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Abstract All optical frequency converters are key devices for new conception optical networks. A mathematical 

formulation for the model of a wavelength converter based on four wave mixing (FWM) in semiconductor 

optical amplifier (SOA) is presented. Influence of different amplifier parameters on conversion efficiency is 

studied. We also demonstrate the relative effect of pump and probe powers on the stabilization of conversion 

efficiency over a wide regime of power variations. The results presented here would allow to fulfill the 

requirement of designing efficient wavelength converters. 
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1. Introduction 

The flexibility of optical networks  based on wavelength division multiplexing  (WDM) greatly increases  if 

wavelength conversion is used. Among the different approaches proposed for wavelength conversion, those 

leading to the most compact devices are based on semiconductor optical amplifiers (SOA's), because they rely 

on the large nonlinearity offered by highly excited semiconductor [1]. 

Four-wave Mixing (FWM) in SOA is a practical tool for frequency conversion and fast optical switching in all 

optical communication networks [2]. In fact among different techniques used to implement wavelength 

conversion, FWM is the only wavelength conversion technique demonstrated so far that is transparent to 

modulation format and bit rate, and is fully tunable over a wide range of wavelengths [3]. Moreover, it permits 

the conversion of an arbitrary input signal wavelength to any other wavelength within the SOA bandwidth by 

using tunable pump sources [4]. Also FWM is one of the few technologies which converts amplitude and 

frequency modulation equally well and has the ability to convert multiple signals in parallel [5]. FWM is a 

nonlinear effect that takes place when two waves at different wavelengths are injected into the SOA. In this 

situation a device output, whose angular  frequency   ω2  is  given  by  ω2=2ω0 – ω1 = ω0 – Ω. Here ω1 and ω0 are 

the angular frequencies of the signal field E1 and the pump field E0, respectively, and  Ω=ω1-ω0 is the detuning 

between the signal and pump [6]. 

Beating of the pump and probe fields leads to modulation of various parameters of the medium at the detuning 

frequency Ω, corresponding to the presence of dynamical gain and/or index gratings. Diffraction of the pump 

signal from these gratings leads to the generation of the "new" conjugate signal at ω2 [7].  

In this paper we present a theoretical analysis to assess the effect of different  SOA parameters on the converter 

based on  FWM in SOA. The structure of the paper is as follow: in section 2, we present the mathematical 

description for wavelength converter model based on FWM in SOA. The effect of carrier heating and spectral 

hole burning are included in this model. In Section 3, the effect of probe and pump and the influence of different 

SOA parameters on the conversion efficiency are studied. Finally, in section 4 we end with a brief conclusion. 
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2. Model of FWM-Based SOA Converter  

The expression of the conversion efficiency depends on the physical mechanism generating the FWM. In 

general, for conversion bandwidths smaller than a few THz, FWM is generated by carrier density pulsation, 

spectral hole burning and carrier heating. Carrier pulsation is due to stimulated electron-hole recombination that 

depletes optical carriers, reducing the optical gain. The characteristic time of this process is the stimulated 

lifetime of the optical carriers which is of hundred picoseconds. Besides depleting carriers, the optical field digs 

a hole in the intra-band carrier distribution, reducing the gain. This is spectral-hole burning. Its characteristic 

time, of the order of one hundred of femtoseconds, is the carrier-carrier scattering time, the time the carriers 

need to reach a thermal distribution within the bonds.  

Stimulated emission and free carrier absorption increase the average temperature of the carriers, free carrier 

absorption, because it promotes carriers to high energy levels in the bands stimulated emission because it 

subtracts carriers that are cooler than the average. The increase of temperature reduces the optical gain [8] .Two 

characteristic times are associated to carrier heating. The first is the carrier-carrier scattering time, the time the 

carrier gas takes to reach a heated equilibrium distribution from the initial non-thermal one. The second is the 

carrier LO(Longitudinal Optical) phonon scattering time, of the order of 700 fs, the time the carriers need to 

cool down to the lattice temperature [6-7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Optical mixing type: Four Wave Mixing (FWM) 

