n dependency of the material gain and additive 
spontaneous emission. The model includes a geometrical description of the active waveguide, including the input 
taper. The amplified signal and ASE are described by travelling-wave equations and numerically solved in 
conjunction with a carrier density rate equation. Good agreement between simulation and experiment is achieved 
for the static characteristics and the NRZ current modulation at multi Gb/s data rates.  

2. RSOA STRUCTURE, MATERIAL GAIN, CARRIER DENSITY AND PHOTON RATE MODELS 

The RSOA, shown in Fig. 1, is a commercial TO-CAN packaged device (Kamelian), having a tensile-strained 
InGaAsP active region sandwiched between two InGaAsP separate-confinement heterostructure layers [4]. The 
TE and TM confinement factors as functions of the waveguide width W (m) are given by 

WWWTE 7605.05188.01275.0 23   and WWWTM 4648.03035.00704.0 23  [4]. 

 
Figure. 1. Top view of the RSOA active waveguide. 

The active region n and energy E dependent material and spontaneous emission gain coefficients mg  and 

spg  and radiative recombination rates are calculated using a detailed strained-material model [2]. mg  is given by 
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 ,kM b  is the matrix element, zL  a sech intraband linebroadening function with relaxation time r (a fitting 

parameter), bcvE ,  the conduction-valence band transition energy and Fermi functions cf  and vf . The summation 

is over the light-hole, heavy-hole and split-off bands. The net gain coefficient ppmpp gnEg  ,),( with 

polarization dependent loss  nEn epp )exp()( 210   . 0 , 1  2 and e are the intrinsic absorption, 

free electron loss and two coefficients modelling intervalence band absorption [2], which are fitting parameters. 
Bandgap shrinkage due to the parabolic conduction band and the three non-parabolic valence bands is calculated 

from first principles [5]. The traveling-wave equations for the forward/backward travelling photon rates 
psI ,  of 

the amplified input signal of polarization p (TE or TM) and for k-th ASE forward/backward photon rate spectral 
slice, of energy width dE are [2],  
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, with associated boundary conditions. n obeys the rate equation [2], 
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The terms on the RHS of (4) account for electrical pumping, due to the current I, radiative and Auger 
recombination (its coefficient augC  is a fitting parameter) and amplified signal and ASE carrier depletion. To 

determine the static signal and ASE photon rates and carrier density, the SOA is split into 64 spatial sections and 
the ASE into 128 spectral slices covering a range of 1250 to 1650 nm. The signal and ASE photon rates are 
estimated using finite difference solutions to (3, 4). The carrier density is then estimated at the centre of each 

section using (4), assuming / 0dn dt  , which in turn is used to update mg  and spg . These are then used to 

determine new values of 
psI ,  and ,p kN  . This process is continued until the photon rates converge to a steady 

value. The six fitting parameters 3 1
0 1.94 10 m   , 21 2

1 8.0 10 m   , 20 2
2 8.2 10 m   , 13.1e eV  , 

41 6 14.0 10augC m s    and 23.3r fs  , were determined using least square fitting of the polarization resolved 

output ASE spectra, at different bias currents as shown in Fig. 2(a). The associated carrier density distributions, 
shown in Fig. 2(b), are asymmetrical, with maximum saturation occurring in the input taper. Fig. 3 shows good 
agreement between the experimental and simulated gain and noise figure vs. bias current characteristics.  

In the dynamic model, with current modulation, (4) is solved using finite differences. At each time step the 

signal and ASE distributions are obtained using finite difference solutions of (2, 3), with the updated mg  and spg  

from (1). To verify model accuracy, the current was modulated by 29-1 PRBS 1.25 Gb/s NRZ data (using an 87 ps 
rise/fall time driver). The input CW lightwave wavelength and power was 1550 nm and -3 dBm. The bias and 
peak-peak modulation currents were 54 and 52 mA. Good agreement between simulated and experimental RSOA 
output eye diagrams was obtained as shown in Fig. 4. Pattern effects are evident because of the finite carrier 
recovery lifetime, but are not particularly serious. The experimental and simulated rise/fall times of 259/231 and 
250/310 ps are comparable. However as the data rate increases, pattern effects become more serious as shown in 
the simulations of Fig. 4 for 2.5 and 5 Gb/s data and in the latter case, modulation performance is very poor.  

3. CONCLUSIONS 

A strained bulk RSOA wideband model was used to investigate the effects of material and geometrical 
parameters on performance under a wide range of operating conditions. The versatility and accuracy of the models 
are particularly useful for RSOA design and optimization. Future work will focus on inclusion of receiver signal-
spontaneous emission beat noise in order to predict the RSOA modulator Q-factor, extinction ratio and bit-error-
rate. 



 
Figure. 2. (a) Simulated and experimental TE and TM ASE spectrums for bias currents of 40, 50,70,100 mA with no input signal (ripples, 
present on the experimental spectra are due to the non-zero reflectivity of the input facet), (b) corresponding carrier density distributions. 

 

Figure. 3. (a) Small-signal gain and (b) noise figure vs. bias current at 1550 nm.  

 

 

Figure. 4. Top: 1.25 Gb/s experimental and simulated eye diagrams. Bottom: 2.5 Gb/s and 5 Gb/s simulated eye diagrams.  
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