
 

 

 
Abstract In this paper, by exploiting a single semiconductor 

optical amplifier-Mach Zehnder Interferometer (SOA-MZI), an 
integratable all-optical flip-flop (AOFF) is proposed. It is composed 
of a SOA-MZI with a bidirectional coupler at the output. Output 
signals of both bar and crossbar of the SOA-MZI is fed back to SOAs 
located in the arms of the Mach-Zehnder Interferometer (MZI). The 
injected photon-rates to the SOAs are modulated by feedback signals 
in order to form optical flip-flop. According to numerical analysis, 
Gaussian optical pulses with the energy of 15.2 fJ and 20 ps duration 
with the full width at half-maximum criterion, can switch the states of 
the SR-AOFF. Also simulation results show that the SR-AOFF has 
the contrast ratio of 8.5 dB between two states with the transition 
time of nearly 20 ps. 
 

Keywords All Optical, Flip-Flop, Mach-Zehnder Interferometer 
(MZI), Semiconductor Optical Amplifier (SOA). 

I. INTRODUCTION 
LL-OPTICAL devices are one of the key components of 
the next generation optical signal processing systems. As 

well as needing for high speed optical communication in the 
current era, all optical signal processing is also critical for 
future finite state systems. Sequential optical machines, optical 
data packet switching and routing require all-optical logic 
gates and flip-flops. Optical time division multiplexed 
(OTDM) communication systems operating at single 
wavelength need for kind of flip-flops which work with single 
wavelength.  

Several efforts have been carried out by scientists for 
implementing all-optical flip-flops (AOFFs). But most of 
those work with two wavelengths. A large number of AOFFs 
are based on lasers and bistability in lasing modes. coupled 
semiconductor micro-ring lasers [1], coupled laser diodes [2], 
microdisk lasers on silicon chip [3] and  multimode 
interference bistable laser diodes [4] are  used for all-optical 
flip-flop operation in this category. In [5] a new concept for 
AOFFs was proposed. It is composed of two coupled ring 
laser at two wavelengths. Each cavity in this configuration has 
a semiconductor optical amplifier (SOA) as an active element. 
The same as flip-flop in [5], An AOFF including two 
unidirectional ring lasers was proposed in [6]. It uses separate 
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Fig. 1 The proposed set-reset all-optical flip-flop. 

cavities and sharing a same active element unidirectionally. 
Thence, several optical flip-flops [7],[8] were introduced base 
on the AOFF core in [5]. AOFFs using polarization can be 
found in [9]. Coupled interferometric switches also can be 
used for forming AOFFs [10],[11]. In [11] a AOFF was 
proposed based on two coupled Mach Zehnder Interferometers 
(MZI) which employs SOA in MZI arms. Some kind of flip-
flops based on a single semiconductor optical amplifier- Mach 
Zehnder Interferometer (SOA-MZI) were introduced in 
[12],[13]. 

In addition to laser based flip-flops, all of the SOA-MZI 
optical flip-flops work at two wavelengths. It means that 
wavelengths of optical set-reset inputs and optical outputs are 
different. So cross gain modulation (XGM) and cross phase 

corresponding for phase shifting in arms of MZI. Operating in 
two wavelengths leads to inability of cascading sequenced 
optical flip-flops. Furthermore working with two wavelengths 
requires wavelength conversion.  

In this paper, for the first time to our knowledge, a new 
architecture for single wavelength set-reset all-optical flip-flop 
(SR-AOFF) exploiting a single SOA-MZI is proposed. The 
SR-AOFF is depicted in Fig. 1. Small footprint and single 
wavelength operation are the considerable features of the SR-
AOFF for optical integrated circuits. Using of two SOAs in 
both arms of MZI and feeding back of both outputs in a 
differential exciting configuration, lead to increase the 
switching speed and reduce the minimum energy level of 
trigger pulses. 

