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Abstract

All-optical exclusive OR (XOR) gate with semiconductor optical amplifier (SOA)-Mach—Zehnder interferometer (MZI) and
delayed interferometer (DI) is demonstrated at 320 Gb/s through numerical simulation and analysis. The performance of the
XOR gate is investigated and evaluated against the quality factor (QF). The obtained results indicate that placing the DI in
series with the SOA-MZI renders acceptable QF of the XOR outcome at the target data rate, as opposed to the case without

the DI, where the achievement of the same goal is not possible.
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1 Introduction

All-optical (AO) gates are basic building units for the reali-
zation of photonic circuits, subsystems, and networks capa-
ble of operating only by means of light and hence relieved
from the practical limitations and complications of opto-
electronic conversions [1]. In particular, the exclusive OR
(XOR) constitutes the flagship gate as it is involved in the
accomplishment of many AO signal processing functionali-
ties of fundamental and advanced level [2]. A technological
approach that has widely been employed for implementing
this important gate in the optical domain relies on incor-
porating semiconductor optical amplifiers (SOAs) as active
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nonlinear elements in interferometric arrangements [3] and
in particular in the Mach—Zehnder interferometer (MZI)
[4]. However, single-channel data rates scale well beyond
100 Gb/s to cope with the emergence of new bandwidth-
hungry applications; this approach cannot keep pace with
this trend due to SOAs’ inherently slow gain recovery [5].
In order to deal with this issue in an affordable manner while
still taking advantage of conventional SOA-based interfero-
metric schemes’ attractive features and established maturity,
researchers have resorted to the passive solution of serially
connecting a delayed interferometer (DI) at the output of
the SOA-MZI-based XOR gate [6-8]. The DI exploits the
information that is hidden in the phase of the switched signal
[8], and through the subtraction of a temporally offset copy
of this quantity from itself, it creates a window whose dura-
tion is determined solely by the DI shorter delay [9], thus
masking the longer SOA recovery time and its concomitant
negative impact on signal quality. Since the efficiency of this
method has been tested up to 160 Gb/s [7], which soon or
later is expected to be surpassed by the compelling needs of
modern broadband applications, it would be a good idea to
investigate whether the DI can still support the execution of
Boolean XOR logic with an extended data rate margin being
as twice as fast as that reported so far. To this aim, we take
the opportunity to study, for the first time to our knowledge,
the performance of an XOR gate realized at 320 Gb/s using
a DI after a SOA-MZI. This is achieved through appropriate
SOA [10] and DI [8] modeling, which allows to examine
and assess the impact of critical operating parameters on
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the XOR gate quality factor (QF). The obtained simula-  signal that is active, undergoes through XPM manifested
tion results highlight the beneficial role of the DI, under  in the corresponding SOA, a phase change. Thus, when the
the action of which the SOA-MZI XOR gate can be feasibly  divided CW beams recombine at the output OC, they inter-
designed to exhibit an acceptable QF at 320 Gb/s, while this  fere constructively producing a ‘1.” An optical band-pass
is not possible without the DI. filter (OBPF) placed at the MZI exit rejects signals other
The rest of the paper is organized as follows: The XOR  than the switched one. In this manner, the physical result
gate operating principle and modeling formulation are  that is incurred by the binary combinations of data inputs
described in Sect. 2. The numerical results are presented A and B and imprinted on the CW probe coincides with the
and discussed in Sect. 3. Finally, Sect. 4 contains the con- truth table of Boolean XOR logic, which is hence executed
cluding remarks. AO. During this operation, however, the SOAs in the MZI
are driven by data whose binary content is alternated on a

sub-Tb/s scale, thereby imposing a heavy strain on the gain

2 All-optical XOR gate using SOA-MZI-DI dynamics of these devices. Due to this fact, the profile of the
pulses that are switched at the XOR gate output becomes
2.1 Operation principle distorted. This problem can be alleviated by exploiting the

information that is hidden in the phase of the switched signal
The schematic diagram and truth table of the XOR operation  [8]. This can be done by serially placing after the SOA-MZI

using a SOA-MZI in series with a DI are shown in Fig. 1. XOR gate a DI, which has a relative delay, A, in one of its

