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Abstract: The implantation of an all-optical eXclusive-OR (XOR) gate run at 160 Gb/s using semiconductor optical
amplifiers (SOAs)-based turbo-switched Mach-Zehnder interferometer (TS-MZI) is theoretically investigated and verified.
The dependence of the quality factor (QF) on the signal and SOA key operating parameters is examined and assessed,
including the impact of amplified spontaneous emission in order to obtain realistic results. A higher QF is obtained when
using SOAs-based TS-MZI than when using conventional SOAs-based MZI.
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1

Introduction
The continuous searching for low-cost all-optical logic gates (AOLGs) with high-capacity

information has been developed. On the other hand, a semiconductor optical amplifier (SOA) plays an
important role as a nonlinear element in communication systems due to its high-nonlinearity, low-cost,
stability, low-power consumption, small size, and compactness. The performance of all-optical
exclusive-OR (XOR) operation using SOA-based Mach-Zehnder interferometer (MZI) has been
designed and modeled1-16. Practically, those schemes have been successfully developed by employing
an integrated MZI due to its high stability, low-energy requirement, simplicity, and compactness.
However, the speed of the SOA does not exceed ~ 100 Gb/s due to its slow carrier recovery time
response, which results in pattern-dependent dynamic behavior and performance degradation at higher
bit rates17. Therefore, it's important to confront this problem by speeding up its carrier recovery time
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to meet the need for the high-speed communication systems. Multi-designs have been reported to
overcome the limitation of the SOA18-22, but most of these designs are difficult to integrate into the
real systems19-21 and some cause heat generation or instability of SOA20,22. To confront this problem,
the turbo-switched (TS) MZI, where an extra pair of SOA is cascaded and separated by broadband
optical filters (OFs), is used to overcome the limitation of the SOA carrier dynamics. The extra SOAs
act as nonlinear filters to compensate for the slow recovery component of the signal emerging from
the first SOA, thus shortening the overall recovery time response of the whole SOAs combination over
the single SOA. It would be beneficial to further implement the all-optical operations with an
acceptable performance when using SOAs-based TS-MZI than standard SOAs-based MZI. Thus, in
this paper, we compare, by means of the numerical analysis, between the performance of the all-optical
XOR gate using SOAs-based TS-MZI and conventional SOAs-based MZI at 160 Gb/s. The variation
of the gate quality factor (QF) against the signal and SOA operating parameters, which include the
pulse energy and width, data rate, equivalent length of pseudorandom bit sequence (PRBS), length and
thickness of SOA active region, confinement factor, traditional linewidth enhancement factor (αfactor), injection current, saturation power, carrier lifetime, and amplified spontaneous emission (ASE)
has been examined and assessed. The results obtained through this study demonstrate indeed the
feasibility of using the SOAs-based TS-MZI scheme to execute the XOR gate at 160 Gb/s with better
performance than the standard SOA-based MZI.
The rest of this paper is organized as follows: The operation principle and the numerical analysis
of the XOR implementation are formulated in Section 2. The results of the XOR gate is presented in
Section 3. Finally, Section 4 contains the concluding remarks.
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2

XOR implementation

2.1 Operation principle
The schematic structure and truth table for the all-optical XOR operation using SOAs-based TS-MZI
are shown in Fig. 1.

Fig. 1. Schematic diagram and truth table of all-optical XOR gate using SOAs-based TS-MZI. OC: 3 dB Optical Coupler.
WSC: Wavelength Selective Coupler. OF: Optical Filter.

In order to realize the XOR operation, a CW probe signal at a wavelength λXOR, which is the assigned
output signal wavelength, is equally split via the 3 dB optical coupler and injected from port 2 into the
middle arm of the SOAs-TS-MZI. The CW half is combined with data signal A at a wavelength of λA
via the wavelength selective coupler (WSC) and inserted from port 1, while the other CW half is
combined with data signal B at λB via WSC and inserted from port 3. λXOR must be different from λA
and λB, which they are not necessary to be different. The input signals A and B are Gaussian-shaped
pulses with two different pseudo-random bit sequence (PRBS). Data A and B modify the phase of the
CW probe beam via cross-phase modulation in the SOAs. When both A and B are logically the same,
‘0’ or ‘1’, no phase on CW is formed and the output is null. A phase induced on CW only when A and
B are different logic input. In this case, the CW interfere constructively and the output is ‘1’. In this
manner, the XOR operation is executed according to its truth table.
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2.2 Numerical analysis
In this study, all SOAs are assumed to be identical. The process of the carrier's transition from the
conduction band to the valence band is known as the carrier-depletion (CD). The other nonlinear
effects contribute to the gain process are the carrier-heating (CH), which occurs between 0.1 ps – 0.7
ps and results from carriers’ thermalization in the entire energy band following the pulse, and spectralhole burning (SHB), which results from burning a hole in the gain spectrum. These nonlinear effects
included CD, CH, and SHB are taken into account to describe the time-dependent gain of each SOA
by the following first-order differential equations23,24:

