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Abstract
Reflective semiconductor optical amplifiers (RSOAs) use an anti-reflective coating on the front facet and a high reflectivity
coating on the rear facet to produce a higher gain than conventional SOAs. In this paper, this potential is exploited to
numerically investigate the ultrafast performance of an all-optical logic XOR gate implemented using a dual-RSOA-based
scheme at a data rate of 120 Gb/s. The simulation results demonstrate that the XOR gate is capable of operating at 120 Gb/s
with better performance than when using conventional SOAs.

Keywords All-optical XOR gate · Reflective semiconductor optical amplifier · Quality factor

1 Introduction

Modern telecommunication networks are dominated by the
unceasing generation, use, and storage of an enormous
amount of information. The latter is ubiquitous due to
Internet-related services and technological developments
such as cloud computing, data centers systems, video on
demand, online gaming, and intelligent mobile applications.
Employing optical fibers provides a physicalmediumof huge
bandwidth that allows to cope with the continuously increas-
ing traffic of broadband services and satisfy the diverse users’
needs. However, the mismatch between fiber-based capac-
ity and operation speed capability of electronic circuitry
results in cumbersome optical-to-electrical-to-optical con-
versions with associated increased cost, power consumption,
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and complexity. This problematic ‘electronic bottleneck’ can
be overcome by performing several signal processing tasks
entirely in the optical domain, i.e., all-optically (AO), and
hence directly at the ultra-high speed optical line rate [1]. In
particular, the exclusive disjunction (XOR) gate plays a cat-
alytic role in this effort due to its involvement in the execution
of numerous signal processing tasks both in fundamental and
system-oriented level [2]. The logical operation of this dig-
ital gate is such that the outputs are in the ‘true’ state only
when the binary content of both inputs differs.

Given XOR gate significance, various technological
approaches, which rely on optical nonlinearities, have been
followed for its AO realization [1]. Among them, SOAs,
which are active devices having very low reflectivity coatings
at both their input and output sides, exhibit the attractive fea-
tures of strong nonlinearity, compact size, and potential for
integration with other optoelectronics devices [3]. For this
reason, many demonstrations of all-optical logic XOR gates
based on conventional SOAs, either as stand-alone nonlinear
elements or incorporated in interferometric configurations,
have been reported in the literature [4–12]. However, SOAs
also have slow gain and phase recovery times, which lim-
its their signal processing capability to data rates that do
not exceed~100 Gb/s and hence cannot follow the upgrades
of single-channel data rates into the sub-Tb/s region and
beyond [13, 14]. On the other hand, reflective semiconduc-
tor optical amplifiers (RSOAs) are a special type of SOAs
with an anti-reflective coating on the front facet and a high
reflectivity coating on the rear facet, as schematically shown
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Fig. 1 Schematic of RSOA device

in Fig. 1. Because of this construction, an input signal is
amplified and reflected back to the front port, from which
it enters the configuration, after passing twice through the
activemedium.This bidirectional amplification and balanced
carrier consumption allow RSOAs to provide higher gain at
low injection currents than their ordinary counterparts with
a lower noise figure, as well [15]. Owing to these char-
acteristics RSOAs exhibit better modulation behavior than
conventional SOAs and have the potential for realizing next-
generation broadband access applications [16, 17] and AO
switching functionalities [18–20]. In this context, it would
further be interesting to investigate whether RSOAs could
be exploited for executing the XOR Boolean function exclu-
sively in the optical domain. Unlike previous efforts [18], in
this paper, this is done at a data rate of 120 Gb/s, based
solely on RSOAs and on cross-phase modulation (XPM)
effect in these active devices, which all together constitute a
new treatment of the addressed research topic. To this aim,
the dependence of the XOR gate quality factor (Q factor) on
RSOAand input signal critical operating parameters is exam-
ined and assessed by numerical simulations, taking also into
account the effect of amplified spontaneous emission (ASE)
so as to obtain realistic results. The outcome of this study
confirms that the proposed all-optical logic XOR gate using
RSOAs can be realized at 120 Gb/s with both logical cor-
rectness and high quality. Therefore, the proposed scheme
can help XOR gates keep pace with the evolving trends of
ultrafast data rates in a feasible and effective manner.