Two data streams A and B of identical wavelength are arms, and a phase bias, A®, in the other arm. The role of this
injected into the SOA-MZI upper and lower arms, respec-  module is to impart a phase difference between the direct
tively. A continuous wave (CW) beam of a different wave-  and delayed versions of the incoming switched signal [9].
length in the vicinity of 1550 nm, which acts as the ‘probe,”  This action opens a phase window [8], which allows restor-
is injected into the SOA-MZI middle arm and is equally  ing the quality of the switched pulses. More specifically,
split by a 3 dB optical coupler (OC). Two wavelength selec-  for the spaces, which have a small phase content, the win-

tive couplers (WSCs) are used to combine the CW input  dow is closed and the output of the DI is null so that these
first half with data A and the CW input second half with  bits are extinguished. For the marks, on the other hand, the
data B so that these signal pairs are launched into SOA1  induced phase excursions are arranged through the proper
and SOAZ2, respectively. Signals A and B induce a phase  selection of At to lie within the created window. Then by
shift on their corresponding CW beam copy via the non- suitably adjusting A®, the switched signal can be made to
linear effect of the cross-phase modulation (XPM). When  interfere with its lagging replica at the DI’s output either
both signals A and B are ‘0’ or ‘1,” the SOA dynamics are  destructively or constructively. In this manner, the higher
not, or are identically, perturbed, respectively, so that the =~ marks can be clamped and the lower marks can be compara-
MZI remains balanced and the CW beam replicas do not  tively enhanced so that their peaks are ultimately equalized.
experience a phase change. Consequently, signals A and B Therefore, the DI can improve the performance of the XOR
interfere destructively at the output OC and the outcome is  operation and make it better than if the SOA-MZI were not
null, i.e., ‘0.” But when A=‘1" and B="0,” and vice versa, assisted by its beneficial action, as shown in Sect. 3.

the CW beam constituent, which travels along with the

XOR truth table
SOA-MZI DI N TIErE
a 0 0
Data A (1) [WSC 1 1
—(l). SOA1 ) 1
CW Probe (3) 3 dBj 3dB 1 0
> )+ OBPF OR
oC oC
7 Phase Shifter
Data B (3p) |WSC
bassen,

Fig.1 Schematic diagram of XOR gate based on SOA-MZI in series with DI. BPF band-pass filter, OC 3 dB optical coupler, WSC wavelength
selective coupler, OBPF optical band-pass filter
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2.2 Simulation

The input signals A and B are assumed to exhibit a Gauss-
ian-shaped power profile:

Py p(t) = Py (1) = 2 B 2
k=1 \/;TFWHM TFWHM

where pulses have a full-width at half-maximum (FWHM)
width, Tpwyws energy, E,, and are positioned at k-th bit
slots, Ay of binary content ‘1’ or ‘0, which are allocated
within a pseudorandom binary sequence (PRBS) of length
n=2"—1[11]. The pulse format assumed in this simulation
is the return-to-zero (RZ), which is widely employed in opti-
cal communications due to its attractive features of better
tolerance to fiber nonlinearities and improved receiver sen-
sitivity [12]. Pulses occupy only a fraction of the repetition
interval, which helps avoid interference between adjacent
allocated bit slots [13], and their generation while being as
fast and short as in the conducted study is technologically
feasible with lightwave sources developed for this purpose
[14].

By considering the interband and intraband nonlinear
effects, which include carrier depletion (CD), on the one
hand, and carrier heating (CH) with spectral hole burning
(SHB), on the other hand, the time-dependent gains of the
SOAs inside the MZI are described by the following coupled
differential equations [10, 15, 16]:

" 2y/IQ)E, oxp [_ 41n(2)(t — kT)z}

dhcp(t) by — hep(t P;
fiD( L (explhcp(t) + hey () + hspp(D] = 1) n®)
1 Tc Esat

(@)