dhCD (t )
=
dt

h0 - hCD (t )

τC

− ( exp [hCD (t ) + hCH (t ) + hSHB (t )] − 1) ( Pin (t ) / Esat )

(1)

dhCH (t )
h (t ) ε CH
( exp [hCD (t ) + hCH (t ) + hSHB (t )] − 1) Pin (t )
=
− CH
−
dt
τ CH
τ CH

(2)

dhSHB (t )
h (t ) ε SHB
dh (t ) dhCH (t )
( exp [hCD (t ) + hCH (t ) + hSHB (t )] − 1) Pin (t ) − CD
=
− SHB
−
−
dt
dt
dt
τ SHB
τ SHB

(3)

where functions ‘h’ represent the SOA gain over its length due to the dynamic processes of CD, CH,
and SHB. h0 = Log[G0], where G0 is the unsaturated power gain. Pin(t) is the input signal power, which
is linked to the light intensity (S(t)) via P(t) = κ S(t), where κ is the conversion factor. Esat is the
saturation energy, which is related to the saturation power (Psat) via Esat = Psat τc, where τc is the carrier
lifetime. The temperature relaxation and the carrier-carrier scattering rates are τCH and τSHB,
respectively. εCH and εSHB are the nonlinear gain suppression factors of CH and SHB, respectively.
The total output gain (G(t)) of each SOA is given by:

G=
(t ) exp[hCD (t ) + hCH (t ) + hSHB (t )]

(4)

While the phase change of each SOA is given by:

Φ (t ) =
− 0.5(α hCD (t ) + αCH hCH (t ) + α SHB hSHB (t ))

(5)

where α is the traditional linewidth enhancement factor (α-factor), αCH and αSHB are the linewidth
enhancement factors due to CH and SHB, respectively. Because the SHB produces a nearly
symmetrical spectral hole centered at the signal wavelength, the value of αSHB is null25.
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The input power of signals A and B are assumed to be Gaussian-shaped pulses, i.e.,

PA, B (t ) ≡ Pin (t )
=

N

∑ anA,B

2 ln(2) E0

n =1

π τ FWHM

 4 ln(2)(t − n T ) 2 
exp  −

2
τ FWHM



(6)

where αnA,B is the n-th pulse of logical ‘1’ or ‘0’ with equal probability inside a PRBS of length 27-1
that contains pulses having the energy (E0), full-width at half maximum (FWHM) pulse width (τFWHM),
and bit period (T). The input signal powers injected into the upper and the lower arms of the SOAsTS-MZI are, respectively, described by the following equations:

Pin=
1 (t )

PA (t ) + 0.5 PCW

(7)

=
Pin 2 (t ) 0.5 PCW + PB (t )

(8)

where the coefficient '0.5' takes into account the coupling of CW beam into the two arms of SOAsTS-MZI.
In this simulation, the optical filter (OF) is considered to be a Gaussian-shaped whose filed transfer
function in the frequency domain is described as26:
2N

 f - fc  
OF1,2 ( f ) = exp - Log[ 2] 
 
 B / 2  


(9)

where f is the frequency of the input signal, fc is the center frequency of the filter, B is the optical
bandwidth of the filter, and N is order of the filter, which determines the sharpness of its passband
edges, where N = 1 corresponds to Gaussian and N ≥ 2 to super-Gaussian shapes26.
The electric field emerging from SOA1 and SOA2 is calculated by applying the amplitude gain
(G(t)) and the phase (Φ(t)) to the input electric filed, i.e.,27:

0.5PCW exp  −0.5 Log [GSOA1,2 (t )] + j Φ SOA1,2 (t ) 



