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Abstract—We have proposed a theoretical model to study 

bistable switching between two optical signals using a 

vertical cavity semiconductor saturable absorber (VCSSA) 

operating in reflection mode. The model is based on the 

carrier rate equation, which predicts cross-absorption 

phenomena within the absorber region. Simulations are 

carried out to investigate the effect of various cavity 

parameters on switching performance of the device. As an 

application, we have studied wavelength conversion of a 

10Gb/s non-return-to-zero data signal, using the same model 

for bistable switching. 

 

Index Terms—optical bistability, bistable switching, cross-

absorption modulation, wavelength conversion 

 

I. INTRODUCTION 

All-Optical wavelength conversion is a more advances 

conversion technique in recent WDM network systems. 

The conversion process in general utilizes some nonlinear 

optical effects, which includes four wave mixing (FWM), 

cross-phase modulation (XPM) and cross-absorption 

modulation (XAM) to realize the wavelength conversion 

in some optical components like SOAs [1], [2] and 

nonlinear loop mirrors [3]. Also there are lots of 

experiments on wavelength conversion through XAM has 

been observed in many optical components like vertical 

cavity semiconductor saturable absorbers (VCSSAs) [4], 

[5] and electro-absorption modulators (EAMs) [6]. In this 

paper, we have developed a theoretical model to explain 

wavelength conversion process in a VCSSA, using 

bistability of the device.  

A VCSSA has numerous applications in optical 

switching [7], [8] and all-optical signal regeneration [9], 

[10]. It is designed as a resonant Gires-Tournois 

interferometer with semiconductor multiple quantum well 

(MQWs) based absorption layers positioned between an 

asymmetric Fabry-Perot cavity. The device shows 

bistable characteristics by utilizing both nonlinear 

absorption and the dispersion of the MQWs within a 
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feedback cavity. The dispersive bistability arises from the 

intensity dependence of refractive index [11]. Here, we 

have considered the combined effect of carrier 

dependence of absorption coefficients and refractive 

index change to study bistability in our model. This paper 

is organized as follows: In section-II, we have studied 

numerically the bistability switching between two optical 

signals at different wavelengths based on the XAM in the 

MQWs structures. In section-III, we have studied the 

wavelength conversion process in a VCSSA, using the 

results obtained from the above nonlinear model and the 

last section concludes.  

II. BISTABLE SWITCHING 

A. Bistable Characteristics of the Nonlinear Device 

A VCSSA exhibits high nonlinear characteristics. The 

maximum nonlinearity of the VCSSA is achieved by the 

combined effect of the asymmetric Fabry-Perot (FP) 

cavity and the MQWs [7]. An asymmetric Fabry–Perot 

cavity is usually formed by the semiconductor/dielectric 

distributed Bragg reflectors (DBR) with less reflective 

front mirror (Rt) and a highly reflective back mirror (Rb). 

 

Figure 1.  Schematic structure of a nonlinear VCSSA 
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The DBR mirrors are consists of alternating layers of 

high and low refractive index materials, each of thickness 

equals to λ/4, where λ is the central wavelength of the 

DBR stop band. The DBR reflectivity depends on the 

number of piled layers and the difference in the refractive 

index (∆n) of the adjacent layers. Usually the devices 

were grown by solid-source molecular beam epitaxy on 

an n-type InP substrate. The schematic of the device 

structure is shown in Fig. 1. It comprises a bottom DBR, 

an InP spacer layer, the absorber region (MQWs), an InP 

cap layer, and a top DBR [12]. The DBR layers and the 

QW layers are chosen to be same semiconductor 

materials for the requirement of lattice matching. In our 

model, we have considered an InGaAs/InP based MQWs, 

to operate the device near 1550nm. Both cap and spacer 

layers allow multiple resonances of the device within the 

communication wavelength range. In order to decrease 

the absorber recovery time, the active region is usually 

irradiated with the proper dose of heavy ions. The 

irradiated sample is then coated with few layers of 

SiO2/TiO2 providing the specified top mirror reflectivity 

at the resonance wavelength of the device. The top mirror 

reflectivity Rt determines the amount of light entering the 

saturable absorber and therefore controls the nonlinear 

reflectivity [13]. For such a device the spectral dependent 

power reflectivity can be calculated by using the standard 

formula for a FP-cavity incorporating the losses [8]. 
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where, αD is the total absorption within the VCSSA 

cavity, which can be expressed as 
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where, d is the physical length of the micro-cavity 

resonator which includes the cap layer, the active region 

(MQWs), and the spacer layer, d1 is the total width of the 

QWs, α0 is the low power absorption coefficient, and αns 

is the nonsaturable part of the absorption. ϕrt is the round-

trip phase of the optical field within the cavity and 

rt Linear Nonlinear     [8]. Where Linear  is the actual 

phase associated with the field within the cavity and is 

equal to 2mπ (considering resonance at low input power), 

m is any positive integer. The nonlinear contribution of 

the phase arises from the photo induced change in carrier 

density. The light intensity within the cavity induces an 

index change, which introduce a phase change: 

