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Abstract—Amplification of picosecond optical pulses by 

reflective semiconductor optical amplifier (RSOA) is theoretically 

investigated using a high-precision time-domain model. It is 

demonstrated that, compared to conventional SOA in similar 

conditions, pulses amplified by RSOA suffer from additional gain 

reduction of a few dB due to RSOA’s rear-facet reflection, which 

increases saturation level inside the device. The time delay and 

waveform of output pulse could be very different from RSOA or 

SOA providing the same small-signal gain. The model is then 

applied to a 40 Gb/s PCM signal to study the patterning effect in 

both SOA and RSOA. 

 
Index Terms—Optical pulses, reflective semiconductor optical 

amplifier (RSOA), time-domain modeling, patterning effect. 

 

I. INTRODUCTION 

s a compact, effective and versatile amplification device, 

semiconductor optical amplifier (SOA) has shown its 

potential in many applications, including optical pulse 

generation and amplification, as well as communication 

networks. Compared to a conventional SOA, reflective SOAs 

(RSOAs) provide some interesting features [1]-[3]. In effect, a 

RSOA doubles the length of the gain medium of a SOA, 

offering therefore a higher small-signal optical gain with the 

same drive current. The drawback is that a RSOA is more easily 

saturated, because the injected and reflected optical waves share 

the same pool of inversed carriers. The nonlinear interaction 

between these two waves in a dynamic gain medium makes it 

difficult to analytically obtain the amplified output signal, in 

contrast to a SOA where analytical predictions are possible in 

some situations [4]. As a consequence, numerical simulations 

are necessary for RSOA. Indeed, in a recent study [3], 

interaction between relatively slow (~50 ps) injected and 

reflected optical pulses in RSOA is investigated using a first-

order numerical approach. 

 In order to predict reliably the behaviors of RSOA, especially 

for shorter pulses (a few ps in width) with relatively high 

intensities compared to the saturation power of RSOA, we 

adept a newly developed high-order (4th) numerical model [5] 

to RSOA. The model has shown excellent agreement with both 
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analytical and experimental results in SOA [6]. Since the only 

difference between the RSOA, studied in this paper, and the 

configuration in [6] is the replacement of the optical back 

injection in the SOA by the rear-mirror reflection in the RSOA, 

the high precision demonstrated in [6] should be retained here. 

 It is well known that both SOA and RSOA are prone to inter-

symbol interference, or the patterning effect [7], which 

originates from incomplete gain recovery when amplifying a 

fast pulse train. In the case of RSOA, moreover, a reflected 

pulse may overlap with the next upcoming pulse in the active 

medium. Although this effect might be avoidable in 

applications with moderate bit-rates (≤10 Gb/s) and fast 

components such as in [6], it remains highly desirable to 

develop an accurate simulation tool capable of handling this 

effect, which is one of the main concerns for the deployment of 

SOA or RSOA in practical applications involving fast signals. 

In this paper, we show that the present model is readily 

applicable to this patterning effect, by demonstrating the 

amplification of a 40 Gb/s coded pulse train by both SOA and 

RSOA.  

In the following, we will firstly focus on pulse amplification 

behavior due to intrinsic effects in SOA/RSOA. Secondly, the 

model will be applied to a 8-bits coded pulse stream. The aim 

is to provide a high-precision modeling tool when bulk- and 

MQW-RSOAs are adopted in applications mentioned above. 

II. RSOA MODEL AND NUMERICAL PROCEDURE 

In this paper, we consider the situation of input optical 

signals far stronger than the noise level in both SOA and RSOA. 

In addition, the frequency bandwidths are narrow enough (~ 

1nm) for both input and amplified output signals, as is the case 

for picosecond optical pulses. It is therefore justified to ignore 

the noise and other wideband effects [8]. In such conditions, the 

contra-propagating slowly-varying field envelops could be 

described by the phenomenological model under -it 

convention as [4]: 
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Here, A are the injected (+z) and reflected (-z) field 

envelops, respectively; vg is the group velocity, g is the net 

optical (intensity) gain, g0 is the small-signal gain, H is the 

Henry factor, c is the carrier lifetime, Esat is the saturation 

energy. The device length L=1 mm, corresponding to a small-

signal transit delay of 13.3 ps for SOA, and 26.6 ps for RSOA, 

respectively. All parameters other than variables (A and g) are 

assumed to be constant. The boundary conditions are R1 (field 

reflectivity)=0 and R2=1 at RSOA’s two facets. The comparison 

with SOA is carried out using the same set of parameters except 

R2=0.    