=
Eout , SOA (t )
1,2

(10)

The power inserted into SOA3 and SOA4 is that of the signals coming out of OF1 and OF2,
respectively, which is analogous to the square modulus of the corresponding electric field, EOF1,2 (t ) 27:

{

}

Pin , SOA ≡ POF (t ) = EOF (t ) = F -1 F  Eout , SOA (t )  ⋅ OF1,2 [ f ]
2

3,4

1,2

1,2

1,2

2

(11)

where operators F[·] and F-1[·] denote the Fourier transform and its inverse, respectively.
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The output electric field coming from SOA3 and SOA4 is described as27:

{

(t ) EOF1,2 (t ) ⋅ exp 0.5ln[GSOA3,4 (t )] + j Φ SOA3,4 (t )
Eout , SOA
=
3,4

}

(12)

Using the mathematical formulations for the operation of the SOAs-TS-MZI, the output XOR power
is given by:
2
2
Pout, XOR (t ) =  ESOA (t ) + ESOA (t )  2



3

3

4



(13)

XOR Results
The metric used in this paper to evaluate the performance of the considered Boolean functions is

the QF, which is defined as QF = (P1 - P0) / (σ1 + σ0)23, where P1,0 are the mean peak powers of the
logic '1's & '0's and σ1,0 are the corresponding standard deviations. The QF and the bit-error-rate

=
BER 0.5 erfc[QF / 2] ≈ exp[ −QF 2 / 2] / QF 2π , where erfc is the
(BER)28 are linked through
error function. The acceptable QF must more than 6 to ensure that the BER is less than 10-9, which is
acceptable for the digital logic23. The symbol, definition, value, and unit of the key parameters used in
this study are cited in Table 123-29.
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Table 1 Calculation parameters.
Symbol

Definition

E0
τFWHM
n
T
L
d
I
Γ
τc
α
αCH
αSHB
τCH
τSHB
εCH
εSHB
G0
Psat
fA
fB
fCW
fc
PA
PB
PCW
B
N
Nsp
B0

Pulse energy
Pulse width
PRBS length
Bit period
Length of active region
Thickness of active region
Injection current
Confinement factor
Carrier lifetime
α-factor
Linewidth enhancement factor due to CH
SHB α-factor
Temperature relaxation rate
Carrier-carrier scattering rate
CH nonlinear gain suppression factor
SHB nonlinear gain suppression factor
Unsaturated power gain
Saturation power
Frequency of data A
Frequency of data B
Frequency of CW probe
Center frequency of filter
Power of data A
Power of data B
Power of CW probe
Optical bandwidth of filter
Order of filter
Spontaneous emission factor
Optical bandwidth

Value
0.08
0.5
127
6.25
0.5
0.2
200
0.3
100
8
1
0
0.3
0.1
0.02
0.02
30
35
189.7
189.7
194.7
194.7
1
1
2
3
2
2
2

Unit
pJ
ps
ps
mm
µm
mA
ps
ps
ps
W-1
W-1
dB
mW
THz
THz
THz
THz
mW
mW
mW
nm
nm

To evaluate the advantages of the TS-MZI, Figs. 2 and 3 show the numerical results and eye
diagrams for the XOR gate at 160 Gb/s using the SOAs-based TS-MZI and standard SOAs-based MZI,
respectively. The obtained QFs are 23 using SOAs-based TS-MZI and 11 using SOAs-based MZI.
This can be ascribed to a higher amplifier nonlinear response caused by the SOAs-based TS-MZI. The
values of the BER are also displayed for each eye diagram. Practically, the TS-MZI can be considered
as an error-free29.
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Fig. 2. Numerical results and eye diagram for XOR operation using SOAs-based TS-MZI at 160 Gb/s.

Fig. 3. Numerical results and eye diagram for XOR operation using SOAs-based MZI at 160 Gb/s.
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The main purpose of the OFs is to block the modulated pump beams that cross the originality CW
beam in SOA1 and SOA2. The SOA3 and SOA4 play an important role in the acceleration of the
overall nonlinear dynamical processes, which decrease the data-pattern effects. In order to investigate
the role of the OFs adjusted before the two extra SOAs, Fig. 4 shows the output powers of SOA1 and
SOA2 before and after entering the OFs.

Fig. 4. Numerical results (a), (b) before and (c) and (d) after the optical filters.