2 RSOAsmodeling

The operation of the RSOAs can be theoretically studied
based on the computationally efficient and accurate models
developed in Refs. [21, 22], which combined with the fun-
damental formulation in [23] allows to analytically account
for interband and intraband nonlinear effects. This is the
first time that the specific model is applied in the context
of RSOA-based all-optical logic, since until recently this

has been done only for RSOA direct amplification [22] or
modulation [24]. The model allows calculating the RSOA
response to an optical excitation from the solution of a single
standard differential equation in the time domain, and hence
greatly reduces the computational complexity, while obtain-
ing at least qualitativelymeaningful results. This fact strongly
differentiates our approach from the simulation method usu-
ally followed, which is computationally cumbersome, as it
involves solving a set of coupled partial nonlinear differential
equationswith boundary conditions [25, 26]. By adopting the
valid assumptions made therein, the RSOAs time-dependent
gains can be derived by numerically solving the following
first-order coupled ordinary differential equations:

dhCD(t)

dt
� h0 − hCD(t)

τc

− hCD(t)

hCD(t)
− αlossL(exp[hCD(t) + hCH(t)

+ hSHB(t) − αlossL] − 1) × (1 + R exp[hCD(t) + hCH(t)

+ hSHB(t) − αlossL])
Pin(t)

Esat
(1)

dhCH(t)

dt
� −hCH(t)

τCH

− εCH

τCH
(exp[hCD(t) + hCH(t) + hSHB(t) − αlossL] − 1)

× (1 + R exp[hCD(t) + hCH(t) + hSHB(t) − αlossL])Pin(t)
(2)

dhSHB(t)

dt
� −hSHB(t)

τSHB

− εSHB

τSHB
(exp[hCD(t) + hCH(t) + hSHB(t) − αlossL] − 1)

× (1 + R exp[hCD(t) + hCH(t) + hSHB(t)

− αlossL])Pin(t) − dhCD(t)

dt
− dhCH(t)

dt
(3)

where functions ‘h’ represent the RSOAs’ gain, which is
integrated over the RSOAs’ length and is induced during the
dynamic processes of carrier depletion (CD), carrier heat-
ing (CH), and spectral hole burning (SHB). G0 �exp[2h0]
[22], where G0 is the unsaturated power gain and the multi-
plicative factor of two in front of h0 takes into account the
double pass of the signal inside the RSOAs active region of
rear-facet reflectivity (R), internal loss coefficient (αloss), and
length of active region (L). Esat �Psatτ c is the RSOAs sat-
uration energy, where Psat is the saturation power and τ c is
the carrier lifetime. Pin(t) is the time-dependent power of the
data inserted in the RSOAs, which is linked to light intensity,
S(t), through P(t)�κ S(t), where κ denotes the conversion
factor from the photon density of power. τCH and τSHB are
the temperature relaxation rate and the carrier–carrier scat-
tering rate, respectively. εCH and εSHB are the nonlinear gain
suppression factors due to CH and SHB, respectively.
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The total gain G(t) of each RSOA is then given by [21]:

G(t) � R exp[2(hCD(t) + hCH(t) + hSHB(t) − αlossL)] (4)

While the associated phase change incurred on a signal
propagating through the RSOAs as a result of their gain per-
turbation is given by:

Φ(t) � −(α hCD(t) + αCH hCH(t) + αSHB hSHB(t)) (5)

where α is the traditional linewidth enhancement factor (α
factor) associated with interband carrier dynamics, αCH is
the linewidth enhancement factor due to CH and αSHB is the
linewidth enhancement factor due to SHB. The contribution
governed by αSHB is null because SHB produces a nearly
symmetrical spectral hole centered at the signal wavelength.
In this case, the Kramers–Kronig integral becomes antisym-
metric at the operating frequency and the Kramers–Kronig
integral remains very small [27].

