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RESUMO
Neste trabalho, a propriedade não-linear do amplificador óptico semicondutor (SOA) na
modulação de ganho cruzado (XGM) é usada com um interferômetro Michelson (MI)
formando uma estrutura SOA-MI para executar a porta lógica NOT a 20Gbps para extrair
regras de design simples com um sinal de dados de entrada binária. É demonstrado que a
alta taxa de dados pode ser alcançada com uma baixa corrente de injeção específica em
SOA, o que leva a um valor baixo no consumo total de energia da porta. Além disso, este
trabalho inclui o estudo do efeito da taxa de bits na taxa mínima de erro de bit (BER), e
no fator de qualidade máximo (max. Q-factor) baseado no diagrama de olho, para os
diferentes valores de dados de entrada e corrente de injeção.
Palavras-chave: Porta lógica NOT, Amplificador óptico semicondutor, Interferômetro
de Michelson.
ABSTRACT
In this paper, the non-linear property of semiconductor optical amplifier (SOA) on cross
gain modulation (XGM) is used with a Michelson interferometer (MI) forming an SOAMI structure to perform the NOT logic gate at 20Gbps bit rate to extract simple design
rules with one binary input data signals. It is demonstrated that high data rate can be
achieved with a low specific injection current in SOA, which leads to a low value on the
total power consumption of the gate. In addition, this work includes the study of the effect
of the bit rate on the minimum bit error rate (BER), and maximum quality factor (max.
Q-factor) based on Eye diagram, for the different values of input data and injection
current.
Keywords: NOT logic gate, Semiconductor optical amplifiers, Michelson interferometer.

1 INTRODUCTION
In a globalized world is essential that telecommunication systems are capable of
handling traffic and information processing at ultra-fast speeds with high bit rate, and the
fiber optics are efficient and robust systems. Semiconductor Optical Amplifiers (SOA)
are designed to omit the need of converting the signal from optical to electric and vice
versa, guaranteeing high data rates, direct amplification of optical signals and energy
efficiency considered in all-optical systems (SINGH, TIWARI and RAJCHANDANI,
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2014). Duarte et al. also states that the development of technologies such as fiber optics,
lasers and MicroElectroMechanical systems (MEMS), combined with GPS, allowed the
use of navigation systems in any application where speed and position information is
needed.
The SOAs attractive for all-optical signal processing such as all optical switching
and wavelength conversion. Moreover, have advantages in terms of low-power
consumption, a small footprint, and homogeneous integration. Unitary NOT function is
the simplest Boolean functions which performs a logical inversion of the input data
(MALHOTRA, ANAND and RAGHAV). The basic key element of all-optical processing
is all-optical logic gates which are used for header recognition, signal regeneration,
addressing, data encoding (VINOTHINI; SHANMUGAPRIYA and MARGARAT,
2018). The decrease in amplification gain and carrier density of the semiconductor optical
amplifier is caused due to increment in input signal power (ARCHANA; MANOHARI
and PRINCE, 2018). Since the carrier density change in SOAs will affect all input signals,
a signal at one wavelength can affect the gain of a signal at another wavelength (SON et
al., 2007).
The pump signal and the probe signal can operate either in co-propagating or
counter-propagating configuration through SOA. When injected in co-propagation mode,
an optical band-pass filter must be used at the output of the SOA in order to pass the
converted probe signal and block the pump. Wavelength conversion can be induced by
injecting a strong signal into an SOA. Due to cross gain modulation (XGM), the stronger
signal will force the weaker signal to its modulation. As a result, the CW probe signal is
modulated via XGM, causing inverted wavelength conversion (MAZLAN et al., 2014).
Several configurations have already been proposed in the literature using the nonlinear effect of XGM in SOA. In this sense, several logic gates have already been realized,
among them include: AND, OR, NOR and others with their combinations.
Mukherjee and Maji (2019) designed the NAND all-optical universal logic gate
using a hybrid coding technique for representation of binary information states, a mixture
of four waves in semiconductor optical amplifier (SOA) as frequency generator and cross
polarization rotation effect in semiconductor optical amplifier as a frequency converter.
In this sense, the system proposed by them was able to perform ultra-fast and easily
integrable operations.
Oliveira et al (2019) proposed a new scheme to realize the universal all-optical
NAND logic gate at high speed based on the non-linearity of SOA with MI and an optical
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filter, based on cross-gain modulation (XGM). The NAND operation was performed by
combining the XOR and NOR logic gates, or by joining the AND gates with NOT. In that
they showed that the structure based on SOA-MI is viable for the transmission rate of
10Gbps and with excellent values of quality factor.
El-Saeed et al. (2016) managed through a SOA-MZI to reach different logic gates:
XOR, OR, NOR and XNOR with different number of bits for the binary input data signals
at a transmission rate of 10Gbps with low input power. They analyzed the performance
of the SOA-MZI for each logic gate by changing the number of bits in the two binary data
signals.
In this paper, all-optical NOT logic gate is simulated, mainly based on Michelson
interferometer (MI) with semiconductor optical amplifier (SOA) nonlinear phenomena
cross gain modulation (XGM) and mechanism of co-propagating SOA-MI configuration
along with non-linear property to design NOT gate using OptiSystem software. The
remainder of this paper is organized as follows: in section 2 describes the theoretical
foundation, in section 3 we present the SOA-MI design of NOT logic gate, in section 4
the results and discussions of the simulations and finally in section 5 the conclusions,
acknowledgments and references.

