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All-optical logic XNOR gate is realized by a series combination of XOR and INVERT gates. This Boolean function is realized by
usingMach-Zehnder interferometers (MZIs) and exploiting the nonlinear effect of two-photon absorption (TPA) in semiconductor
optical amplifiers (SOAs).The employedmodel takes into account the impact of amplified spontaneous emission (ASE), input pulse
energy, pulsewidth, SOAs carrier lifetime, and linewidth enhancement factor (𝛼-factor) on the gate’s output quality factor (Q-factor).
The outcome of this study shows that the all-optical XNOR gate is indeed feasible with the proposed scheme at 250Gb/s with both
logical correctness and acceptable quality.

1. Introduction

The development of all-optical logic technology is important
for a wide range of applications in all optical networks,
including high speed all-optical packet routing and optical
encryption [1]. An important step in the development of
all-optical logic technology, which includes key function-
alities in fundamental and system-oriented level such as
buffering, demultiplexing, clock recovery, packet process-
ing, wavelength conversion, data regeneration, and opti-
cal encryption/decryption, is the demonstration of optical
logic elements that can operate at ultrahigh speeds. All-
optical logic gates based on several different schemes have
been demonstrated and reported, including that based on
dual semiconductor optical amplifier (SOA) Mach-Zehnder
interferometer (MZI) [2, 3], semiconductor laser amplifier
loop mirror (SLALM) [4], ultrafast nonlinear interferometer
(UNI) [5], four-wave mixing (FWM) process in SOA [6],
or cross-gain modulation (XGM) or cross-phase modulation
(XPM) in nonlinear devices [7]. All-optical logic XNOR
gate using SOA is described and demonstrated earlier [8–
13]. However the main limitation imposed on most of these
schemes is that they cannot keep conveniently pace with
the upgrades of single channel data rates in the effort to
satisfy the unceasing bandwidth demand [14]. Thus in this

work, we propose to address this critical issue by exploiting
two-photon absorption (TPA) in SOAs, which are placed in
the two arms of MZI operated in probe-dual pump mode.
According to relevant pump-probe experiments, when a data
modulated pump beam of appropriate intensity is launched
into a SOA, the phase induced through TPA on a weak probe
signal can change as fast as 1 ps, which subsequently can
enable ultrafast interferometric switching of the same order
[15]. Pump-probe experiments have shown that phase change
takes place in duration∼1 ps or less when the pump and probe
signals are injected into a SOA [16, 17]. Still so far previous
reports on all-optical logic gates based on TPA process
have not treated the XNOR gate [18–22]. However ASE is a
degradation factor of the SOA response [23, 24] and should
be considered in order to obtain realistic and accurate results
for the intended all-optical logic at the pursued ultrafast
data rate. In this work, I continue, extend, complete, and
generalize the relevant previous work based on TPA [18–22]
by investigating the high-speed performance of the all-optical
logic XNOR gate with the help of numerical simulation
conducted at a repetition rate of ∼250Gb/s. Among these
approaches, SOA is believed to be a key component for all-
optical logic gates, because it has a stronger nonlinearity than
optical fibers and it can be integrated more easily. However
the speed of conventional bulk SOA operation is limited by
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the finite gain and phase recovery time of their temporal
response. The study is carried out when the effect of the ASE
is taken into account in the simulation analysis. The primary
noise in this calculation (which lowers the quality factor (𝑄-
factor)) in the absence of ASE noise is pattern effects resulting
from long recovery times of gain and gain induced phase
change. The ASE causes additional output noise through
spontaneous-spontaneous beat noise and signal-spontaneous
beat noise. In addition if one were tomeasure the error rate of
the gate output, the dark current of the photodiode, shot noise
and thermal noise need to be considered. The ASE-related
noise depends on the spontaneous emission factor (𝑁sp) of
the amplifier [1]. The employed model takes into account the
impact of pulse energy, pulsewidth, SOAs carrier lifetime, and
linewidth enhancement factor (𝛼-factor) on the gate’s output
𝑄-factor. The outcome of our study shows that the all-optical
XNOR gate is indeed feasible with the proposed scheme at
250Gb/s with both logical correctness and acceptable quality.
The input intensities are high enough so that the two-photon
induced phase change is larger than the regular gain induced
phase change.The advantage of this model is the lower power
consumption and higher power transmission than in [18–22].