In the simulation, the input data streams are assumed to be
Gaussian-shapedwith aFWHM(fullwidth at halfmaximum)
pulse width (τFWHM) and default value of 1/8 the bit period
(T �8.33 ps @ 120 Gb/s), which is the inverse of the data
repetition rate. The input power profile is described by [3, 4]:

PA, B(t)

≡ Pin(t)

�
n�+∞∑

n�−∞
anA,B

2
√
ln(2) E0√

π τFWHM
exp

[
−4 ln(2)(t − n T )2

τ 2FWHM

]

(6)

where anA,B is the n-th pulse, which can take the logical
value ‘1’ or ‘0’ and E0 is the pulse energy. n is the length of
the pseudorandom binary sequence (PRBS), which is 27 −1
bits-long.

It should be noted that the applied RSOA model is not
compromised by the RSOA round-trip structure nor by the
picosecond scale of the propagating signals which are fac-
tors that combined would prevent the accurate description
of the RSOA dynamics. In fact, the key for switching is
exploiting and perturbing the maximum possible gain that
the RSOA can offer, which occurs at the middle of its active
region (cf. Fig. 5 in [21]). Consequently, the time that must
elapse for the first pulse that enters the RSOA to be reflected
back and encounter the peak of the available gain is T transit +
T transit/2�6 ps, where T transit �4 ps is the single-pass tran-
sit time that corresponds to the 0.4 mm-long RSOA cavity
used in the simulations. In this case, the forthcoming pulse
heading in the forward direction from the RSOA front facet
to the RSOA center will not have reached and traveled past
this point but will need 4.3 ps more since it physically lags
behind by Tper +T transit/2. In this manner, the RSOA gain

Fig. 2 Schematic diagram and truth table of dual-RSOA-based XOR
gate. A circulator is employed to insert and extract the continuous
wave (CW) beam on which the outcome of all-optical XOR operation
is mapped. WSC wavelength selective coupler

dynamics will be distinctly modified without being affected
by pulse round-trip (RT) delay, even if the latter is higher than
the pulses’ FWHM. This is an important difference against
[22], which concerns direct amplification, and not switch-
ing, of a single pulsed signal. Thus the physical mechanism
of operation differs in that the RSOA gain change is induced
and perceived by the inserted signal itself and is not mapped
on a second, coexisting signal, such as a CW input beam. In
this case, it will take a total of 9 ps for a 1 ps-width pulse to
alter the RSOA gain and be amplified at its exit after having
traveled the RT interval of 8 ps. This means that the whole
amplification process will not have been completed when the
next pulse arrives after~8.3 ps, and hence will be impaired,
thus necessitating to invoke the reduced RSOA model crite-
rion [22].

3 All-optical XOR gate
with dual-RSOA-based scheme

3.1 Operation principle

Figure 2 shows the schematic diagram and the truth table of
the dual-RSOA-based XOR gate. For XOR operation, two
modulated data signals A and B are inserted in two respec-
tive RSOAs, RSOA1 and RSOA2. In parallel, a continuous
wave (CW) beam is split by a 3 dB coupler into a pair of
identical parts, which drive the RSOAs concurrently with
their data signals counterparts. Two reciprocal wavelength
selective couplers (WSCs) are used to combine the CW input
with data signals A andB launched into RSOA1 andRSOA2,
respectively, in the forward direction, and split the composite
output from the RSOAs in the backward direction to extract
the CW signal that carries the logical result of XOR oper-
ation and isolate the perturbing signals A and B. Typical
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values for the losses and bandwidth of these components
when handling signals located in optical communications C-
band spectral region are 0.7 dB and 40 nm, respectively, as it
can be found from various photonic manufacturers’ product
catalogues. Compared to the input signals’ peak power these
losses are extremely low and are not capable of altering the
RSOAs specified degree of saturation. Therefore, they can be
ignored without affecting the essence of the results obtained
from the conducted theoretical treatment.