M = —M - EC—H(eXp[hCD(t) + hep(D) + hgpp ()] — DP;, (1)

dr TcH  TcH
(3)
dhsup() _ hsup(®)  €sup (explhcp(®) + hey(?)
dr Tsug  TsHB ‘ ‘ “)
dheny () dhey(2)
+ hgyp (D] — DP, () — fl? B ((:112

where function ‘A’ represents the SOAS’ gains integrated
over their length, which are induced during the dynamic
processes of CD, CH, and SHB. Furthermore, hy,=In[G],
where G, is the SOAs unsaturated power gain being directly
proportional to their injection current, E, =P, 7. is the
SOAs saturation energy, where P is the saturation power
and 7, is the carrier lifetime. P; (¢) is the time-dependent
power launched into the SOAs, which for each SOA is given

by:
Piysoa, (1) = Py (1) + 0.5Pcy 5)

Pin,SOAz(t) = 0.5Pqy + Pp() )

where Py, is the CW input probe power. 7oy and 7gyp are
the temperature relaxation rate and carrier—carrier scattering
rate, respectively. ey and eqyp are the nonlinear gain sup-
pression factors due to CH and SHB, respectively.

The total gain, G(¢), of each SOA is given by [16]:

G(t) = expl(hep(t) + hey (D) + heyp (1)) 7)
while the phase change, ®(t), incurred on the signal propa-
gating in each SOA is given by [16]:

(1) = =0.5(ahep () + acyhen(®) + aspphgup(®) ®)
where « is the traditional linewidth enhancement fac-
tor (a-factor) associated with CD, acy and agyy are the
linewidth enhancement factors due to CH and SHB, respec-
tively. agyg 1s zero because SHB produces a symmetrical

spectral hole centered at the signal wavelength [10].
The XOR output power after the MZI is described by:

Pyriz1(1) = 0.25Pcw(Ggoa (1) + Ggoar (1)

= 24/ Gsoa1(1)Ggppr (1) cos[ Do (1) )
= Dgoan(D))

where G ,(¢) and @ ,(7) are the time-dependent gains and
phase changes of the CW beam inside SOA1 and SOA2,
respectively.

The XOR power at the output of the DI is described by
[8]:

Ppy(t) = 0.25(Py (1) + Pyt — AT)

- 2\/PMZI(I)PMZI(t — A7) cos[DPyr(?) (10)
— Oyor(t— AT)] + AD)

where Az is the DI delay and A® is the DI phase bias.
Dyor (7) is the SOA-MZI phase response explicitly expressed

by [8]:
Dyor (1) = Pgoar (1)
VGson1 (] Gsopr (1) sin [@go, (1) = Py, (0]

1 = 1/Gsop1(1)/Ggopn(t) cos [q’som(’) - CDSOAZ(t)]

an

whose employment provides a more rigorous framework

for studying AO XOR gates implemented with DI-assisted

SOA-based interferometric schemes compared to previous

numerical approaches followed for the same purpose [6, 7].

The effect of SOAs amplified spontaneous emission

(ASE) is included by adding to the output power calculated
from (11) or (12) the corresponding contribution [10]

— arctan

Pasg = NSP(GO — 1) 2xhoB, (12)

where NSp denotes the spontaneous emission factor, 7 is the
normalized Planck’s constant, By, is the optical bandwidth,
and v is the optical frequency.
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To obtain acceptable XOR gate performance, the input sig-
nals’ and SOASs’ operating characteristics should be optimized.
For this purpose, Egs. (1)-(12) have been combined and incor-
porated in a computer program, which has been prepared and
run in Mathematica® so as to obtain simulation results, using
the involved parameters’ values listed in Table 1. The values
of the parameters considered as ‘critical,” which include the
SOASs’ carrier lifetime, injection current, saturation power,
and spontaneous emission factor, as well as the data signals’
pulse energy and width and the DI delay, have been specified
from the investigation of their impact on the defined perfor-
mance metric, as detailed in the following section, while the
values of the remaining parameters are typical ones [10, 11],
[15, 16] and are assigned to them as ‘default’ throughout the
simulation.