2. SOA-MZI Model

Theoperation of the SOA-MZI can be theoretically described
by using a rate equation model as shown in [11–17].

The magnitude of the TPA-induced phase shift can be
expressed as [18–22]

ΦTPA = −0.5𝛽𝛼TPA𝑆(𝑡)𝐿, (1)

where 𝛽 is the TPA coefficient, 𝛼TPA is the linewidth enhance-
ment factor due to TPA process, and 𝐿 is the effective
length of SOA active region. The negative sign represents
the observation that the TPA induced phase change is in
an opposite direction from that for the gain-induced phase
change [10]. The experimentally derived 𝛼TPA is ∼4-5 and the
quantity 𝛽 is ∼20–35 cm/GW [10]. For a SOA having typical
active region cross section 5 × 10−9 cm2 and effective length
2mm, 𝛽 = 30 cm/GW and 𝛼TPA = 4. The peak phase change
experienced by the probe would be around 0.4𝜋. This phase
change is large enough for temporal interference of probe
pulses traveling through the two arms of the MZI.

The carrier density induced phase change is given by

Φ(𝑡) = −0.5[𝛼ℎ(𝑡) + 𝛼CHℎCH(𝑡)] − 0.5𝛽𝛼TPA𝑆(𝑡)𝐿, (2)

where 𝛼 is the traditional linewidth enhancement factor and
𝛼CH is the carrier heating alpha factor.

The data inputs are assumed to be Gaussian-shaped pulse
streams with temporal profile [18–24]:

𝑃A,B(𝑡) =
𝑛=+∞

∑

𝑛=−∞

𝑎
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2√ln(2)𝑃
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(3)

where 𝑎
𝑛A,B represents the 𝑛th pulse in the data streams and

can take the logical value “1” or “0” with equal probability, 𝑃
0

is the input pulse energy, 𝑇 is the bit period which is given by
1000/data rate, and 𝜏FWHM is the pulsewidth (full width at half
maximum).

3. XNOR Model

3.1. Operation Principle. In this study, XNOR gate is realized
by a series combination of XOR and INVERT gates [8–10].
For XOR operation, two data signals A and B are injected into
the SOAs incorporated in the upper and lower arms of MZI
1. A clock stream comprising continuous “1”s is introduced
in the setup from the middle input port of the configuration,
as shown in Figure 1. The data signals A and B, which are
spectrally located at wavelengths 𝜆

1

and 𝜆
3

, respectively,
induce via cross-phase modulation (XPM) a phase shift in
the split components of the clock signal, at wavelength 𝜆

2

, in
each SOA.Then the recombined clock signal at the output of
MZI 1 carries the result of XOR operation between the binary
content of data A and B. For proper signal discrimination
wavelength 𝜆

2

must be chosen so that it is different from
𝜆
1

and 𝜆
3

, while 𝜆
1

and 𝜆
3

need not be different. Initially
MZI 1 is balanced, and so when A = “0” and B = “0” the
decomposed clock signal components traveling through the
twoMZI arms do not acquire any phase shift in the respective
SOAs. Thus when they recombine at the output the result
is “0.” However when A = “1”, B = “0”, the clock signal
replica traveling through the upper arm together with signal
A acquires due to XPM a phase change, while its counterpart
traveling through the lower arm does not suffer any such
change. This results in “1” at the output. The same happens
when A = “0,” B = “1”. However when A = “1” and B = “1”
the phase changes induced on the clock signal constituents
traveling through bothMZI arms are equal, hence the output
is “0.” The INVERT operation is obtained similarly to XOR
operation if one of the data inputs is replaced by a clock
signal.Then in order to realize the XNORoperation, the XOR
output from MZI 1 is launched into the upper arm of MZI
2. Concurrently a continuous wave (CW) beam and another
clock signal are launched into the middle and bottom input
ports, respectively, as shown in Figure 1. The effect of ASE on
the performance of the XNOR gate is due to the contribution
both from the XOR and INVERT operations.