3.2 Simulation

The output power of the XOR gate is described by the fol-
lowing equation:

PXOR(t) � 0.25 PCW(G1(t) + G2(t)

− 2
√
G1(t)G2(t) cos [Φ1(t) − Φ2(t)]) (7)

where Pcw stands for the CW beam power, while G1,2(t)
and Φ1,2(t) are the time-dependent total gains and phase
shifts experienced by the copies of the CW beam inside
RSOA1 and RSOA2, respectively. This output is critically
affected by a set of key operating parameters, which include
the RSOAs’ device building, structural, driving, and input
signal characteristics. Thus, in order to improve the perfor-
mance of the proposed XOR gate at the target data rate, these
parameters should be optimized. This can be done through
numerical simulation, which has been prepared and run in
Wolfram Mathematica®. For fair performance comparison
betweenRSOAsandSOAs, the sameparameters values listed
in Table 1 have been employed for both devices, which are
simulated using the same model formulation, except that for
the SOA the reflectivity, R, is set to zero and the unsaturated
power gain is G0 �exp [h0], as opposed to R �1 and G0 �
exp [2h0] for the RSOA.

The metric against which the performance of the XOR
gate is investigated and evaluated is the Q factor, which is
defined asQ � (P1 −P0)/(σ 1 +σ 2) [3, 4], where P1,0 are the
average powers of the ‘1’s and ‘0’s expected at the output and
σ 1,2 are the corresponding standard deviations. For accept-
able performance, theQ factormust be over six to ensure a bit
error rate of less than 10−9 [3]. By designing theXOR gate as
deduced from the interpretation of theQ factor versus critical
parameters curves shown in the following paragraphs, the Q
factor value is found to be 35 at 120 Gb/s, which is higher
than that reported on all-optical XOR gate works with con-
ventional SOAs [3–12]. Figure 3,which shows the simulation
results for the XOR operation between indicative patterns of
data signals A and B at 120 Gb/s, also confirms that the spe-
cific Boolean logic is executed both with logical correctness
and high quality with regard to the outcome pulses profile
and eye diagram.

Table 1 Simulation parameters

Symbol Definition Value Unit

E0 Pulse energy 0.22 pJ

τFWHM Pulse width 1 ps

n PRBS length 127 –

T Bit period 8.33 ps

λA Wavelength of signal A 1555 nm

λB Wavelength of signal B 1555 nm

λCW Wavelength of CW
beam

1557 nm

PCW Power of CW beam 0.08 mW

Top Operating temperature 290 K

I Injection current 100 mA

Psat Saturation power 10 mW

R Rear-facet reflectivity 1 –

L Length of active region 0.4 mm

d Thickness of active
region

0.3 µm

αloss Internal loss coefficient 10 mm−1

Γ Confinement factor 0.15 –

τ c Carrier lifetime 100 ps

α Traditional linewidth
enhancement factor

4 –

αCH Linewidth enhancement
factor due to CH

1 –

αSHB Linewidth enhancement
factor due to SHB

0 –

τCH Temperature relaxation
rate

0.3 ps

τSHB Carrier-carrier scattering
rate

0.1 ps

εCH Nonlinear gain
suppression factor due
to CH

0.02 W−1

εSHB Nonlinear gain
suppression factor due
to SHB

0.02 W−1

G0 Unsaturated power gain 15 dB

N sp Spontaneous emission
factor

2 –

On the other hand, the output signal (XOR) is not fully
extinguished at the bit slots where both data are present, i.e.,
‘A’� ‘B’� ‘1,’ and where a logical ‘0’ is expected. Never-
theless, the peak amplitude difference between ‘1’s and ‘0’s
is over 10 dB, which guarantees the unambiguous discrim-
ination between them [2]. This is also reflected on the eye
diagram, since the border of the low binary level is not per-
fectly thin but exhibits an analogous vertical deviation from
the perfect ‘0’ ground.