The coupled equations (1)-(2) can be resolved numerically 

with high precision. In effect, we have developed a method 

which, firstly, transforms the system (1)-(2) into pseudo-

ordinary differential equations by introducing new coordinates 

(vgt  z)/2 to substitute (t, z), and then applies a predictor-

corrector scheme in the new coordinate frame. The outcome is 

equivalent to the well-known 4th-order Runge-Kutta algorithm 

in terms of stability and convergence. The technical details and 

verifications are available in [5]. The procedure is applied to a 

mode-locked laser using SOA as described above in [6], where 

excellent agreement is obtained between theoretical prediction 

and experiment. The adaptation of the algorithm in [5] to RSOA 

is straightforward, by noticing that the boundary condition at 

z=L is now A=R2A+. This numerical procedure could easily be 

extended to include the effects of residual facet reflection, gain 

dispersion [5], spectral hole-burning [3], as well as the 

patterning and overlapping mentioned above. Notice, however, 

that the model (1)-(2) itself may be questionable if the signal 

becomes too fast (~1 ps or less). 

III. AMPLIFICATION OF A SINGLE PULSE 

In order to compare the behaviors of RSOA and SOA, one 

has to match their parameters as closely as possible. We choose 

a commercially-available SOA (CIP, SOA-NL-OEC) as 

reference, since its parameters are checked at =1.55 m in [6]. 

The corresponding RSOA is not available yet (to our 

knowledge), but should be technologically possible. In the 

following we use Esat=0.5 pJ, c=16 ps, vg=c/4, H =6, and the 

small-signal gain is fixed at 28dB for both SOA and RSOA. 

This gain is obtained at 290 mA bias in SOA [6], accompanied 

by a noise (ASE) level of -26 dBm/nm. Since a uniform carrier 

density is assumed at steady-state, the difference in length or in 

drive current between SOA and RSOA are transparent in this 

model, as long as they provide the same small-signal gain. Note 

also that, since many device parameters are dependent on 

carrier density, it may be easier to match SOA and RSOA with 

LSOA=2LRSOA. 

Let’s consider the amplification of two Gaussian pulses of 

different widths by SOA and RSOA, respectively. The first 

1=5 ps (FWHM) is fast compared to the carrier lifetime, the 

second 2=30 ps is relatively slow. The optical intensity of these 

pulses is calibrated with the saturation power Psat of 

SOA/RSOA, defined as Psat=Esat/c (≈31 mW here). The peak 

input intensity is P0. We consider weak (P0/Psat=0.1), moderate 

(P0/Psat=1) and strong (P0/Psat=10) input intensities. 

The amplification of weak pulses (P0/Psat=0.1) are shown in 

Fig. 1. The waveforms in (1a) and (1c) are traced in a time 

coordinate moving at the group velocity, such that the origin 

(t=0) will indicate the pulses’ peak position if the small-signal 

(linear) amplification is observed. It can be seen that, although 

the input intensity is relatively weak, the typical effect of 

nonlinear distortion is already present. For the short (1=5 ps) 

pulse, the time delay is nearly the same for both SOA and 

RSOA, but a reduced peak power (~13 percent lower or -0.6 

dB) from RSOA is observed, due to its stronger saturation. For 

the long (2=30 ps) pulse shown in Fig. (1c), this gain penalty 

on RSOA is more severe (-1.6 dB), where the leading edge of 

the RSOA-amplified pulse saturates more quickly, resulting in 

a seemingly shorter time delay. The effect of carrier re-pumping 

is also visible at the trailing edge of the same pulse, but not with 

SOA. In spite of these differences in waveforms, the spectra 

from SOA and RSOA are very similar in structure and in 

bandwidth, for both the short and the long pulses. It can be 

easily checked that the ASE noise is not a concern at this input 

level, as long as the detection bandwidth is appropriate.  

 

  
    (1a) Waveforms (1 = 5 ps)         (1b) Spectra (1 = 5 ps) 

 

 
       (1c) Waveforms (2 =30 ps)       (1d) Spectra (2=30 ps) 

 

Fig. 1. Waveforms and corresponding spectra of amplified pulses by SOA and 

RSOA with P0/Psat=0.1. (1a) and (1b): input Gaussian width 1=5 ps (FWHM); 

(1c) and (1d): 2=30 ps. Time coordinate is moving at vg along with pulses’ 

leading edges in (1a) and (1c). Idem for Figs. 2 and 3. 

 

Fig. 2 illustrates the situation of moderate input intensity 

(P0/Psat=1). Compared to SOA, the gain reduction in RSOA is -

1.1 dB for the short pulse, and -1.8 dB for the long one. In both 

cases, the RSOA amplification results in longer time delay, 

albeit for different reasons. For the short pulse, the leading edge 

1 = 5 ps 

P0/Psat = 0.1 

2 = 30 ps 

P0/Psat = 0.1 



 

 

in the SOA gets higher amplification and steepens much 

strongly, while the carrier re-pumping results in a bulged 

trailing edge for the long pulse in RSOA. The spectral 

similitude remains true, as in Fig. 1. Notice also that, as 

expected, the amplification factor (output peak intensity/input 

peak intensity) is greatly reduced compared to Fig. 1.  

