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Abstract

The performance of an all-optical OR gate using a dual pump—probe semiconductor optical amplifier (SOA)-assisted
Mach—Zehnder interferometer (MZI) is investigated and demonstrated through numerical simulations at a data rate of 80 Gb/s.
The proposed scheme enables to obtain a higher quality factor and smaller pattern dependence for a more feasible choice of
critical operating parameters than when using for the same purpose the SOA—delayed interferometer.
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1 Introduction

Boolean OR is one of the basic logic operations in the suite
of fundamental binary functions [1]. In particular, its execu-
tion exclusively by means of light is desirable for enabling
all-optical (AO) signal processing tasks in both fundamental
and system-oriented level [2]. In line with the progress on
AO logic circuits and subsystems achieved owing to semi-
conductor optical amplifier’s (SOA) attractive properties, the
implementation of the specific gate and the investigation of
its performance have largely been addressed based on this
technology [3-6]. To this aim, SOAs have been exploited
either with a delayed interferometer (SOA-DI) [7-10] or
in the conventionally driven Mach—Zehnder interferometer
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(SOA-MZI) [11-14]. In this paper, we propose to employ
the SOA-MZI, but in a dual pump—probe configuration,
where pairs of the data signals, between which the target
Boolean OR operation is executed, are distinctly launched
into the MZI acting as pump and probe inside the SOAs.
The performance of the all-optical OR gate realized in this
way is investigated through numerical simulations run at
80 Gb/s. Compared to the SOA-DI configuration employed to
obtain Boolean OR operation at 80 Gb/s [8, 9], the scheme
we propose exhibits smaller pattern dependence in a more
affordable manner and less stringent operating requirements.
Moreover, the results obtained by examining and assessing
the influence of the input signals and SOA critical parame-
ters, including the effect of amplified spontaneous emission
(ASE), on the quality factor (QF) demonstrate that the latter
is well over the critical limit and higher with the conceived,
than with the conventional, SOA-based AO circuitry.

2 Theoretical formulation

Electrons and holes will be placed in the conduction and
valence bands of each SOA due to the pumping of the injec-
tion current. The incoming incident photons are launched
into the SOAs active region and collide with electrons in the
conduction band to release stimulated photons with the same
phase, frequency, and direction. For high intensities, carrier
heating (CH) manifests inside each SOA when the temper-
ature of carriers is higher than the lattice temperature. This
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process occurs on a time scale of 0.7—1 ps. Also, ahigh optical
intensity burns a hole in the gain spectrum, which is known as
spectral hole burning (SHB). These nonlinear processes are
very fast and should not be neglected when pursuing to pro-
vide an accurate theoretical description of SOAs behavior.
The operation of the SOA-MZI can be theoretically studied
as detailed in [15-20]. The SOA-MZI time-dependent gains
due to interband carrier depletion (CD) and CH, SHB effects
are derived from the solution of the following first-order dif-
ferential equations, respectively [2, 21]:

dhcp(r) — ho — hep(?)
dt o C
P(1)
— (explhcp(?) + heu(r) + hsup ()] — 1) z
sat
()
dhcu(t) _ hcu()
dr - TCH
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TCH
2
dhsu(r) _ hsuB(r)
d  suB

- ESEZ' (explhep(t) + heu(t) + hsup(1)] — 1 P(1)

dhcep(t)  dhen(t)

- - ; (3)
dr dr

where functions ‘4’ represent the SOAs gain integrated over
their length due to CD, CH, and SHB (hence the corre-
sponding subscripts). hg =In[Gp], where Gy is the SOAs
unsaturated gain. Egyc = Pgyt T 1S the SOASs saturation energy,
where Pgy is the SOAs saturation power and 7. is the SOAs
carrier lifetime. P(¢) is the input signal power. Tcy and Tsyp
are the temperature relaxation rate and the carrier—carrier
scattering rate, respectively. ecy and esyp are the nonlinear
gain suppression factors due to CH and SHB, respectively.

The total gain G(¢) in each SOA-MZI arm is given by [2,
217]:

G(t) = expl(hcp(t) + hcu(?) + hsup(1))]. 4

The phase change is linked to the total gain through the
involved linewidth enhancement factors. The value of asyp
is null because SHB produces a nearly symmetrical spectral
hole centered at the signal wavelength and the Kramers—Kro-
nig integral remains very small [22-24]. The phase change
of the input signal propagating through the SOAs is given by
[2,21]:

@(t) = —0.5(a hep(t) + acuhcu(t) + asuBhsus(?)),  (5)
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where « is the traditional linewidth enhancement factor («-
factor). acy and asyp are the linewidth enhancement factors
due to CH and SHB, respectively.