Figure 4 shows the Q factor dependence on the RSOAs
rear-facet reflectivity for the XOR operation at 120 Gb/s.
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Fig. 3 Simulation results of dual-RSOA-based XOR operation at 120 Gb/s. The achieved Q factor is 35

Fig. 4 Q factor versus RSOAs rear-facet reflectivity

From this figure, it is clearly seen that the Q factor is rather
increased as the rear-facet reflectivity becomes higher. This
happens because the propagating input signal is amplified
and reflected back more efficiently by the rear facet to the
point that when it reaches the front port it receives twice
as much gain as in usual SOAs. This makes a significant
difference concerning the design and the construction of the
proposed employed active devices over their conventional
counterparts.

Insight into the performance of the dual-RSOA-based
XOR gate can be acquired by monitoring in Fig. 5, which
shows the Q factor as a function of the internal loss coef-
ficient for different values of operating currents. From this
figure, it can be seen that although theQ factor is decreased as

Fig. 5 Q factor versus RSOAs internal loss coefficient

internal losses become more pronounced, nevertheless their
impact can bemitigated by raising the injection current at the
expense of increased power consumption. Thus, an injection
current of 100mAmust be supplied to RSOAs to compensate
for internal losses of 10 mm−1 and obtain a Q factor of 35.

The Q factor’s dependence on the length and thickness
of the RSOA and the standard SOA is shown in Fig. 6a, b,
respectively. These figures have been obtained by keeping
the current density constant [28] to 83 kA/cm2 and prop-
erly adjusting the confinement factor so that the ratio of
this parameter to the active region cross-sectional area, and
accordingly the saturation energy, is kept fixed [29]. From
this figure, it can be seen that the Q factor is increased for a
longer RSOA and this improvement is more significant than
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Fig. 6 Q factor versus active region a length and b thickness for RSOA- and standard SOA-based XOR operation

Fig. 7 Q factor andXOR average peak power versus RSOAs input pulse
energy

for the same length of conventional SOA. This difference
is attributed to the RSOA double-pass configuration, which
allows enough space to induce more strongly the nonlinear
differential phase shift and make the latter accumulate closer
to the level of optimum switching. Moreover, the highest
Q factor achieved with the longest SOA is almost the same
with the lowest value of thismetric achievedwith the shortest
RSOA. Similar observations qualitatively holdwith regard to
the thickness of the active region of these devices. Therefore,
it can be deduced that the XOR gate can be realized with an
acceptable performance bymeans of RSOAswhose total size
is more compact than that of conventional SOAs.

TheQ factor dependence on the pulse energy for different
values of RSOAs rear-facet reflectivity is shown in Fig. 7.
As pulses become more energetic, the Q factor is reduced
due to the heavier RSOA gain saturation. In order to keep
the Q factor acceptable, the RSOA must be full and not half-
reflective so as to take full advantage of the feedback process
inside the RSOA cavity andmaximize the perturbation of the
concomitantly offered gain. The highest possible reflectivity
also results in a better Q factor for the same pulse energy. A
Q factor of 35 is obtained for a pulse energy of 0.22 pJ, which

is of the order of that used in SOA-based AO gates operating
at sub-Tb/s rates [30] and corresponds to an average peak
input data power of~5.4 dBm, which also is considered a
rational amount for AO switching purposes. The secondary
‘y’-axis displays the average peak power of the XOR output
sequence as a function of the input pulse energy. From these
extra values, it can be deduced that the RSOAs gain pertur-
bation from the unsaturated level lies in the vicinity of deep
saturation [31].

Figure 8 shows the Q factor dependence on the RSOAs
operating temperature. From this figure, it can be seen that the
Q factor is higher at lower temperatures for different values
ofmoderate injection current. Physically, this occurs because
the distribution of free carriers and the nonradiative recombi-
nation become such that favor the supply of more gain [32],
which in turn causes the Q factor to increase. First, the prob-
ability of carriers to occupy the active medium energy levels
increases with a decrease in temperature. Second, electrons
are distributed over a narrow range at a lower temperature and
hence the number of these carries available for participating
in optical transition, thus providing gain, at a given energy
becomesmore. Third, nonradioactive recombinations, which
decrease with a decrease in the device temperature, cause an
increase in the gain for a given current.Moreover, the temper-
ature decrease accelerates the gain recovery of RSOAs [32],
which hence become more capable of handling ultrafast data
so that the latter can undergo the XOR operation with bet-
ter performance. Therefore, RSOAs employed for ultrafast
switching in an all-optical interferometric-based gate should
be operated at low temperature. This condition can be satis-
fied by placing the RSOAs chips in TO-can packages [33],
which is a possible way for ensuring efficient cooling during
operation.