The rest of the paper is organized as follows: Section II 
describes the proposed SR-AOFF qualitatively and discusses 
its operational principle. Theoretical analysis of the SR-AOFF 
is explained in section III. In section IV, time domain 
simulation of the AOFF is carried out. Discussion and 
conclusion are in section V. 
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II. OPERATION PRINCIPLE  
The proposed SR-AOFF is shown in Fig. 1. It is composed 

of one MZI cell containing a SOA in its each arm. The SOA-
MZI is fed by a continuous wave (CW) called pump laser. A 
bidirectional coupler with the coupling factor of 0.5 is placed 
at the end of the MZI. A bit power of each output of the 
bidirectional coupler (naming bar and crossbar  output ports) 
is collected to make feedback signals injecting to SOAs 
located in arms of the MZI. The suggested AOFF has two 
outputs ( Q,Q ) at the same wavelength ( 1). One output is the 
inverted version of the other output. The bulk power of 
outputs of the bidirectional coupler forms the outputs of the 
SR-AOFF ( Q,Q ). In a proper design, just one of the outputs 
and consequently one of the feedback signals have non-
negligible optical power. Variations of feedback signals affect 
differentially the injected photon rate to SOAs. As shown in 
Fig. 1, set and reset signals are injected to the SOA-MZI in 
opposite direction of the CW pump propagation. Both set and 
reset signals have the same wavelength 1.  

Since the set, reset, and pump signals have the same 
wavelength, the gain material of SOA is a function of carrier 
density [14]. Carrier density is modulated by total photon rates 
injected to SOA [15]. Optical gain of SOA is decreased if the 
total photon rate injecting to SOA is increased. This leads to 
self-gain modulation (SGM) and self-phase modulation 
(SPM). The AOFF employs a SOA-MZI as an all-optical 
switch. This switch is controlled by the photon rate injected to 
the SOAs. Unbalanced photon rate injection into SOAs of 
each arm causes switching the output power from one port to 
another. An exact analysis of a SOA-MZI switch is given in 
section III. 

For changing the state of the SR-AOFF, a trigger pulse 
should be applied to one of the input ports which is 
corresponding to the zero-level output. The trigger pulse 
causes gain variation of the encountering SOA. Thus this leads 
to changing in propagating phase of that arm. According to 
section III, these changes cause variation of the output powers. 
In the transition between two states, feedback signals change 
the photon rate injected to SOAs differentially.  Therefore, 
phase differences in arms of the SOA-MZI will be changed 
with the value of  Radians occurring in a positive feedback. 
Afterwards, the outputs will be stable on the other state. In the 
steady state, the phase difference in arms is  and  for two 
stable states respectively. 

III. THEORETICAL ANALYSIS 
Different subsystems of the proposed SR-AOFF must be 

inspected in order to analyze the whole structure. SOA-MZI is 
a nonlinear optical switch that requires time domain analysis 
by solving the differential wave and rate equations. In this 
section the SOA model used for the current simulation work is 
described and the transfer function of  a SOA-MZI is extracted 
and discussed. 

A. SOA model 
Light amplification occurs in active region which is 

activated by current injection. Carrier density is changed when 
light enters the active region due to excitation of electrons in 
the conductance band [15]. Change in the carrier density 
causes a change in the material gain. A complex formula for 
material gain is given in [16]. For single wavelength, the 
material gain (gm) can be approximated as follows [14]. 

 
, , .m tg z a n z n   (1) 

 
Where a is differential material gain, n(z, ) is carrier 

density, and nt is carrier density at transparency.  
Using the rate equation for a single optical input for SOA, 

the rate of carrier density is calculated from (2) as follows 
[14]: 

 
2

,, ,
.

.
m

c

g n A zn z n zI
qV hf WH

  (2) 

 
In (2) A is the intensity of optical electric field. It is a 

complex scalar responsible for both amplitude and phase of 
the electric filed.   is optical confinement factor, h 
Constant, f is the frequency of injected light, c is carrier life 
time, q is electric charge, I is injected current, V is volume of 
active region, and  W and H are width and height of active 
region respectively as shown in Fig. 2. 

In (2), diffusion process is neglected. Furthermore, gain 
dispersion and group velocity have been neglected because 
their effects are negligible for typical amplifier lengths 
(L= 0.2mm to 0.5mm) and pulsewidths > 10 ps [17]. 
Equation (2) is valid for optical pulses more than 10 ps and 
CW signals.  

It is worth mentioning that SOAs show rich carrier 
dynamics in terms of processes occurring on different 
timescales and they are very important in determining the 
performance of SOA-MZI switch. Among these processes, 
two photon absorption (TPA), free carrier absorption (FCA) 
and spectral hole burning (SHB) are almost instantaneous 
process and for pulses narrower than several picoseconds and 
subpicoseconds, cannot be ignored [18].  