   

 
     (2a) Waveforms (1 = 5 ps)        (2b) Spectra (1 = 5 ps) 

 

 
          (2c) Waveforms (2 =30 ps)         (2d) Spectra (2=30 ps) 

 

Fig. 2. Amplified waveforms and corresponding spectra with P0/Psat=1. (2a) and 

(2b): 1=5 ps (FWHM); (2c) and (2d): 2=30 ps.  

 

 
      (3a) Waveforms (1 = 5 ps)            (3b) Spectra (1 = 5 ps) 

 

 
          (3c) Waveforms (2 =30 ps)          (3d) Spectra (2=30 ps) 

 

Fig. 3. Amplified waveforms and corresponding spectra with P0/Psat=10. (3a) 

and (3b): 1=5 ps (FWHM); (3c) and (3d): 2=30 ps.  
 

The situation of strong input intensity (P0/Psat=10) is shown 

in Fig. 3. Understandably, the amplification factor becomes still 

lower, since the output peak intensities are barely doubled for 

the short pulse in Fig. (3a), and even less for the long pulse in 

Fig. (3c). In this last case, the inversed carriers in both SOA and 

RSOA are quickly depleted by pulse’s leading edge, leaving the 

re-pumped carriers to maintain the pulse waveform to the end. 

No additional time shift is observed in both SOA and RSOA 

amplifications. Notice that the relative gain reduction is always 

present in RSOA compared to SOA.   

IV. AMPLIFICATION OF A PULSE TRAIN 

The above model and algorithm can be indifferently applied 

to any input signal, as long as its bandwidth is narrow enough 

(no more than a few nm) to avoid the effect of gain dispersion. 

As an example, we consider the amplification of a pulse train 

by both the SOA and the RSOA studied above. The input signal 

is a 40 Gb/s pulse stream 11100101, with “1” stands for a 10 ps 

(FWHM) Gaussian pulse, while “0” is fixed at constant -19 dB 

below the input intensity peaks to represent the noise level. To 

be consistent with the previous section, the maximum 

normalized intensity of the input pulses is set to be P0/Psat=0.1, 

1, and 10, respectively. The device parameters are the same as 

in Section III. Notice that the incoming symbol period (25 ps) 

is comparable to the carrier lifetime (16 ps), as well as to the 

transit delays of the SOA (13.3 ps) or the RSOA (26.6 ps). The 

patterning effect is therefore unavoidable. The results are 

shown in Fig. 4.  

Figs. 4(a)-4(c) show the amplification of the 8-bits signal 

with different input intensities. As expected, the patterning 

effect is obvious in all cases, and the SOA always provides 

more signal gain than the RSOA does. The waveform 

distortions are also observed and can be well explained by the 

single-pulse cases in Figs 1-3. Notice also that the noise 

performance would be different for SOA and RSOA, as can be 

observed from the gain recovery during “00” bits in the middle 

of the data stream. Interestingly, the patterning effect in Fig. 

4(c) is reduced for both SOA and RSOA, albeit with moderate 

signal gains (~2dB).    
 

 
Fig. 4(a). Amplified pulse stream 11100101 by SOA and RSOA, respectively. 
The intensity maximum for input “1” is P0/Psat=0.1, its minimum “0” is fixed 

at -19 dB below the input pulse peak to represent the noise level.  

1 = 5 ps 

P0/Psat = 1 

2 = 30 ps 

P0/Psat = 1 

1 = 5 ps 

P0/Psat = 10 

2 = 30 ps 

P0/Psat = 10 

P0/Psat = 0.1 



 

 

 

 
4(b). P0/Psat=1. 

 

     
4(c). P0/Psat=10.  

 

V. CONCLUSION 

Although Gaussian pulses are chosen as input signals for 

convenience, several broad observations could still be 

underlined. First and the most obvious is the gain penalty 

imposed on RSOA compared to SOA providing the same small-

signal gain. This gain reduction for RSOA, in the order of 1~2 

dB, will happen in almost all practical conditions, including the 

situation when the input signals are weak and fast. This 

phenomenon is the consequence of a higher optical intensity in 

RSOA, due to its rear-facet reflection. Moreover, the effect of 

carrier re-pumping, observed as additional distortions on the 

trailing edge of output pulses, occurs more easily with RSOA. 

The interplay of these two mechanisms results in a time delay 

which could be substantially different for RSOA and SOA 

operating in similar conditions. The output waveforms from 

these two devices easily diverge as well, even though their 

respective spectra remain similar in most situations. 

The device model and the associated algorithm used in this 

study are readily applicable to pulse trains. It is demonstrated 

that both SOA and RSOA can still provide substantial power 

gains to fast PCM signals (up to 40 Gb/s) in spite of the 

patterning effect.      

The above knowledge might be potentially important if 

RSOAs are to be deployed in communication networks or in 

other applications, in which signal synchronization is a key 

issue.  

The nonlinear interactions studied in this paper usually 

require adequate simulation tools. The numerical method 

adopted here, together with its associated algorithm, might be a 

promising candidate for SOA and RSOA modeling, due to its 

demonstrated precision and its flexibility for input signals.  
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