The dependence of Q factor on the pulse width and car-
rier lifetime for the RSOA and the standard SOA is shown
in Fig. 9a, b, respectively. More specifically, Fig. 9a, which
has been obtained for constant pulse energy according to
Table 1, shows that the Q factor decreases as pulses become
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Fig. 8 Q factor versus RSOAs temperature for different injection cur-
rents

broader. This happens because in this case the pulse peak
power, which scales inversely with the examined parameter
[34], changes into the opposite direction so that the RSOAs
become less saturated than they should for proper execution
of the XOR operation. This implies that employing RSOAs
instead of SOAs can relax the requirements on the optical
sources and optical time divisionmultiplexing needed to gen-
erate these pulses and allocate them to bit slots, respectively
[13]. A similar trend is observed for the variation of the Q
factor against the carrier lifetime, which suggests that pre-
ferring the RSOA over the SOA can help avoid resorting to
sophisticated gain recovery acceleration techniques.

TheQ factor dependence on the saturation power is shown
in Fig. 10 for the RSOA and the conventional SOA-based
XOR operation. It is seen that although the Q factor rises
in both cases, yet it becomes acceptable across the whole
scanned range of the saturation power only for the RSOA.
This allows to have more freedom in the design of the RSOA
and achieve switching in a more power-efficient manner. For
the conventional SOA, on the other hand, a comparatively
higher saturation power is required to render the Q factor
acceptable. Inversely, for a saturation power of 10 mW, for
which the Q factor is 35 when RSOAs are employed, it

Fig. 10 Q factor versus saturation power for RSOA- and conventional
SOA-based XOR operation

is not possible to attain the same value for the SOA case,
since this metric is more than seven times lower as well as
unacceptable. The physical explanation for this difference
lies in the different construction and operation of the two
types of SOAs. Thus, a conventional SOA is a single-pass
amplifier whose gain saturates monotonically with the opti-
cal power increase along the length of the device. In the
RSOA, in contrast, a fraction of incident light is reflected at
the rear facet and travels back through the active medium. As
a consequence, the forward and backward traveling waves
compete to gain from the same source of carriers, which
results in stronger gain saturation [15]. The reason that
performance-degrading pattern effects do not manifest in the
RSOA-based XOR gate, thus enabling to achieve high Q
factor values, is because the RSOAs are driven into strong
saturation subject to which they exhibit an effective carrier
lifetime that is smaller than the pulses’ repetition period.
In fact, the calculated [35] value of the former parameter
is nearly half that of the latter, which allows supporting
ultra-high data rate all-optical Boolean logic with pattern-
free performance. This ultrafast signal handling capability is
concurrently enhanced for RSOAs high rear-facet reflectivi-

Fig. 9 Q factor versus a input pulse width and b carrier lifetime for RSOA- and SOA-based XOR operation
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Fig. 11 Q factor versus traditional linewidth enhancement factor (α fac-
tor) for RSOA- and conventional SOA-based XOR operation

Fig. 12 Q factor versus RSOAs spontaneous emission factor (N sp) for
different optical bandwidths

ties [36]. Thus, performance-degrading pattern effects do not
manifest in the considered RSOA-based XOR gate scheme,
as verified by observing Fig. 3, thus enabling to achieve high
Q factor values.

The simulated Q factor versus the α factor for the RSOA
and the conventional SOA-based XOR operation is shown in
Fig. 11. The Q factor increases as the α factor is increased
because in this case the induced phase changes are intensified
and affect analogously the magnitude of the marks produced
from theXOR function. Furthermore, whenRSOAs are used,
theQ factor is higher and acceptable, even for small α factor
values, while this is not possible with the standard SOAs.
Since the values of this parameter change depending on the
operating conditions [27], this means that its adjustment can
be less demanding, which is clearly desirable from a practical
perspective.