In the simulation, the input data streams A and B are
assumed to be Gaussian-shaped with power profile described
by [22-24]:

Pp (1) = P(1)

N 2/ E,
= Z AanA,B exp| — 2
TFWHM

41n(2)(t — nT)?
fTFWHM ’

(6)

where a4 pis ‘1’ or ‘0’ insidea N = 27 — 1 bit-long pseudo-
random binary sequence (PRBS) of pulses having energy Ey,
full width at half maximum (FWHM) pulse width TrwnmMm,
and period 7. The total power that enters SOA1 and SOA2
in the two MZI arms is, respectively:

P1(t) = Papymy (1) + Py (1) + 0.5(P e (1) + Py (1))
(N

Pa(t) = 0.5(P e (1) + PRy (1)) ®)

The schematic diagram and truth table of the all-optical
OR gate based on the dual pump—probe SOA-MZI are shown
in Fig. 1.

In order to implement the OR operation between two data
streams A and B, the latter are inserted in the upper MZI
arm acting as ‘pump signals,” as denoted by ‘Data Apymp’
and ‘Data Bpump, respectively. Concurrently, signals of same
binary content but much lower intensity enter the upper and
lower MZI arms having the role of the ‘probe,” as denoted
by ‘Aprobe” and ‘Bprobe,” respectively, on which the nonlin-
ear effects induced inside the SOAs by the pump signals are
mapped and transformed into switching. Using in this dual
way the signals between which the target logic operation is
going to be executed, i.e., identical signals are inserted from
different inputs having different roles, is a practice that has
been exploited before for implementing all-optical Boolean
functions [25]. It should be noted that although the combi-
nation of signals A and B can be viewed as an effective OR
operation, this is realized passively by means of wavelength-
selective couplers (WSCs), which cannot substitute the active
function of the MZI. Thus, WSCs provide just the composite
of different wavelengths, at which signals A and B are spec-
trally located so that they can be discriminated from each
other, for further exploitation in a nonlinear active device
(in this case the SOA). In contrast, the MZI acts on optical
time-division-multiplexed data streams and produces a log-
ical outcome at a bit-slotted level on a single wavelength.
Therefore, the WSCs have only a supporting role and pro-
vided they are chosen to exhibit low insertion losses and wide
bandwidth in the optical communications C-band spectral
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Fig. 1 Schematic diagram and truth table of the dual pump—probe SOA-MZI OR gate, OC 3 dB optical coupler, WSC wavelength-selective coupler,

and OBPF optical bandpass filter

region, which is practically feasible with the commercially
available versions of these elements, they are not capable of
affecting the overall performance of the AO logic system.
The operation of this circuit relies on cross-gain modula-
tion (XGM) inside each SOA by the stronger pump signals
on their weaker probe counterparts, to which their binary
content must be adjusted to coincide, and subsequently on
cross-phase modulation (XPM) incurred by the associated
changes of the SOAs gain dynamics. More specifically, when
the binary content of A and B pump and probe combination
(A + B)pump and (A + B)probe, respectively, is ‘0’, which hap-
pens when Apump, probe = ‘0” and Bpump, probe = ‘0’, the two
SOAs remain in steady state and accordingly the two MZI
arms are balanced, so that no XPM manifests and there is
no output, i.e., a logical ‘0’. In contrast, when both (A +
B)pump and (A + B)probe are ‘1°, which happens when either
Apump, probes Bpump, probe, or both of them, are ‘1°, then sub-
ject to XGM in SOAL the respective traveling probe signals
perceive a dynamically suppressed gain, while in the absence
of pump input in SOA?2 they experience an unsaturated gain.
This process creates a gain difference, which, through XPM,
is translated into constructive interference at the MZI output
and into a logical ‘1’. In this manner, the OR operation is
executed between A and B according to the truth table of this
Boolean function. The output power of the OR gate is given
by the following interferometric equation [21]:

Por (1) = 0.25(Papgpe (1) + Py ()G 1(2) + G2(1)

— 2y G1(1) G2(1) cos[P1 (1) — P2(D))), ©))
where G 2(¢) and @ »(¢) are the time-dependent total gains
and phase shifts incurred inside MZI SOA1 and SOA2,
respectively. The performance of the OR gate depends on the
input signals and SOAs parameters, which should be prop-
erly selected for optimum performance. The default values of
the SOAs physical and structural parameters as well as of the
optical pulses parameters used in the conducted simulation
are given in Table 1 [2, 11, 26].