Using Maxwell equations and assuming slow variation 
along the SOA length and using retarded time frame [17] 
according to 

 
/ ,gt z v   (3) 

 
(vg is group velocity), the intensity of optical electric field is 
determined as following [14]. 

 

0, 1, , .
2 2 int

A z j A z A z
z nC

  (4) 

 
In (4), n is the effective mode index, 0  is the atomic 

transition frequency, C is the velocity of light in vacuum, 
int is internal loss, and  is the susceptibility that represents 
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the effect of injected carriers on the dielectric constant. 
According to a phenomenological model,  is determined as 
follows [17]: 

 

0

( ).m
nC j g n   (5) 

 
In (5)  is the line width enhancement factor. It is the ratio 

of the change in the real part of the index to its imaginary part. 
 the range of 3 to 8 [14]. 

Equations (2) and (4) are usable only for single optical 
excitation. If multiple optical signals are injected into the SOA 
with similar wavelength (i.e. in the case of the proposed 
AOFF) or with different wavelength, (2) and (4) can be 
modified as follows: 

 
, , 1 ( , ),ph

c

n z n zI R z
qV WH

  (6) 

 
0, 1, , .

2 2
i i

i i i int i

A z jp A z A z
z nC

  (7) 

 
Where, Rph denotes the total photon rate injecting into a 

differential element (dz) along z axes (propagating direction). 
Rph is related to input optical signals by 

 
*

1

, ,
( , ) ,

r
i mi i i

ph
i i

g A z A z
R z

hf
 (r: number of inputs)  (8) 

 
In (7), pi determines the propagation direction of each 

optical signal. Its values are  or  for propagation in z or 
z direction, respectively. By substituting (5) into (7) and 
neglecting int  and by defining effective net gain as  

 
,i i mig g   (9) 

 
the intensity of the optical electric field is given by 
 

, 1 , 1 , .
2

i
i i i

A z
p g z j A z

z
  (10) 

 
Furthermore, by substituting (1) in (6), the effective gain 

can be calculated as follows: 
 

0,

0,

,,
( , ).i ii i

ph
c

c
i i t

g g zg z a R z
WH

Ig a n
qV

  (11) 

 
Equations (10) and (11) must be solved simultaneously for 

finite segmentation of SOA along z direction in each finite 
time frame. A system level analysis with many SOAs requires 

an extended simulation time. With the help of some useful 
approximations, (10) and (11) can be approximated for time 
domain solution. Assuming a constant gain along the length of 
the SOA and using (10), ( )avg

phR  the average of ( , )phR z  is 
given by 

 
*

1

0, 0,
( ) exp ( ) 1 .

r
i iavg

ph i
i i

A A
R g L

Lhf
  (12) 

 
Assuming a constant gain and using of ( )avg

phR , (10) and 
(12) are changed to: 

 
, 0, exp 1 / 2 ,  for 1

0, , exp 1 / 2 ,  for 1
i i i i

i i i i

A L A g j L p

A A L g j L p
  (13) 

 
0, ( )

( ).i ii avgi
ph

c

g gg a
R

WH
  (14) 

 
This study uses (13) and (14) for simulation of the proposed 

SR-AOFF. 

B. SOA-MZI transfer function 
A SOA-MZI is composed of three cascaded blocks: A beam 

splitter, SOAs in MZI arms, and the bidirectional coupler. 
Outputs of SOA-MZI are calculated as follows: 

 

bi-coupler branches splitter pump .A

B

A
T T T A

A
  (15) 

 
AA and AB are outputs of SOA-MZI, Tx determines the 

transformation matrix of x, and Apump is the intensity of CW 
input pump which is a complex scalar. Transformation matrix 
of the bidirectional coupler, bi-couplerT , is determined as follows 
[19]: 

 

bi-coupler

1
.

1

k j k
T

j k k
  (16) 

 
In (16), k is the coupling factor with the default value of 0.5. 