The amplified spontaneous emission (ASE) acts as noise
on optical amplifiers, thus causing the degradation of their
performance and subsequently of the circuits in which they
are embedded. In this simulation, we took into account the
impact ASE on the Q factor. This is done through the ASE’s
noise related to the spontaneous emission factor (N sp), which
is expressed by the following equation [3]:

PASE � Nsp(G0 − 1) K υB0 (8)

Fig. 13 Q factor versus data rate for RSOA-based XOR operation

Fig. 14 Q factor versus equivalent PRBS length

where N sp is the spontaneous emission factor, K is Planck’s
constant, and B0 is the optical bandwidth at an optical fre-
quency (υ). Equation (8) is universal regardless of the specific
optical amplifier type [37], which in turn is accounted for by
replacing the corresponding gain factormentioned inTable 1.
Using it in our case implies that ASE noise does not affect
the RSOAgain dynamics [38]. This assumption is valid since
the RSOAs are operated around deep saturation where the
optical gain is not affected by ASE. The ASE noise calcu-
lated from Eq. (8) is numerically added to the power of the
XOR output pulses given from Eq. (7) [38]. The Q factor
variation versus N sp for the RSOA is shown in Fig. 12 for
different optical bandwidths. It can be seen that even when
the contribution ofASE is aggravated, the performance of the
scheme remains acceptable, preferably when having a nar-
rower optical bandwidth which helps reject more strongly
the out-of-band noise.

The Q factor versus the data rate for the RSOA-based
XOR operation is shown in Fig. 13. The horizontal axis
values scanned for this purpose have an upper limit of
250 Gb/s, which is set by the requirement that the pulse
repetition period must exceed the RSOAs one-way prop-
agation time, as explained at the end of Sect. 2. Then,
all-optical Boolean functionalities, like those considered in
this paper, can be achieved at data rates,B, as fast as inversely
proportional to RSOAs transit time, i.e., B ≤ (1/T transit)�
(1/4) * 1000 Gb/s�250 Gb/s. Although the Q factor is
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decreased with the increase in the data rate, yet it remains
high and acceptable when using RSOAs.

Figure 14 shows that the operation of the XOR gate is
affected by higher equivalent lengths [39] of the PRBS car-
ried by each input data. The horizontal axis represents the
number of consecutive ‘0’s and ‘1’s contained in each data
sequence driving the RSOAs and agrees with PRBS’s ‘bal-
ance’ property, which states that if the PRBS order is ‘n’
then it contains ‘n−1’ consecutive zeros and ‘n’ consecutive
ones [40]. This approach is more computationally affordable
than if the full PRBS length, which scales with the power of
‘2,’ i.e., 2n −1, were used, but still, the ‘equivalent’ PRBS
to which these strings correspond can sufficiently stress the
XOR gate operation. Despite the increased strain imposed by
longer PRBS, the scheme is tolerant to this effect and retains
its acceptable performance.

4 Conclusions

In conclusion, the possibility of designing an all-optical logic
XOR gate by using a scheme based on dual-reflective semi-
conductor optical amplifiers as nonlinear elements has been
investigated and demonstrated through numerical simulation
and theoretical analysis. The specific Boolean function can
be executed both with logical correctness and high quality
between data of 120 Gb/s repetition rate, as indicated by
the more than acceptable performance metric achieved for a
technologically rational and feasible selection and the com-
bination of the critical operating parameters. Moreover, the
obtained results suggest that the ultrafast performance of the
XOR gate based on RSOAs is better and less technologically
challenging than if conventional SOAs were used instead.
Although there certainly are margins for further improve-
ments with regard to modeling and results accuracy, we
believe that this does not compromise the main conclusions
drawn from the presented work, which can actually spur the
design and construction of complex circuits and subsystems
of enhanced logic functionality that rely on the RSOA-based
XOR gate.
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