Table 1 Simulation parameters

Parameter Symbol Value Unit
Length of active region L 0.5 mm
Thickness of active region d 0.1 pm
Width of active region w 2 pm
Injection current 1 250 mA
Carrier lifetime T¢ 200 ps
Traditional linewidth o 5 -
enhancement factor
Linewidth enhancement factor oCH 1 -
due to CH
Linewidth enhancement factor O'SHB 0 -
due to SHB
Temperature relaxation rate TCH 0.3 ps
Carrier—carrier scattering rate TSHB 0.1 ps
Nonlinear gain suppression ECH 0.2 w-!
factor due to CH
Nonlinear gain suppression £SHB 0.2 w-!
factor due to SHB
Unsaturated power gain Go 30 dB
Saturation power Pyt 30 mW
Pulse energy Ey 0.1 pJ
Pulse width TEWHM 0.5 ps
Bit period T 12.5 ps
Optical bandwidth By 3 nm
Spontaneous emission factor Ngp 2 -

3 Results and discussion

The performance of the all-optical OR gate based on the dual
pump—probe SOA-MZI has been investigated and evaluated
by means of the QF. This metric is defined as [23] QF = (P
— Po)/(o1 +00), where Py are the average powers of the
logical ‘0’s and ‘1’s and o, are the corresponding standard
deviations. Figure 2 shows the input data A, B, as well as the
logical result and corresponding eye diagram of the OR gate.
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In particular, when A =B = ‘1", it is shown in Fig. 2c that
despite the higher pump intensity that in this case increases
the induced XPM, still the quality of the OR outcome is
not impaired. This happens because although the MZI level
of interference is analogously affected, this happens to an
extent that the concomitant differential phase, i.e., the argu-
ment of the cosine term in interferometric Eq. (9), is made to
lie in the vicinity of an odd multiple of 7, which is desirable
for achieving almost full switching. These results confirm
that driving the SOA-MZI according to the proposed con-
figuration allows executing the OR gate with both logical
correctness and high quality. The calculated QF is 11 at a
data rate of 80 Gb/s, which is higher than when using the
SOA-DI, for which the QF is 7.4. The small peak amplitude

@ Springer

variations in the outputlogic ‘1’s are caused by pattern effects
due to the relatively long SOAs carrier lifetime, which results
in slower gain-induced phase changes, as well as due to the
ASE effect. Compared to Fig. 3, which depicts the same set
of simulation results obtained for the SOA-DI by calculat-
ing its response [8, 9] for DI delay and phase bias values of
0.1 ps and 7 rad, respectively, the proposed dual pump—probe
scheme notably exhibits smaller pattern dependence than the
SOA-DI, which is a fact that together with the increased QF
highlights its better performance potential.

The QF depends on the input pulses energy and width, as
shown in Fig. 4a and b, respectively. A higher input signal
energy causes a heavier SOAs gain saturation, which impairs
the process of switching, and the QF is dropped, as shown
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in Fig. 4a. Thus, a comparatively lower pulse energy is suf-
ficient, which can be provided more easily from available
optical pulse generation systems. A similar trend is observed
in Fig. 4b concerning the dependence of the QF on the input
pulse width. The QF is decreased as input pulses become
broader, which causes stronger SOAs saturation. The pulses
tend to overlap for a wider pulse width, which causes higher
pattern effects on the OR output. These figures indicate that
input pulse energies as low as 0.1 pJ and narrow input pulses
in the sub-picosecond regime can support acceptable OR gate
performance.

Carriers are supplied to the SOAs active region through
the bias current. As shown in Fig. 5a, the QF inclines by
injecting more current, which, however, results in increased
electrical power consumption. On the other hand, a more
than acceptable QF can be obtained for lower values of this
parameter. Thus, a compromise between these two extremes

285 290 295 300 305 310 315 320 325 330
Operating Temperature (K)

can efficiently be made by selecting a medium bias current
value of the order of 250 mA. Figure 5b shows the QF depen-
dence on the SOAs operating temperature. The QF is higher
at lower temperatures. Physically, this happens because the
distribution of free carriers and the non-radiative recombi-
nation become such that they favor the supply of more gain
[27], which in turn causes the QF to increase. First, the prob-
ability of carriers to occupy the active medium energy levels
is increased with temperature drop. Second, electrons are
distributed over a narrow range at a lower temperature and
hence the number of these carriers available for participating
in optical transitions to provide amplification is enhanced.
Third, non-radioactive recombinations, which decrease with
temperature declination, cause the gain to increase for a
given current. Moreover, the temperature decrease acceler-
ates the SOAs gainrecovery [27], which hence becomes more
capable of handling ultrafast data and hence supporting OR
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operation with improved performance. Therefore, the SOAs
operating temperature should be kept low, which is feasible
with the temperature control circuitry that accompanies for
this purpose real SOA devices.

