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Abstract- The aim of this work is to demonstrate the realization of two inputs XOR logic gate using cross phase modulation 
technique. A simple design for the proposed logic gate is suggested. The proposed scheme differs from the previous 
conventional systems as utilizing commercial traveling wave semiconductor optical amplifiers (TW-SOAs) rather than using 
erbium-doped fiber amplifier (EDFA) that leads to degrade system performance due to the increasing of its amplified 
spontaneous emission (ASE). Based on optimization study, the simulation results including bit error rate and Quality-factor 
are calculated. BER performance of about 10-14 at 10 Gbit/s is achieved. A clear eye diagram for the proposed optical logic 
gate is displayed for different cases of power levels.  
 
Index terms- Cross phase modulation, Traveling wave semiconductor optical amplifier, Bit-error rate, Quality-factor, 
Erbium Doped Fiber Amplifier, Extinction Ratio. 
 
I. INTRODUCTION 
 
In future high speed communication system, optical 
logic gates are expected to play an important role in 
switching [1], signal regeneration [2], addressing, 
header recognition [3], data encoding and encryption 
[4]. 
Semiconductor optical amplifier (SOA) emerged as 
practical solution for all optical signal-processing 
functions, where one signal has been controlled by 
another signal. The SOA-based all optical logic gates 
offer good results when compared with other 
nonlinear media such as optical nonlinear fiber. This 
is because of its high power efficiency, fast switching 
time, and photonic integration capability. On the 
other hand, the main advantages of SOAs lie in their 
considerably smaller size, lower cost, and their 
unique ability to be modulated at gigahertz speeds 
simply by modulation of the injection current [2]. 
These operations have been demonstrated by 
employing different SOA nonlinear processes i.e. 
cross phase modulation (XPM), cross gain 
modulation (XGM), and four-wave mixing (FWM).  
In the literature, Dong et al. [5] proposed a theoretical 
demonstration two-input logic gates (i.e. NOR, OR, 
AND, XOR, XNOR, and NAND), operating at 10 
Gbit/s based on single SOA with injection current of 
500 mA and an optical filter detuning. Using XPM 
technique, all logic gates have Q-factor and 
extinction-ratio (ER) over 6 and 6.3dB respectively at 
BER of 10-9. 
Choi et al. [6] investigated experimentally OR/NOR 
bi-functional all-optical logic gates at 10 Gbit/s, 
utilizing XGM technique. The suggested proposal 
based on two-SOA, one for NOR-operation and the 
other for OR-operation. Power level of probing signal 
was a few Milliwatts, while those of pumping signals 
were around 100 mw. All optical NOR gates are 
designed by Mehra et al. [7], based on FWM 
technique, up to 100 Gbit/s. SOA is characterized by 