3.2. Simulation. Themodulated clock signal, which plays the
role of the probe, interferes with the two arms of the MZIs
obeying the following formula [24]:

𝑃out(𝑡) = 0.25𝑃𝐶{𝐺1(𝑡) + 𝐺2(𝑡)

−2√𝐺
1

(𝑡)𝐺
2

(𝑡)Cos[Φ
1

(𝑡) − Φ
2

(𝑡)]},

(4)

where 𝑃
𝐶

is the input probe power, while 𝐺
1,2

(𝑡) and Φ
1,2

(𝑡)

are for the time-dependent gains and total phase shifts expe-
rienced by the copies of the CW signal. The instantaneous
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Figure 1: Schematic of a XNOR logic gate using two MZIs in series combination. BPF: band-pass filter.
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Figure 2: (a) Simulation results of SOAs-MZI for XNOR operation. Top two traces are the signals A and B; the third trace is the XOR output
shown for logical comparison and the bottom trace is XNOR output; (b) eye diagram for XNOR.

optical intensity inside SOA-MZI1 for the XOR gate is given
by

𝑃
1

(𝑡) = 𝑃A(𝑡) + 𝑃𝐶,

𝑃
2

(𝑡) = 𝑃
𝐶

+ 𝑃B(𝑡).
(5)

The instantaneous optical intensity inside SOA-MZI2 for the
INVERT gate is given by

𝑃
3

(𝑡) = 𝑃XOR(𝑡) + 𝑃CW,

𝑃
4

(𝑡) = 𝑃CW + 𝑃
𝐶

.

(6)

The SOA parameters are defined and taken throughout the
simulation as listed in Table 1.

Figure 2(a) illustrates the simulation results for theXNOR
operation between an indicative pattern of data signal A
and an indicative pattern of data signal B shown in the top
two traces. The third trace shows for logical comparison the
XOR output and the bottom trace shows the XNOR output
after SOA-MZIs 1 and 2, respectively. The eye diagram that
corresponds to XNOR operation is shown in Figure 2(b). In
the absence of ASE noise the primary source of noise in the
calculations, which lowers the 𝑄-factor, is due to the pattern
effects that result from long recovery times of gain and gain
induced phase changes. The pulsewidth (full width at half
maximum) is 0.5 ps, the data stream average power is 162mW,
and the SOA active region cross section is 5 × 10−9 cm2.

To investigate the “quality” of XNOR operation by sim-
ulation, the 𝑄-factor of the XNOR output signal has been

Table 1: List of input signal and SOA parameters treated as fixed
throughout the simulation analysis, by symbol, definition, and value.

Symbol Definition Value
𝐺
0

SOAs unsaturated power gain 30 dB
𝑃
0

Input pulse energy 0.01 pJ
𝜏FWHM Pulsewidth 0.5 ps
𝜏
𝑐

SOA carrier lifetime 300 ps
𝜏CH Temperature relaxation rate 0.3 ps
𝜏SHB Carrier-carrier scattering rate 0.1 ps

𝜀CH
Carrier heating nonlinear gain
suppression factor 0.08W−1

𝜀SHB
Spectral hole burning nonlinear gain
suppression factor 0.08W−1

𝛼 Traditional linewidth enhancement factor 5
𝛼CH Carrier heating alpha factor 1
𝛼SHB Spectral hole-burning alpha factor 0
𝑃sat Saturation power 30mW

𝛼TPA
Linewidth enhancement factor due to
TPA 6

𝛽 TPA coefficient 30 cm/GW

calculated. This metric gives information for the optical
signal-to-noise ratio in digital communications and is defined
as 𝑄 = (𝑆