We consider the situation illustrated in Fig.1, where a pump signal with frequency ω0  and a probe signal with 

frequency ω1 are injected at the input facet of the amplifier. We consider the case of co-propagating pump and 

probe waves and assume the amplifier to be of the travelling wave type with antireflection coated facets. The 

signal generated at ω2 denotes the conjugate signal. Thus the total electric field propagating in the amplifier has 

the following form 

                                                      
 tiwtzEtzEA 0exp),(),( 

                                                                           (1) 

where  0  is the optical frequency of the pump wave and 
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with Eo , E1, and E2  the field amplitude of pump ,probe, and conjugate waves, respectively.  is the pump-

probe frequency detuning.  Nonlinearities in the semiconductor material lead to the generation of the conjugate 

signal at frequency ωp+Ω, where Ω= ωp-ωs  is the detuning frequency. The unsaturated (linear) gain coefficient 

of the active region of the SOA can be expressed as g=a(N-No) , where  a  is the gain factor, N  is the carrier 

density, No is the carrier density at transparency. The gain and the nonlinear contribution of the wave number 

can be written respectively as  
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In equations (3) and (4),   is the linear linewidth enhancement factor. Carrier heating and spectral hole burning 

have been introduced phenomenologically, hch(t) and hsh(t) are the linear response functions of the gain to a 

change of carrier temperature and distribution of intraband population. The parameters ch and sh are the 

strength of the corresponding nonlinear processes. The parameter β represents the effect on the refractive index, 

hence on the wavenumber, of the change of the electron temperature. In order to obtain propagation equations 

for pump, probe and conjugate, one can start from the wave equation of the field, through the slowly varying 

approximation to get [9] 
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where the temporal dependence is included in the gain g  and nonlinear wave vector knL  (see (2) and (3)). sc   is 

a loss coefficient introduced to include the scattering loss of the waveguide. The rate equation for the carrier 

density is 
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where  I  in the injection current, e  is the electron charge, V  is the volume of the active region  τs  is the 

spontaneous lifetime, and  E 2 is proportional to the power in watts. Γ is the confinement factor. The beating 

between pump and probe produces a modulation  N  of the carrier density around the steady state value  N   
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Substituting (1)-(4) and (7) in (5) and (6), we arrive at propagation equations for pump, probe and conjugate 

which are written, respectively, as 
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where Psat is the SOA saturation power , and S  is the optical field intensity  given by 
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The analytical expression of the Fourier transform of the nonlinear gain response due to carrier-heating, 

spectral-hole burning, are given by 
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In (12), 1 is the time in which the electron gas gets the same temperature of the lattice starting from a higher 

temperature and 2 the time in which the electron gas relaxes from an energy distribution out of the 

thermodynamics equilibrium to the Fermi distribution.  The four-wave mixing conversion efficiency is defined 
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as the ratio between the output power of the conjugate signal and the input power of the probe signal, and is  

expressed as 

                                                                             )0(
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                                                             (13)   

where P2(L)=  E2  L  2   is the output conjugate power(i.e at z =L) , and the input probe power  is  

P1(0)= E1 0  2  . Analytical evaluation of the formal solution of coupled wave equations (9) & (10) , the result 

is  
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The parameter Go is the unsaturated gain of the amplifier, given by   G0  =eΓ g0 L    and G   is the saturated gain at 

position z . L is the the total  SOA length.  To exploit (14), the SOA gain G  must be evaluated taking into 

account saturation. This can be performed by solving the following equation that relates the saturation gain with 

the overall input power [6] 

                                                                  
S 0 

Psat
=

Γg0−sc

sc

1− G G0  sc Γg0  

G− G G0  sc Γg0                                                        (16) 

 

3. Results and Discussion 

In this section, simulation results are presented to assess the impact of various SOA parameters on the 

conversion efficiency of the wavelength converter. Unless otherwise stated, the parameter values used in the 

simulation are listed in Table 1 . 