 14 /Kerr workd n    , called the phase due to Kerr-

nonlinearity. Where Δn is the change in material 

refractive index, that varies with intra-cavity intensity as 

Δn=n2Ic, with n2 is the third-order nonlinear optical 

property of the medium. Defining 
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satccs PPP  , where Pc and Psat, are respectively the 

cavity power and the saturation power of the nonlinear 

device. Further, 
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4  is the extra 

phase detuning of the optical field, when the device 

operated at a wavelength other than the resonant 

wavelength of the cavity. However, the total power 

absorption introduces some thermal effects, because of 

which the resonance shifts towards higher wavelength 

side due to increase in effective cavity length. This results 

in some additional phase to the optical field. Thus, the 

total corrected phase now becomes 
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where  res act th cd dT R P D     is the shift of the 

resonance wavelength due to thermal effects [14]. Rth is 

the effective thermal resistance and dλres/dTact is the rate 

at which the cavity resonant wavelength changes with 

actual temperature of the device. The thermal effect in the 

device persists in a time scale of few micro-seconds. For 

device characterization, we usually considered the CW 

approximation. Thus, the shifting Δλ due to thermal 

effects has to be calculated for each values of the input 

power. But, this approximation is not acceptable for an 

optical signal having pulse width in the pico-second order. 

For such a case Δλ is considered to be constant, and it 

assumes the value corresponding to the pulse peak power 

(i.e. Δλ=Δλ(Pin
MAX

)). However, this shifting will not 

affect to the temporal characteristics of the signal. All 

simulated results that have been presented in this paper 

are calculated assuming Δλ=Δλ(Pin
MAX

). The length-

averaged power inside the cavity can be expressed as [8] 
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where, inP and refP  are the incident and reflected power 

of the optical signal, respectively. It is observed from eqn. 

(6) that the reflected power, which depends on the 

reflectivity of the device, is a function of both phase and 

total absorption. The above two parameters (α and ϕrt) are 

strongly depend on the power inside the cavity, which is 

controlled by the feedback cavity through top mirror 

reflectivity. The reflected power as a function of the input 

power at 1550nm for different top mirror reflectivities 

has shown in Fig. 2. The plot shows that, a clockwise 

bistability with narrow bistable loop and low threshold 

power could be obtained for a small value of top mirror 
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The power reflected from a VCSSA, follows the 

expression



reflectivity (Rt). The device parameters used in our 

simulations are given in Table I. 

 
Figure 2.  Normalized incidence power vs. output reflected power at 

1550 nm for different values of top mirror reflectivity. 

TABLE I.  QUANTUM WELLS PARAMETERS 

Symbols Parameters Values Units 

d Cavity Length 3λ/2n  

d1 Length of the active region 0.3 µm 

a0 Low power absorption coefficient 106
 m-1

 

ansd Nonsaturable Absorption 0.0125  

n2s Saturated nonlinear index -0.025  

Psat Saturation Power 40 mW 

Rth Effective thermal resistance of the 

micro-cavity 

3000 K/W 

λres Micro-cavity resonance 

wavelength 

1550 nm 

(dλ/dT)res 
Rate of change of resonance 
wavelength with temperature 

0.1 nm/K 

Rb Bottom mirror reflectivity 0.995  

n Average R.I. of MQWs 3.56  

B. Switching Bistability 

Bistable switching between two optical signals, each at 

different wavelengths were studied first time using a 

Fabry-Perot semiconductor laser amplifier (FPSLA) 

working in transmission mode [15]. Later on some 

experiments were carried out to study the switching 

properties using some devices like semiconductor laser 

amplifier [16] and distributed feedback semiconductor 

optical amplifier (DFBSOA) [17]. In this paper, we have 

demonstrated bistability switching between two optical 

signals using a passive device like VCSSA. In this 

section, we have studied the switching of a signal beam 

by another control beam fixed at the cavity resonance 

wavelength of 1550nm, using bistability of the device. To 

study the switching behavior of the device, we have fixed 

the signal beam at a wavelength other than the cavity 

resonant wavelength with very low input power. On 

gradually increasing the input power of the control beam, 

the carrier concentration within the cavity increases, this 

modifies the absorption and refractive index of the 

saturable absorber. The rate at which the carrier density 

 N  changes within the absorber region is given by 
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where, c  and s  are the angular frequencies of the 

control and signal beam, respectively and  c  and 

 s  are their corresponding absorption coefficients. τ 

is the carrier recombination time. For a fast absorber and 

under continuous wave approximation, we have 

0dtdN . This implies 
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here we have considered the absorption 

(i.e.       sc ), is spectral independent within a 

small range of detuning nm10~ . Now these carriers 

modulate the absorption coefficient of the nonlinear 

device according to [18] 
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and    scccct PPP    is the total power within the 

cavity. Similarly the phase due to Kerr-nonlinearity will 

be modified by  
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where i = c or s, is the index for control and signal beam, 

respectively. The change in phase due to Kerr-

nonlinearity will shift the cavity resonance towards the 

shorter wavelength regime (blue-shift), whereas a red-

shift of cavity resonance will take place due to the 

thermal effect. The combined phase effect together with 

the total absorption is responsible for the change in 

reflectivity of the device. This results in change of output 

powers of both the beam. The output of the signal and 

control beam powers follows the equations 

  1,11, , inref PRP   

 and   2,22, , inref PRP          (11)  

The simulated result as plotted in Fig. 3(a) and Fig. 