The variation of the XOR QF against the input signal key parameters, including the energy, width,
data rate, and equivalent length of PRBS using the SOAs-TS-MZI and standard SOAs-MZI at 160
Gb/s is shown in Fig. 5(a)-(d). Generally, as the input pulses become more energetic and broader, the
QF is decreased as shown in Fig. 5(a) and (b) due to the heavy gain saturation of the SOAs. A similar
observation is shown in Fig. 5(c), where the QF is dropped with increasing the data rate. Because of
the ultrafast speed response of SOA caused when using the TS-MZI, the pattern effects are almost
absent. For this reason, the AOLGs based on the SOAs-TS-MZI can be worked at high data rates with
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more acceptable performances than the typical SOAs-MZI. In fact, the performance of the XOR
operation isn't affected by the BRBS higher lengths and remains an acceptable for both SOAs-based
TS-MZI and SOAs-based MZI as shown in Fig. 5(d).

Fig. 5. QF vs. (a) pulse energy, (b) pulse width, (c) data rate, and (d) equivalent length of PRBS using SOAs-based TSMZI and SOAs-based MZI for XOR operation at 160 Gb/s.

In this part, we discuss the dependence of the QF on the SOA operating parameters, including the
length and thickness of the SOA active region, confinement factor, and α-factor for both schemes, TSMZI and MZI-based XOR operation at 160 Gb/s. The QF is increased for longer and thicker active
regions as shown in Fig. 6(a) and (b), respectively. The QF using the SOAs-based TS-MZI is still more
acceptable even for a higher SOA size than when using standard SOAs-based MZI. This difference is
attributed to the optical filters, which reduces the pattern effects and hence increases the optical gain
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during the whole size of SOAs-TS-MZI. Similar observations are seen in Fig. 6(c) and (d) where the
QF against the confinement factor (Г) and α-factor. At low values of Г and α-factor, the output signal
is degraded and the QF is decreased. Actually, using a higher α-factor provides an acceptable
performance since it creates the necessary level of differential phase shift required in the switching
module.

Fig. 6. QF vs. (a) length, (b) thickness of active region, (c) confinement factor, and (d) α-factor for XOR gate using SOAsbased TS-MZI and SOAs-based MZI at 160 Gb/s.

The QF dependence on the SOA injection current, saturation power, carrier lifetime, and
spontaneous emission factor (Nsp) for the XOR operation at 160 Gb/s within the TS-MZI and MZ is
shown in Fig. 7(a)-(d). The semiconductor materials would absorb the incident photons at no injection
currents. The injection current is used to inject the carriers into the SOA active layer to produce the
optical gain. Thus, the QF is increased with the injection current for both schemes as shown in Fig.
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7(a). The similar observation is obtained in Fig. 7(b), where the QF against the saturation power, which
depends on the time of the radiative recombination and the transition cross section. The saturation
power increases with increasing the injection current density. On the other hand, the QF is decreased
with increasing the carrier lifetime and the spontaneous emission factor as shown in Fig. 7(c) and (d),
respectively. A short carrier lifetime plus the optical filters used in the TS cause a fast response of the
gain and the phase of the SOA. The photons can be emitted through the amplification process due to
the spontaneous emission process. These photons amplify and cause fluctuations in the amplitude and
the phase of the input signals. Thus, the QF is degraded as the spontaneous emission factor increases
as shown in Fig. 7(d). The impact of ASE noise has been added numerically to the XOR output
power30-33 in order to obtain realistic results.

Fig. 7. QF vs. (a) injection current, (b) saturation power, (c) carrier lifetime, and (d) spontaneous emission factor for XOR
gate using SOAs-based TS-MZI and SOAs-based MZI at 160 Gb/s.
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4

Conclusion
In conclusion, the performance of an all-optical XOR gate using semiconductor optical amplifiers

(SOAs) incorporated either in the turbo-switched (TS) or the conventional Mach-Zehnder
Interferometers (MZIs) was theoretically implemented at a data rate of 160 Gb/s. The dependence of
the quality factor on the key operating parameters of the input signal and SOA was investigated and
assessed. The results indicate that the all-optical XOR function can be realized at 160 Gb/a with higher
performance and under better-operating conditions using SOAs in the TS-MZI rather than in the
standard MZI scheme.
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