The dependence of conversion efficiency     on pump power P0 is shown in Fig. 2 for different values of the 

input signal power P1. Fig.3 shows the variation of   on P1 for  P0 = -7 dBm. It can be noted from the two 

figures that a serious degradation in the conversion efficiency occurs when P1 increases in the presence of low 

pump   level (-15 dBm). However, increasing P0 to 10 dBm makes the conversion efficiency approximately 

independent of changes in P1.This means that an intense pump power is preferred for high conversion 

performance. 

Another clear effect is that when decreasing the signal power P1 to  -17 dBm the conversion efficiency becomes 

almost constant over a relatively wide range of pump power (-7.5 dBm). Fig. 3 shows that signal power P1 has 

an approximately opposite effect on conversion efficiency. That is,   is a decreasing function of P1.This means 

that in contrast to the efficiency improvement by high pumping, the signal level has to be kept to an optimum 

reduced level to preserve a good converter performance. 

Table 1: Parameter values used in the simulation 

Parameters Description Value Units 

0 Pump wavelength 1555 nm 

L Amplifier length 500 µm 

Psat Saturation power 10 mW 

P0 Pump power -7 dBm 

P1 Probe power -17 dBm 

sc    Material scattering loss 1000 m
-1

 

Go Unsaturated gain 22.8 dB 

 Detuning frequency 250 GHz 

 Confinement factor 0.3  

 Linear linewidth enhancement factor 4  

 Non-linear linewidth enhancement factor 2  

 SHB parameter    1.4 W
-1

 

 CH parameter    3.5 W
-1

 

 Spontaneous lifetime 200 ps 

 CH  time 650 fs 

 SHB  time 100 fs 
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Figure: 2 Conversion efficiency vs the optical pump 

power. Different values of the signal power are 

considered 

Figure 3: Conversion efficiency vs. the signal power 

for a pump power of -7 dBm 

Fig. 4 illustrates the variation of conversion efficiency with frequency detuning for both down conversion ( > 

0) and up conversion ( < 0). It can be observed that there is an asymmetry in the efficiency characteristics 

between the up and down conversion. This means that more efficient frequency conversion is realized when the 

signal is translated toward high frequencies, which are when  < 0. The improvement of negative detuning is in 

the range of (4-6 dB).The biggest observed one is around =450 GHz.  

 

Figure 4: Conversion efficiency versus detuning frequency. Solid line is obtained for   > 0, while dashed line 

is for  < 0 

  
Figure 5: Conversion efficiency versus the linear 

linewidth enhancement factor 

Figure 6: Conversion efficiency versus the nonlinear 

linewidth enhancement factor. 
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The linear and nonlinear linewidth enhancement factors ,  and  , affect the conversion efficiency in a 

different manners, as illustrated in Figs.5 and 6 . Investigating these figures highlights the following findings: 

(i) The   efficiency decreases almost linearly with  at a rate of 0.114 dB. Thus variation of  from 0 to 7 

reduces   by approximately 0.8 dB. 

(ii) At    min = 2, the efficiency approaches a minimum value of -8 dB. Operating with    min will 

enhance the efficiency, and this effect is more pronounced at  > min . For example, at  = 2min = 4, 

the efficiency is enhanced by 1.5 dB. 

 

4. Conclusions 

A complete model of a FWM-based SOA wavelength converter has been derived in detail .The model takes 

into account the effect of various nonlinear processes that affect the conversion mechanism in the SOA, such as 

CH, and SHB  processes. The  analytical model  obtained in (14)  represents the conversion efficiency as a 

function to detuning frequency .  

Distinguishable degradation in converter efficiency with increased signal power P1 is observed, while 

conversion saturation is reached for high level pump power P0. The linear and nonlinear enhancement factors 

show opposite behaviour on the conversion efficiency, with lower effect for linear enhancement factor. Also, 

more efficient frequency conversion is realized when the signal is translated toward high frequencies, that is 

when  < 0.The best noticed improvement is around 450GHz.   
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