2 THEORETICAL FOUNDATION
SOAs have been used over the years in wavelength conversion techniques through
XGM, which consists of varying SOA gain as a function of input power, because as it
increases there is a depletion of the optical carrier density and the amplification gain is
reduced. As shown in Figure 1, the XGM causes an inversion of the shape of the input
signal and acts as a wavelength converter by optical switching on the part of the amplifier
(SON et al., 2007; AGGARWAL and SINGH, 2016).
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Figure 1: Wavelength converter based on XGM in SOA

Source: Own authorship (2021).

The XGM effect occurs when a signal modulated in intensity in the wavelength 1
is injected into the SOA together with a signal CW in the wavelength  2 (EL-SAEED et
al., 2016). A high-power input signal (Pump) is injected into the semiconductor optical
amplifier to exhaust the maximum number of carriers (decrease density) present in the
active SOA region, causing compression/variation of the amplifier gain due to depletion
caused by stimulated emission in the presence of a high power source when the signal is
amplified (OLIVEIRA, 2018).
Thus, if a lower power signal, for example, the Probe signal, is injected
simultaneously with the Pump, being coupled to the SOA, the Probe will suffer
attenuation due to the absorption of the carriers, and the pump gain increases. Gain
modulation caused by input signal modulates the weak continuous wave (CW) signal in
the output wavelength, thus increasing the distortion of the output signal. As a result of
the change in carrier density, a change in the refractive index is also induced
(AGGARWAL and SINGH, 2016).
If an optical pulse is present in the Pump signal, the SOA gain decreases and,
therefore, the continuous Probe signal experiences low amplification. Otherwise, if there
is no pulse of light at the Pump input signal, at 1 , the gain of the device increases. This
results in the continuous wave (CW) signal at  2 experiencing high amplification, thus,
the pump input signal is inverted at the output (SILVEIRA, 2011).
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From a certain point the current increase is no longer as efficient, due to the
dependence of the internal gain with the input power. The internal gain g that occurs in
the active SOA region is defined by (OLIVEIRA, 2018):

g (n) = v g g m (n) = v g  (n − n0 )

(1)

where α is the variation of the gain in relation to n, the differential gain; n is the
density of carriers in the active region, and n0 is the density of carriers in transparency, Γ
is the confinement factor of the optical field in the active region, and 𝑣𝑔 is the group
velocity of the incident field.
Thus, when the incident power in the amplifier approaches the saturation power,
the power by which the gain drops in half, the amplifier is no longer linear with the power,
and the gain drops with an increase in power. Therefore, the total gain, G is defined by
(CAVALCANTE, 2017; KUMAR, 2013).

(2)
G=

G0
P
1 + in
Psat ,in

where G0 is the unsaturated gain, called the “small signal” gain, Pin is the input
power and Psat,in is the input saturation power.
Optical passband filters (OBPF) are needed to filter the signal at the output of the
converter device, which filters the wavelength 𝜆1 and lets pass 𝜆2, which was modulated
in the conversion process. If the laser of the CW signal probe and the filter are tunable,
then there is a tunable converter, otherwise the converter is called fixed (OLIVEIRA,
2018).
The Bragg grid (FBG) consists of periodic modulation / variation / disturbance in
the refractive index of the fiber core, with properties of the reflection coefficient capable
of reflecting (short period) or transmitting (long period) light as a function of the length
of wave of the Bragg grating ( B ) depending on the widening of the pulse, as well as its
power, and is related to the spatial periodicity of the refractive index modulation (  ) and

Brazilian Journal of Development, Curitiba, v.7, n.4, p. 36970-36986 apr 2021

Brazilian Journal of Development 36976
ISSN: 2525-8761

the effective refractive index of the core ( neff ) according to the equation (SOUSA et al.,
2019):

(3)

B = 2neff 

Figure 2: Operation Scheme of Fiber Bragg Grating.

Source: Own authorship (2021).

Figure 2 represents an FBG being illuminated by a wide spectral band light source,
in which a narrow band of this light spectrum centered on Bragg's wavelength will be
reflected while the rest of the spectrum is transmitted. Therefore, FBG operates as a
counter-directional energy coupler, and as a type of spectral reflector filter built inside an
optical fiber capable of reflecting/selecting a range of wavelengths, remaining relatively
transparent to the rest of the spectrum.