3 Results

The performance of the XOR gate using the SOA-MZI and DI
is evaluated by means of the QF, which is defined as:

QF = (P, = Py)/(o + o) 13)

Table 1 Simulation parameters and values

Symbol Parameter Value Unit
7, Carrier lifetime 100 ps
a Traditional linewidth enhancement factor 5 -
O Linewidth enhancement factor due to CH 1 -
Osup Linewidth enhancement factor due to SHB 0 -
Ten Temperature relaxation rate 0.3 ps
TSHB Carrier—carrier scattering rate 0.1 ps
€CcH Nonlinear gain suppression factor due to CH ~ 0.02  W~!
€SHB Nonlinear gain suppression factor due to SHB 0.02  W~!
G, Unsaturated power gain 30 dB
at Saturation power 15 mW
1 Injection current 100 mA
N Wavelength of data A 1581 nm
g Wavelength of data B 1581 nm
Acw Wavelength of CW probe 1540 nm
Py Power of data A 1 mW
Py Power of data B 1 mW
Pew Power of CW probe 2 mW
Tpwnum  Pulse width 0.5 ps
E, Pulse energy 0.07 pl
T Bit period 3.125 ps
n PRBS length 127 -
At DI delay 0.2 ps
AD DI phase bias T rad
Ny Spontaneous emission factor 2 -
B, Optical bandwidth 2 nm

@ Springer

where P, P, are the mean values of the logical ‘1’s’ and
‘0’s” peak power at the SOA-MZI or DI output and ¢, o,
are the corresponding standard deviations. For acceptable
performance, the QF must exceed 6 (six) so as ensure a bit
error rate less than 107° [15].

First, we specified the DI delay that maximizes the QF.
As shown in Fig. 2, this happens for Az=0.2 ps.

Using this DI delay value, we investigated the impact of
the SOAs’ and data signals’ critical parameters on the QF.
This was done by progressively scanning each parameter
while keeping the others constant with their respective val-
ues cited in Table 1. The set of simulation results obtained
via this procedure is depicted in Figs. 3 and 4, which con-
tain curves grouped for the case of SOA and data signals,
respectively.

More specifically, Fig. 3a—d shows SOAs’ carrier lifetime,
injection current, saturation power, and spontaneous emis-
sion factor, while Fig. 4a and b shows pulses energy and
width, respectively. From the observation of these figures,
the following remarks can be made depending on whether
the DI is used or not:

A. Without the DI
(i) The QF calculated for the combination of val-
ues assigned to the critical parameters according
to Table 1 is less than the required minimum, i.e.,
QF=4.5, and hence unacceptable.

(i1) It is not possible to raise the QF above six despite
altering the SOAs carrier lifetime and spontaneous
emission factor as well as data signals’ pulse energy
and width within their examined span. This means
that these four parameters impose the tighter restric-
tions on the design of the AO logic scheme. In fact,
changing them toward the direction that improves the
QF corresponds to faster SOA gain recovery time,
shorter data pulses duration, and less noisy SOA

15

10 -

QF

0\\\\\III\\\\\\\III\\\\\\III\\\\\\\

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
DI Delay (ps)

Fig.2 QF versus delay of DI after SOA-MZI-based XOR gate at
320 Gb/s
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(iii)

behavior, which can be hard to achieve in practice,
as well as to a narrower, hence undesirable, input
power dynamic range.

It is possible to individually make the QF surpass
its threshold by supplying SOAs with more carriers
or raising the level at which they become saturated.
These conditions are equivalent to increasing the
SOA injection current or saturation power, respec-
tively. This means that these parameters provide
more freedom in the design of the AO XOR gate,

however, at the inevitable expense of more energy-
consuming current sources or erbium-doped fiber
amplifiers.

B. With the DI

@iv)

)

The QF calculated for the combination of values
assigned to the critical parameters according to
Table 1 is acceptable, i.e., QF=11.

In contrast to ii), it is now possible to render the QF
acceptable. Additionally, this can be achieved for a
wide span of the involved parameters, which can be
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selected in a more relaxed and feasible manner. This
allows SOAs to respond more slowly to ultrafast data
pulses, whose energy can vary over a larger extent
and width can be broader, while SOAs can tolerate
more the inherently present noise.

(vi) Compared to (iii), the QF is now higher for the same
parameter value. Unlike (iii), it is acceptable for
lower parameters values, which means lower SOA
bias current and saturation power and subsequently
less electrical and power consumption.