3(b) are respectively, shows the reflected power of both 

control and signal beam as a function of the control beam 

input power  1,inP , and in presence of the signal beam at 

four different wavelengths. It is observed from the plot 

that, wider bistable loop with high extinction ratio (ER) 

could be obtained for the signal beam at 1551nm. 

Converted probe 

signal at λ2 

 

SA 
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Figure 3.  (a) Normalized incidence power vs. reflected power of the 
control beam in presence of signal beam at four different wavelengths, 

(b) Reflected signal beam power as a function of input control beam 

power. Rt=0.97, λc=1550nm, PIN (Signal)=0.2PSAT 

C. Effect of  on Bistability 

Fig. 4 shows the simulated input/output curve for a 

signal beam at 1551nm, with small-signal absorption as a 

parameter. The curves show that the threshold power 

increases with an increase in small signal absorption. 

Also the bistable loop is wider in this case, but the high 

value of absorption is not desirable, since it increases the 

temperature of the device. 

 

Figure 4.  Normalized incidence control beam power vs. reflected 

signal beam power for different values of small-signal absorption, 
λS=1551nm, PIN (Signal)=0.2PSAT 

III. WAVELENGTH CONVERSION 

The same model has been used to study wavelength 

conversion in a VCSSA based on our previous results of 

bistable switching, and the schematic of the model is 

shown in Fig. 5. The probe beam at λ2 from the CW laser 

source and the data signal at λ1 will be sent 

simultaneously to the VCSSA through the input end of 

the circulator, and the converted probe signal at λ2 will be 

collected from the output terminal of the circulator. The 

low power spectral reflectivity of the device is shown in 

the inset of Fig. 6 (black dotted line). To study 

wavelength conversion between two optical signals, we 

have used a pump signal at a wavelength exactly 

matching the cavity resonance of 1550nm (black arrow). 

The pump beam, which carries the signal, is modulated 

with a 10GB/s pseudo random binary sequence (2
7
-1) 

non-return-to-zero (NRZ) data signal with an extinction 

ratio (ER) of 12.26dB. A CW diode laser at 1551nm is 

used as a probe signal (gray arrow) with an input power 

of ,2 0.25in satP P . It is clear from Fig. 6 that, the 

reflected power of the probe beam is maximum (‘ON’ 

state) at low input power of the pump signal (‘OFF’ 

state). 

 

 

 

 
 

International Journal of Electronics and Electrical Engineering Vol. 3, No. 5, October 2015

©2015 Engineering and Technology Publishing 399

0 1α d

Figure 5. Schematic of the model used for wavelength conversion

Figure 6. Normalized incidence pump beam power vs. output reflected 
power (both pump and probe beam). Rt = 0.97, PIN (Signal) = 0.25 PSAT



With gradually increasing the power of the pump 

beam, the absorption within the quantum well decreases, 

and simultaneously the intracavity intensity increases, 

results in a further decrease in absorption. This continues 

until the reflectivity jumps discontinuously to a minimum 

value for a given switched down power (P↓), where both 

pump and probe beam have their minimum reflected 

power (as shown in Fig. 6). The output of the probe beam 

decreases with further increasing input pump power. In 

our case we have chosen the input power of the pump 

beam corresponding to the ‘ON’ state is slightly greater 

than the downward threshold power (P↓), for which the 

output of the probe beam is minimum (‘OFF’ state). Fig. 

7 shows the plot of the incident data signal at 1550nm 

and the converted probe signal at 1551nm. It is clear from 

our simulation that the converted signal is of an inverting 

type with a calculated ER of 7.38dB. 

 

Figure 7.  Plot of (a) input data signal and (b) converted probe signal as 
a function of time (ps). 

IV. CONCLUSION 

Bistability switching between two optical signals of 

different wavelengths has been studied theoretically in a 

passive VCSSA, based on the XAM within the MQWs. 

Clockwise switching with wider bistable loop and high 

extinction of the optical signal could obtained by properly 

selecting the operating wavelength and the cavity 

parameters. Simultaneously, wavelength conversion in a 

VCSSA has been studied theoretically by utilizing the 

same model of bistable switching. We observed an 

extinction ratio of 7.38dB for the converted signals at 

1551nm, against a 10Gb/s NRZ data signal at 1550 and 

an extinction of 12.26dB. Now a day VCSSA’s are 

available with a carrier recombination time of the order of 

few ps (~1ps), which could be used for wavelength 

conversion of high bit-rate signals (upto 80Gb/s or more). 

The operation could be in principle extended to a broad 

wavelength regime, which is desirable for WDM signal 

transmission systems. The most important aspects of a 

VCSSA used for wavelength conversion is due to its 

small size, easy to fabricate and does not require any 

biasing for its operation.  
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