3 MATERIAL AND METHODS
In optical fibers the configuration of the Michelson interferometer can be obtained
from the cascade association of two optical components: a directional coupler and 100%
reflective linear Fiber Bragg Grating (FBG) [8].
̅ , where A is input signal and S is
The Boolean expression for NOT gate is 𝑺 = 𝐀
output. When the input A of NOT gate are “1” the output S is “0”. If the input is “0”, the
output S is “1”. Block schematic is shown in Figure 3 and its truth table in Table 1. In the
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NOT operation performed on the input data, the signal generated at a wavelength of λ1
and a CW Laser at wavelength  2 injected as control beam, in this way, the result
centered at λ2 is the INVERT.

Figure 3: Block schematic of NOT gate based on SOA-MI

Source: Own authorship (2021).

Table 1: Truth table for NOT gate
̅
Output 𝑺 = 𝐀

Input A
0
1

Symbol of NOT
gate

1
0
Source: Own authorship (2021).

In the Figure 4 is shown the INVERT design, where the transmitter of NOT gate is
formed of one input signal A generated from the Bit Sequence Generator with the Optical
Gaussian Pulse generator at wavelength 1545nm with input power at 0.5mW, and
combined with a Continuous Wave Laser (CW laser) of 1540nm with input power at
0.4mW, through a Power Combiner 2x1, at a transmission bit rate of 20Gbps.
The signal from port along with the control signal enters the SOA-MI, where are
coupled by a Power Combiner 2x1 whose output propagate is amplified in the Traveling
Wave (TW-SOA) with injection current range from 0.05 to 1.0 A and length of 0.0005 m,
which in turn is connected to a Power Splitter 1x2 having both symmetrically identical
FBGs with frequencies equal to those of the CW Laser (at 1540nm), where the output
signals of the FBGs are again coupled through the Pump Coupler Co-Propagating,
forming the SOA-MI of NOT gate.
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The receiver of NOT gate consists of a Gaussian Optical Filter operates at 1540nm
with a bandwidth of 40GHz, rejecting interferences and noise, and then is optically
converted to electrical form through the Optical Receiver, with a cut-off frequency of
0.75 * bit rate Hz, and is delivered to a NRZ Pulse Generator.

Figure 4: Project of All-optical NOT logic gate with SOA-MI

Source: Own authorship (2021).

The Table 2 shows the parameters of the SOA used in this project, where the
injection current varied to find the best result of the Q-Factor with different numbers of
bits in the input signal.

Table 2: Parameters used for SOA in simulations
SOA Parameters
Assigned Values
Injection current
0,05 − 1.0 𝐴
Length
500 𝜇𝑚
Width
3 𝜇𝑚
Height
80 𝑛𝑚
Optical confinement fator
0,3
Differential gain
2,78 × 10−20 𝑚2
Carrier density at transparency
1,4 × 1024 𝑚−3
Linewidth enhancement factor
5
Recombination coefficient of surface and defect
1,43 × 108 𝑠 −1
Recombination coefficient of radiative
1 × 10−16 𝑚3 ∙ 𝑠 −1
Recombination coefficient Auger
3 × 10−41 𝑚6 ∙ 𝑠 −1
Initial carrier density
3 × 1024 𝑚−3
Source: Own authorship (2021).

The performance analysis of the Michelson interferometer we used the max. Qfactor and min. BER. In this sense the Q-factor is defined by (SOUSA et al., 2020):
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(4)
Q factor =

I1 − I 0
1 +  0

where the eye range is the difference between the average value of ‘1’ level and ‘0’
level, the signal noise RMS is the sum of ‘1’ noise RMS  1 and ‘0’ noise RMS  0 . I1 and

I 0 are the currents generated in the receiver for each bit.
The BER is regarded as the number of wrong bits divided by the total number of
bits transferred in a communication system over a time interval (Agrawal 2012; Zhang
and Zhao 2018; ).

, where
1
 Q  exp(−Q / 2)
BER = erfc 

2
Q 2
 2
2

is the
erfc ( x) =

2

x

e
 
0

−y

2

(5)

dy

complementary error function.

4 RESULTS AND DISCUSSION
The Table 3 shows the different bit numbers used for the 4, 8, 16 and 32-Bit input
information signals and the outputs of the NOT logic gate.

Signal
Input A
Output S

4-Bit
0101
1010

Table 3: The different number of bit for NOT operation
Number of Bit
8-Bit
16-Bit
32-Bit
01011111 0101111111011111
11111111111100110101011110110110
10100000 1010000000100000
00000000000011001010100001001001
Source: Own authorship (2021).