0.5 mm of length, 400 mA of injection current and 
confinement factor of 0.3, while (ER) is calculated 
with value of 10.8 at speed of 80 Gbit/s.  
In [3], a model is simulated for optical logic 
operations (i.e. AND, XOR and NOT) using quantum 
dot semiconductor optical amplifier (QD-SOA), 
processing at bit-rate of 250 Gbit/s. Although, this 
type of optical amplifier provides acceptable Q-factor 
above 7, output power of 18 dBm and signal to noise 
ratio (SNR) of 20 dB but  it requires very high 
injection current (i.e. greater than 1.8 KA/cm2). 
Dong et al.[5], Wu et al.[8] and Kotb et al. [4,9] 
extended the work presented in [3] to get NAND and 
XNOR at the same bit-rate and higher Q-factor but 
with a price of increasing  modeling complexity ( i.e. 
including effect of ASE for additional EDFA in 
cascade and extra input power optimization process). 
Singh et al. [10] implemented all-optical composite 
logic gates (i.e. OR, AND, NOT and XOR). Logic 
gate function have been realized by XPM, XGM and 
FWM techniques, based on data probe signals powers 
of 0.316 and 0.158 mw respectively. SOA is specified 
by injection current of 300mA, optical confinement 
factor of 0.35 and linewidth enhancement factor of 5. 
It is observed that, in most cases (i.e. input power 
<15dBm), the system provides an acceptance Q-
factor greater than 6 while otherwise the system 
performance will be degraded. 
In order to realize the optical logical gates, various 
configurations have been investigated utilizing the 
nonlinear properties of SOAs [11], starting from 
single SOA structure using XGM and ending with 
interferometer structures, such as terahertz optical 
asymmetric de-multiplexer (TOAD) and ultra-fast 
nonlinear interferometer (UNI), etc. It is found that 
schemes based on single SOA or TOAD or UNI have 
some advantages as compared with interferometer 
schemes, but they suffer from difficultly in the ability 
to control the polarization states or random phase 
changes, which are considered very critical for their 
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output performance. Therefore, interferometer 
schemes are preferable in usage.    
Better gate performances are noticed by locating the 
SOAs in the interferometric arms of MZI 
configurations. Here, input optical signal controls the 
phase difference between the interferometric arms 
through the synchronization of the carrier density and 
the refractive index in the SOAs and that is executed 
by XPM technique. The reason for using this 
technique dates back to its attractive features of low 
energy requirement, simplicity, compactness by 
integration capability, and stability. In addition, it has 
the merits of high extinction ratio (ER), high 
conversion efficiency, high signal-to-noise ratio, 
high-speed operation and low chirp [12-15].  
So far, all-optical XOR gate using SOA-MZI 
structure has been investigated as the all-optical XOR 
gate is a key technology to implement primary 
systems for binary address and header recognition, 
binary addition and counting, decision and 
comparison, encoding and encryption, and pattern 
matching.  
In this work, a simple scheme is introduced to design, 
two input all-optical XOR logic gate based on XPM 
technique operating at 10 Gbit/s. Commercial TW-
SOAs are used in design, optimization and evaluation 
process. Optimization process is carried out targeting 
unique BER at low power levels, acceptable injection 
current level and acceptable linewidth enhancement 
factor value with very clear eye diagram.  
This paper is organized as follows: Section II 
provides a review on concept of XPM technique. 
Section III presents the suggested design for SOA-
XOR. Results of the designed XOR all-optical logic 
gate will be discussed in section IV. Finally, a 
conclusion of this work is stated in section V. 
 
II. REVIEW ON CONCEPT OF XPM 
TECHNIQUE AND ITS EFFECT ON SOA-MZI 
 
XPM accompanies the XGM, when two optical 
signals are simultaneously shot in the SOA. The 
variation in the carrier density not only affects the 
optical gain as it happens in XGM technique, but also 
induces a change into the refractive index. So the 
phase of the probe signal gets modulated which 
results in data transfer. In SOA-MZI, the phase 
modulation introduces a phase shift between two 
waves as given below [16]: 

        ]log[log2 oo GGLn  


            (1) 

Where, λ is the wavelength of the input data signal, L 
is the length of the active region of the SOA, α is the 
linewidth enhancement factor, G is the saturated gain, 
and G0 is the linear device gain. 
 
When the probe beams are recombined, they can 
interfere either constructively (outputting a logical 
“1”) or destructively (logical “0”). In this way, a 

XPM wavelength conversion can act as an effective 
switch, tunable through both the bias current of the 
SOA (controlling the magnitude of the carrier density 
modulation) and the power of the input signal. 
Additionally, the converted signal remains non-
inverted.  
 
III. THE PROPOSED DESIGN 
 
Figure 1 describes the proposed setup which is used 
to realize two inputs all-optical XOR logic gate 
operation based on XPM technique operating at 10 
Gbit/s. Table 1 represents the SOAs parameters and 
their corresponding values which are used to simulate 
and evaluate the proposed optical logic gate and 
extracted from related literatures [2, 6, 8]. 
 

 
Figure 1: Proposed simulation setup of SOA-based optical 

XOR logic gate. U-DSGB: User-Defined Sequence Generator 
Bit, OGPG: Optical Gaussian Pulse Generator, CW-Laser: 

Continuous Wave Laser Source, 3-dB OC: 3-dB Optical 
Coupler, TW-SOA: Traveling Wave Semiconductor Optical 

Amplifier, MUX: Multiplexer, OBPF: Optical Band-Pass 
Filter, BER-Analyzer: Bit Error Rate-Analyzer. 