Equivalent transformation matrix of splitter and SOA branches 
can be calculated by (17): 
 

1
2

branches splitter 1
2

1
0

.
1

0

A

B

g j L

g j L

e NT T

e N

  (17) 

 
Subscripts A and B are used to distinguish two branches of 

MZI. N is the number of split signals (i.e. two in the suggested 
SR-AOFF). gA and gB dynamically change with time. 
Normalized steady-state characteristic curve of a SOA-MZI is  
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Fig. 2 Normalized steady-state characteristic curve of SOA-MZI. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Normalized Outputs of a typical SOA-MZI switch. 

drawn in Fig. 2 as a function of phase difference in the MZI 
arms. But because of high nonlinearity and gain variation of 
SOAs in the MZI, the phase differences are varied by the gain 
variation of SOAs. For a good understanding of how a SOA-
MZI switch works, a three-dimensional (3D) graph of one of 
the SOA-MZI outputs in space of SOA net gain variation, is 
drawn in Fig. 3. The graph has a peak line and a valley line for 
specific gain values of SOAs. When the output signals are fed 
back to the SOAs, two stable states of the SR-AOFF will be 
created and located in these lines. 

From (12) and (14), changes in the input power lead to 
photon rate ( ( )avg

phR ) variations. This causes changes in gA 
and gB. Therefore the optical outgoing power from one output 
port can be switched to other port. In a good design, the bar 
and crossbar outputs of SOA-MZI modulate the gain of SOAs 
making a bistable optical device. 

IV. SIMULATION RESULTS 
According to relations obtained for SOA-MZI, the proposed 

SR-AOFF is simulated in time domain for the physical 
parameters shown in Table I. Set and reset signals are narrow 
Gaussian pulses with the peak optical power of one milliWatt. 
In Fig. 4, Simulation timing diagram of the AOFF is depicted. 
In Fig. 4 (a), set and reset pulses are shown. Fig. 4 (b) shows 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AOFF noninverted and inverted outputs.  
As shown in Fig. 4, a true set-reset functionality of the SR-

AOFF is verified by simulation. The SR-AOFF has contrast 
ratio of 8.5 dB between two states. Because of using 
interferometric switch, the contrast ratio will be increased by 
increasing the CW pump power. Transition times of rising and 
falling edges between two states are depicted in Fig. 5. The 
time in Fig. 5 is expanded for showing more details. As it is 
indicated in Fig. 5 (a), the rising time is 24.6 ps. Falling time 
is 15.9 ps according to Fig. 5 (b). Transition times are 
calculated with the 10 % to 90 % criterion. A reduction in the 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Time domain simulation of the proposed SR-AOFF,(a) set and 
reset pulses, (b) noninverting  and inverting outputs of the SR-AOFF. 
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TABLE I 
PHYSICAL PARAMETERS 

Parameters Symbol Value Unit 
Control & pump wavelength  1550 nm 
Differential gain a 2.78e-20 m2 

Linewidth enhancement factor  2 - 
Confinement factor  0.25 - 
Carrier density at transparency nt 1.4e24 m 3 
Carrier life time c 70 ps 
Injected current I 500 mA 
SOA length L 200 m 
SOA width W 1.8 m 
SOA height H 60 nm 
Control pulse width  
(FWHMa for gaussian pulse) 

FWHM 20 ps 

Control pulse peak power PSR 1 mW 
CW Pump signal power PCW 30.1 W 

aFull Width at Half-Maximum 
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b) Noninverted and inverted outputs of the SR-AOFF 
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Fig. 5 Transitions between two states, (a) rising time, (b) falling time. 

volume of active region leads to an increase the speed. 
Switching of SR-AOFF can occur with a narrow Gaussian 
pulse of 20 ps for full width at half-maximum (FWHM) 
criterion with 15.2 fJ optical energy. 

V. CONCLUSION 
A novel set-reset all-optical flip-flop (SR-AOFF) is 

proposed. Special features of the SR-AOFF are its operation at 
a single wavelength for both inputs and outputs, small 
footprint, fast switching and low expiating energy. The time 
domain simulation of the SR-AOFF verifies correct 
functionality of a set-reset flip-flop. The simulation results 
show that excitation pulses with 20 ps duration and optical 
energy of 15.2 fJ can switch the output states. Setting and 
resetting transition times are nearly close together and are 
about 20 ps. The injected current is 500 mA and the output 
powers of high and low states are about 15.5 milliWatts and 
2.2 milliWatts respectively. Physical parameters of SOAs such 
as confinement factor, differential gain, and linewidth 
enhancement factor are important for correct flip-flop 
operation while having less effect on speed. Reducing the 
volume of the active region and increasing the injection 
current have more influence on transition time improvements. 
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