The design has an injection current range in the TWA SOA to find the best result
and with the aid of the Eye diagram, the Max. Q-Factor, Min. BER and OSNR are also
listed in Table 4 to analyze the performance of the NOT gate for different binary input.
The Figure 3 shows the relationship between Q-factor and Injection Current, where a
given number of bit input signal of Port A has its results in the injection current range
from 0.05 to 1.0 A of TWA SOA.
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Table 4: Analysis of Results of 40 GHz for 4, 8, 16 and 32-Bit at 20 Gb/s
Number of Bit
Parameters
4-Bit
8-Bit
16-Bit
32-Bit
Max. Q-Factor
33.2838
27.5154
26.1326
24.1900
Min. BER
3.30056e-243
4.13969e-167
5.4715e-151
8.90981e-130
Eye Height
0.0846453
0.0677146
0.105157
0.0613351
Source: Own authorship (2021).

It was observed in figure 5 that the injection current of 0.05 and 0.1A obtained Qfactor equal to 0 (zero) showing that it should be used from 0.15A, the default value being
suggested by the OptiSystem software. Among the bit numbers, the 4-bits sequence was
the one with the best values, with max. Q-Factor equal to 3.2, min. BER equal to 0.5e003, because the larger the number of bits, the smaller the Q-factor. The following topics
show the results for each input bit sequence. For a better visualization of the results, the
images were organized according to the bit sequence quantity for the bandwidth of the
Gaussian Optical Filter of 40GHz at 20Gbps.

Figure 5: Results of Max. Q-Factor x Injection Current range for NOT gate

Source: Own authorship (2021).

A.

The results for 4-bits input signal

It obtained the better result for the Max. Q-Factor equal to 33.2838 and Min. BER
equal to 3.30056e-243 with injection current equal to 0.8A in the TW-SOA with input
signal 0101, in the transfer from 4-bit at 20Gbps bit rate. In figure 6 we find this result.
The eye diagram and the Q Factor are shown in Figure 6(a). The output of the NOT gate
1010 is shown in Figure 6(b), in oscilloscope.
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Figure 6: (a) Eye Diagram and Max. Q-Factor and (b) signal result for the NOT gate with 4-bits input and
injection current of 0.8 A at 20 Gb/s

Source: Own authorship (2021).

B.

The results for 8-bits input signal

The input signal 01011111, in the transfer from 8-bit at 20Gbps bit rate with
injection current equal to 0.7 A in the TW-SOA, it obtained the better result for the Max.
Q-Factor equal to 27,5154 and Min. BER equal to 4.13969e-167. The eye diagram with
the Q Factor are shown in Figure 6(a) and the output of the NOT gate 10100000 is shown
in Figure 6(b).

Figure 6: (a) Eye Diagram and Max. Q-Factor and (b) signal result for the NOT gate with 8-bits input and
injection current of 0.7 A at 20 Gb/s

(a)

(b)

Source: Own authorship (2021).

C.

The results for 16-bits input signal

The eye diagram with the Q Factor are shown in Figure 7(a) and the output of the
NOT gate 1010000000100000 is shown in Figure 7(b) in oscilloscope with input signal
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0101111111011111, in the transfer from 16-bit at 20Gbps bit rate, it obtained the better
result Max. Q-Factor equal to 26.1326 and Min. BER equal to 5.4715e-151 with injection
current equal to 1.0 A in the TW-SOA.

Figure 7: (a) Eye Diagram and Max. Q-Factor and (b) signal result for the NOT gate with 16-bits input and
injection current of 1.0 A at 20 Gb/s

(a)

(b)

Source: Own authorship (2021).

D.

The results for 32-bits input signal

In Figure 7 (a) shown the Eye Diagram with the better result Max. Q-Factor equal
to 24.1900 and in Figure 7 (b) shown the output of the NOT gate
00000000000011001010100001001001

with

input

signal

11111111111100110101011110110110 in the transfer from 32-bit at 20Gbps bit rate with
injection current equal to 0.65 A in the TW-SOA and it obtained the Min. BER equal to
8.90981e-130.

Figure 7: (a) Eye Diagram and Max. Q-Factor and (b) signal result for the NOT gate with 32-bits
input and injection current of 0.65 A at 20 Gb/s

(a)

Source: Own authorship (2021).
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5 CONCLUSION
The All-optical NOT logic gate, have been simulated at 20 Gb/s using copropagating and effect non-linear XGM of SOA. The obtained SOA-MI structure with
results ensure good performance of the proposed design, using different bit numbers (4,
8, 16 and 32-bits) in the input signal, with the best quality factor (Q-factor) to optimum
injection current of TW-SOA. In short, it is worth mentioning that several logic functions,
such as AND, OR and NOR have already been carried out using the cross-gain
modulation effect in SOAs in fiber optic communication systems with FBG and OBPF
for different transmission rates. This has contributed to the creation and implementation
of fiber optic communication systems of the future.
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