 
The proposed design of SOA-based optical XOR 
logic gate is shown in Fig. 1. The two data streams (A 
and B) with same wavelengths (λA and λB) at 1550 
nm are produced using optical Gaussian pulse 
generators. While, the probing signal at a 1540-nm 
wavelength (λP) is generated using continuous wave 
(CW) laser source. In this design, a TW-SOA is used 
for nonlinear operation. TW-SOAs are characterized 
by some affecting parameters that will influence on 
the logic operation performance, such as injection 
current (I), linewidth enhancement factor (α) and 
optical confinement factor (Г).  
The combined data stream along with the probe 
signal is introduced into the SOA, which acts as an 
active nonlinear element. Inside the TW-SOA, the 
XPM takes place depending on the system design. 
Then it is followed by an optical band pass filter 
(OBPF). The wavelength and bandwidth of the 
optical filter need to be adjusted to get the desired 
gate operation; otherwise, the XOR logic gate could 
not produce the correct results. In the receiver, output 
signal is detected using (p-i-n) photo-detector and 
then presented using bit-error rate (BER) analyzer.  
Unlike the work done in [5], we design our required 
 function  based on SOA-MZI  configuration  as  a 
structure instead of utilizing MZI as a device in 
addition to another component namely the 
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modulation formatting device (RZ, NRZ ..... etc.), 
which lead to increasing all system cost. This work is 
operated at bit rate of 10 Gbit/s, which considered as 
the default speed in all optical networks nowadays, 
using commercial type of SOA, which is known as 
TW-SOA. 
Then, a parametric study for getting the optimum 
values of SOAs parameters such as 
(line width enhancement factor, injection current) is 
done with discussing their effect on BER and eye 
diagrams that are considered perfect test of the 
system performance  . Finally, the proposed optical 
logic gate is realized with achievement of remarkable 
BER and remarkable Q factor at lower pumping 
power level and lowest possible injection current with 
very clear eye diagram.   
                          

Table 1 
TW-SOAs parameters that used in the simulation 

 
 
IV. RESULTS AND DISCUSSION 
 
This section is divided into the following two sub-
sections. Section A presents a study for the optimum 
values of the affecting SOA parameters (I and α) and 
data stream pumping powers (P1 and P2) with their 
influence on BER behavior. Section B represents the 
input/output bit operation for optical XOR logic gate 
after applying recommendations extracted from the 
optimization study at 10 Gbit/s.  
 
A. OPTIMIZATION STUDY FOR THE 
PROPOSED LOGIC GATE   
This section aims to optimize the values of affecting 
SOA parameters (I and α) in addition to data stream 
pumping powers (P1 and P2) that achieve minimum 
BER and maximum Q-factor. 
Firstly, the effect of (α) on BER is investigated under 
the variation of P1 and P2 as shown in Fig. 2. This is 
performed with keeping the values of probing power 
signal (P0), confinement factor (Г) for the proposed 
logic gate fixed at 0.25 mW and 0.3, respectively. 
Noticing that, the fixed values (i.e. P0 and Г) and the 
varied ranges (i.e. P1 and P2) is used from the related 
literatures [2, 6, 8].  
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Figure 2: Variation of linewidth enhancement factor (α) versus 
BER at Г = 0.3 and I = 200 mA. 

The results obtained in Fig. 2, show that increasing α, 
P1 and P2 saturate TW-SOAs easier that results in 
degrading BER for XOR optical logic gate. Its note 
worthy to observe that optimum values of the 
affecting SOA parameter (α) and  pumping signals 
(P1 and P2) are extracted from Fig.2, getting 
remarkable BER compared to [5] are α = 5 that 
estimated in [10], P1 and P2 = 0.4 mW. Noticing that 
the pumping power level values are lower as 
compared to [5-6] and similar to the value of [10]. 
Secondly, after calculating the optimum values of α, 
P1 and P2, these values are applied to the proposed 
design in order to estimate the other important 
affecting TW-SOAs parameter, the injection current 
and its corresponding influence on the behavior of 
BER. 
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Figure 3: Variation of injection current (I) versus BER at 
optimum values (i.e. Г = 0.3, P1 and P2 = 0.4 mW). 

 
Figure 3 shows that increasing of injection current (I) 
leads to decreasing BER (i.e. having minimum value 
or best value) until (I) reaches the value of 100 mA 
corresponding to the lowest value, compared to 
[5,7,10]. After this value, BER will be degraded (i.e. 
having maximum value or worst value). Finally, it is 
found that the calculated optimum, ranges and values 
that achieving remarkable BER are as follows: α < 5, 
P1 < 1 mW,  P2 < 1 mW and I = 100 mA.  
  
B. INPUT/OUTPUT BIT OPERATION 
As described in details in section III, a complete 
input/output bit operation for the proposed XOR 
optical logic gate depending on the optimized values 
(i.e. α, I) that estimated in section A is introduced in 
this section at different power level cases (i.e. P1 = P2 
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= 0.4, 1, 2, 3 mW and eye diagrams for the designed 
optical logic gate are displayed in Figs. 4-c, 5-c, 6-c 
and 7-c.  
Figures 4-a, 5-a, 6-a, 7-a and 4-b, 5-b, 6-b, 7-b 
represent the data stream (A and B) in the input stage 
for different power levels as shown in Fig. 1. Figures 
4-c, 5-c, 6-c and 7-c show the realized output XOR 
logic operation at 10 Gbit/s. 
 