1

− 𝑆
0

)/(𝜎
1

+ 𝜎
2

) [18–24], where 𝑆
1

, 𝑆
0

are the
average intensities of the expected “1”s and “0”s and 𝜎

1

, 𝜎
2

are
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Figure 3: 𝑄-factor versus𝑁sp for XNOR operation.
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Figure 4: 𝑄-factor versus input pulse energy for XNOR operation.

the standard deviations of those intensities [1]. I assume an
optical amplifier with unity coupling efficiency, uniform gain
𝐺, over an optical bandwidth 𝐵

0

, and an input power of 𝑃in
at optical frequency 𝜐 centered in the optical pass bandwidth
𝐵
0

.Then the ASE power in the optical bandwidth𝐵
0

is related
to𝑁sp [23, 24]:

𝑃ASE = 𝑁sp(𝐺 − 1)ℎ𝜐𝐵
0

, (7)

where ℎ is Plank’s constant. The ASE noise is added numer-
ically using (7) to the pattern effect noise to obtain the 𝑄-
factor.The𝑄-factor versus𝑁sp for the XNORoutput is shown
in Figure 3. For an ideal amplifier (𝑁sp = 2), the 𝑄-factor is
12.34 at 250Gb/s.

To obtain further information on the XNOR perfor-
mance, the 𝑄-factor versus input single-pulse energies is
calculated as shown in Figure 4. An increase of input pulse
energy will saturate the SOAs more easily, which results in a
decrease of the 𝑄-factor.

The 𝑄-factor is also sensitive to the input pulsewidth
and the SOA carrier lifetime as shown in Figure 5. The 𝑄-
factor decreases when increasing the pulsewidth because two
neighboring pulses tend to overlap for wider pulsewidth as
shown in Figure 5(a). Figure 5(b) shows the dependence of
𝑄-factor on the SOA carrier lifetime. The results show that
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Figure 5: Calculated 𝑄-factor as a function of (a) pulsewidth;
(b) dependence of calculated 𝑄-factor on SOA carrier lifetime for
XNOR operation.

the 𝑄-factor decreases as the SOA carrier lifetime increases.
The SOA carrier lifetime determines the speed of gain and
phase recovery in the active region, so the 𝑄-factor is higher
for a shorter carrier time.

The linewidth enhancement factor (𝛼-factor) depends on
the relative position of the amplifier gain peak and the signal
wavelengths and thus can vary 𝑄-factor as a function of 𝛼-
factor is shown in Figure 6. The 𝑄-factor is larger for larger
𝛼-factor because the phase changes are larger for large 𝛼-
factor and hence the XNOR signal (“1” values) is larger. This
increases the signal-to-noise ratio and hence the 𝑄-value.

4. Conclusion

In conclusion, the performance of all-optical logic XNOR
gate based on two-photon absorption (TPA) using semicon-
ductor optical amplifiers- (SOAs-) assisted Mach-Zehnder
interferometers (MZIs) has been numerically simulated and
investigated. The theoretical study has been carried out by
solving the rate equations of the SOAs incorporated in the
MZI arms when the effect of amplified spontaneous emission
(ASE) is taken into account and included in the model
through the spontaneous emission factor (𝑁sp). The impact
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Figure 6: The simulated 𝑄-factor dependence on linewidth
enhancement factor (𝛼-factor) for XNOR operation.

of ASE as well as of pulse energy, pulsewidth, SOAs carrier
lifetime, and linewidth enhancement factor (𝛼-factor) on the
gate’s output quality factor (𝑄-factor) has been evaluated.The
extracted results show that the treated logic gate is capable
of operating at 250Gb/s with logical correctness and with
the definedmetric simultaneously beingmore than adequate.
These results complement the suite of basic logic functions
that can be implemented all-optically and at ultrafast data
rates by exploiting the TPA nonlinear effect in SOAs. Finally,
ASE effects are important and must be taken into account
when all-optical logic gates are cascaded to form more
complex circuits and subsystems of enhanced functionality.
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