The QF versus the length and thickness of the SOAs
active region is shown in Fig. 6a and b, respectively. From
Fig. 6a it is noticed that the QF is increased in a longer
SOA active region, as in this case more gain is available
for nonlinear switching. A qualitatively similar observation
can be made from Fig. 6b with regard to the thickness of the
SOAs active region. Therefore, higher QFs can be obtained
when using larger, i.e., less compact, SOA devices. This in
turn means that where system requirements dictate keeping
device footprint small, higher injection currents will, accord-
ing to Fig. 5a, be required to obtain still high values of this
performance metric, at the expense of increased power con-
sumption.

Figure 7a and b shows the dependence of the QF on the
SOAs carrier lifetime and traditional linewidth enhancement
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factor («-factor), for the SOA-assisted MZI- and DI-based
OR operations. The carrier lifetime is a very important
parameter in the amplification process. A longer lifetime
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results in slower carrier replenishment at the given data rate,
which decreases the QF, as shown in Fig. 7a. Nevertheless,
the QF can be kept acceptable for the SOA-MZI even if the
SOAs carrier lifetime is quite longer with respect to the rep-
etition period, while for the SOA-DI the allowable ratio 7./T
must be more confined. This fact is a physical by-product
of the dual pump—probe scheme which accelerates the SOAs
response to ultrafast data, at the expense of using extra laser
sources for making available the necessary input signals [11].
On the other hand, the QF is increased for higher a-factor val-
ues, as shown in Fig. 7b. For a smaller a-factor, the QF using
SOA-MZI is acceptable and higher than with SOA-DI. This
difference, which relaxes the operating requirements with
regard to the selection of the specific parameter [28], can
be attributed to the dual pump—probe configuration, which
induces a stronger phase shift and hence level of switching.

The QF depends on the SOAs saturation power, as shown
inFig. 8 for the SOA-MZI- and SOA-DI-based OR operation.
It is seen that although the QF is increased in both cases, it
becomes acceptable only when using the SOA-MZI. For a

realistic saturation power of 30 mW, i.e., ~15 dBm, the QF
is 11 when using the SOA-MZI and 7.4 when using the SOA-
DL

The simulation of the SOA accounts for the effect of the

amplified spontaneous emission (ASE), which plays a sig-
nificant role in the performance of the logic gate. The ASE
occurs during the amplification process due to the sponta-
neous emission and is considered as a source of noise that
causes pulse distortion, which degrades the QF. Thus, in this
simulation, we include the contribution of this effect, which
is numerically added to the OR output power by the following
equation [29]:
Pase = Nop (2 (Go — 1))v By, (10)
where N, is the SOA spontaneous emission factor, A is nor-
malized Planck’s constant, By is the optical bandwidth, and
v is the optical frequency. The QF versus Ny, is shown in
Fig. 9 for By =1 nm, 3 nm, Gp =30 dB, and v=200 THz.
The performance of the OR gate remains acceptable even
in the presence of ASE. Also, narrower optical bandwidths
reject more strongly the noise and hence are favorable for the
performance of the OR gate, which is feasible with commer-
cially available optical filters.

The variation of the QF with the data rate and equiva-
lent PRBS length for the SOA-MZI and SOA-DI is shown in
Fig. 10a and b, respectively. The QF drops when the oper-
ating data rate is increased, as observed in Fig. 10a, but it
remains over the limit of 6 for the SOA-MZI case even up to
100 Gb/s, while this is not possible with the SOA-DI. On the
other hand, Fig. 10b shows how sensitive the performance of
the OR gate is to the equivalent PRBS length [30]. This rep-
resents the number of consecutive ‘0’s and ‘1’s contained in
each data sequence driving the SOAs in the MZI according to
the PRBS ‘balance’ property, which states that if the PRBS
order is ‘r’ then it contains ‘r — 1’ consecutive zeros and

Fig. 10 QF versus a data rate (a)20 (b)12 [
and b equivalent PRBS length [ c
for SOA-MZI and SOA-DI OR F SOA-MZI
ate [
g 16 r SOA-MZI
r 8
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o I o
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‘r’ consecutive ones. This numerical approach is more com-
putationally affordable than if the full PRBS length, which
scales with the power of 2°,i.e., 2" — 1, were used instead.
The equivalent PRBS length that corresponds to these strings
can sufficiently stress the performance of the OR gate which,
as shown in Fig. 10b, can support operation for higher num-
ber of bits when realized with the SOA-MZI than with the
SOA-DIL

4 Conclusion

In conclusion, the performance of an all-optical OR gate
using a dual pump-probe semiconductor optical ampli-
fier (SOA)-assisted Mach—Zehnder interferometer (MZI)
configuration was numerically simulated, investigated, and
analyzed at 80 Gb/s. The obtained results show that, provided
that the parameters of the input signals and SOAs are suitably
chosen, the OR gate implemented with the proposed SOA-
MZI scheme exhibits better performance and higher quality
factor than when using a SOA—delayed interferometer.
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