CASE (1): POWER LEVELS OF PUMPING 
SIGNALS = 3 mW 

 
Figure 4: (a) Data stream A, (b) Data stream B, (c) Output 
waveform [Proposed logic gate] and its corresponding eye 

diagram, (d) Output waveform [Ref.5] and its corresponding 
eye diagram. 

 
CASE (2): POWER LEVELS OF PUMPING 
SIGNALS = 2 mW 

 
Figure 5: (a) Data stream A, (b) Data stream B, (c) Output 
waveform [Proposed logic gate] and its corresponding eye 

diagram, (d) Output waveform [Ref.5] and its corresponding 
eye diagram. 

First two cases (i.e. P1 = P2= 2, 3 mW) give distorted 
output waveform as shown in Figs. 4-c and 5-c, 
resulting from the interference between ones and 
zeros of data streams (A and B) after exposing to 
nonlinear medium namely, TW-SOAs (i.e. The 
interference influence is shown in the case of 
presence of two ones behind each other in the output 
waveform) and this effect is very clear in the worst 
eye diagrams as declared in Figs. 
 
4-c and 5-c. Therefore, it is noticeable that in order to 
overcome this interference problem and obtain 
minimum BER with clear eye diagram, pumping 
signals should be inserted at lower levels more than 
first two cases. 
 
CASE (3): POWER LEVELS OF PUMPING 
SIGNALS = 1 mW 

 
Figure 6: (a) Data stream A, (b) Data stream B, (c) Output 
waveform [Proposed logic gate] and its corresponding eye 

diagram, (d) Output waveform [Ref.5] and its corresponding 
eye diagram. 

 
Afterwards, case (3) at power level value of 1 mW 
shows better in both output waveform and BER as 
presented in Figs. 6-c. Nevertheless, slight ripples in 
the region of two consecutive ones at the output 
waveform can be observed in Fig. 6-c. So, a 
comparison between the two output waveforms (i.e. 
proposed waveform and Ref. 5 waveform) as shown 
in Figs. 6-c and 6-d, it is preferred to utilize P1 and P2 
at level lower than 1 mW, aiming perfect realization 
of XOR logic gate in addition to minimum value of 
BER. 
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CASE (4): POWER LEVELS OF PUMPING 
SIGNALS = 0.4 mW 

 
Figure 7: (a) Data stream A, (b) Data stream B, (c) Output 
waveform [Proposed logic gate] and its corresponding eye 

diagram, (d) Output waveform [Ref.5] and its corresponding 
eye diagram. 

 Finally, case (4) at lower power levels of pumping 
signals that equal 0.4 mW, achieving best 
performance as an optical logic operation with 
remarkable BER that is in range of 10-14 as shown in 
Fig. 7-c and its corresponding remarkable Q-factor of 
7.33571 compared to [5].          
In sense of eye diagram, Fig. 7-d shows compatibility 
in clearing with our work's very opening eye diagram. 
However, the proposed scheme is utilizing lower 
pumping power levels with achieving remarkable 
BER/Q-factor values compared with [5]. 
 
CONCLUSION 
 
In this work, a simple design of two-input all optical 
XOR logic gate operating at bit rate of 10 Gbit/s 
based on SOA-MZI configuration utilizing 
commercial TW-SOAs and single optical filtering is 
presented overcoming the main problem of using 
EDFAs. 
BER measurements for the proposed XOR optical 
logic gate at optimum values of affecting SOA 
parameters (i.e. linewidth enhancement factor and 
injection current) in addition to data stream pumping 
power signals are calculated.  
XOR logic gate has remarkable value of BER, Q-
factor of 9.03166E-14 and 7.33571 respectively. A 
clear eye diagram for the proposed optical logic gate 
is displayed at very low pumping power level of 0.4 
mW with no obvious XOR logic gate has remarkable 
value of BER, Q-factor of 9.03166E-14 and 7.33571 

respectively. A clear eye diagram for the proposed 
optical logic gate is displayed at very low pumping 
power level of 0.4 mW with no obvious power 
penalty (i.e. comparing between amplitudes of inputs 
and outputs waveforms). 
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