The above points are directly reflected on the switched
pulse profiles and eye diagrams obtained in each catego-
rized case, I or II. Thus, Fig. 5 shows that the XOR logical
outcome suffers from unacceptable [17] peak amplitude
fluctuations as well as from the appearance at bit slots
of small pulses where they should be extinguished. The
eye diagram is deformed to analogous sub-envelopes of
distorted shape, which degrade its quality. Nevertheless,
Fig. 6 shows that these impairments are removed by the
DI of optimized delay, since pulses occur according to the
XOR truth table and exhibit equal amplitude, while the

Fig.5 Pulses’ profile and eye 1.2 12
diagram for XOR function 1.0t o
at 320 Gb/s without DI after ~ 5
SOA-MZI > 08 So08
< 06 N
£04 % 04
Q02 J X
0.0 0.0
0 5 10 20 256 30 0 5 10 15 20 25 30
Time (ps) Time (ps)
1.2p ‘ ' ' | ' 12 ' ' ' ' ' soA-MZ|
__1.0¢ S5 320 Gb/s
; © QF =45
308 208
m 06 2
S 0.4 c
T - 04
“ea UL z
|
0.0} - - - ) - 0.0 y
0 5 10 20 25 30 00 05 10 15 20 25 3.0
Time (ps) Time (ps)
Fig.6 Pulses’ profile and eye 1.2 12f
diagram for XOR function at 10 el \
320 Gb/s with DI after SOA- = 0.8 ©
MZI1 & ~ 08
[a)
< 06 I
] N
g 0.4 = 0.4+
0.2 %
<
0.0 0.0
0 5 10 20 25 30 0 5 10 15 20 25 30
Time (ps) Time (ps)
1.2 —12 SOA-MZI-DI
—~ 1.0¢ El 320 Gb/s
s < QF = 11
% 0.8 g 08l
e 0.6 3
8§ 04 = 0.4}
0.2 g’
0.0¢ 0.0
g & 10 20 25 20 00 05 10 15 20 25 30
Time (ps) Time (ps)

@ Springer



Photonic Network Communications

25

C --SOA-MZI-DI
C =+SOA-MZI
20
15 F
= L
o L
10 -
5¢
07II\\\\\II|\\\\\\II\\\\\\|I\\\\\II
0 80 160 240 320 400 480 560

Data Rate (Gb/s)

Fig.7 QF versus SOA-MZI- and SOA-MZI-DI-based XOR gate data
rate

corresponding eye diagram is restored, becoming clear and
open with a single and uniform border.

The operation speed of the proposed XOR gate is deter-
mined by the DI delay. According to evidence acquired
from studies on the performance of SOA devices, either
stand-alone [18] or incorporated into interferometric
arrangements [8], which utilize the assistance of this mod-
ule to increase their ultrafast potential, the specific param-
eter should tend close to the data pulses full-width at half-
maximum width and to about one-fourth of their repetition
period, respectively. Thus, by applying these conditions
and using the transitive property that holds through the
DI delay, we can calculate that for a pulse duration of half
picosecond used as default throughout the simulations the
maximum data rate that can be supported by the proposed
scheme is ~ 500 Gb/s. In fact, Fig. 7, which illustrates the
QF dependence on the data rate, confirms this estimate,
since the QF achieved at the rightmost extent of the hori-
zontal axis is indeed acceptable.

The main factors for the experimental demonstration
of the scheme are those that concern the practical avail-
ability of the data signals, SOAs, and DI according to the
requirements specified through the theoretical study. Thus,
the data signals launched into the SOA-MZI must have
the appropriate intensity level, pulse width, and format at
320 Gb/s, which is possible with modern laser sources and
erbium-doped fiber amplifiers for generating and boosting
them, respectively [19]. Similarly, the SOAs must have
physical characteristics and be driven under conditions
which are affordable by off-the-shelf devices and their
accompanying electronics [20]. Finally, the DI, which
is mostly critical for achieving the considered AO logic
operation at the target data rate, is also a commercially
available module that can accurately provide the necessary
sub-picosecond amount of delay [21]. Therefore, the reali-
zation of the proposed scheme is technologically feasible.

4 Conclusion

In conclusion, an all-optical logic XOR gate was theoreti-
cally demonstrated at a data rate of 320 Gb/s using a delayed
interferometer (DI) after a semiconductor optical ampli-
fier-Mach—Zehnder interferometer. The simulation results
showed that owing to the DI the specific Boolean function
can be executed in a technologically feasible manner with
both logical correctness and high quality, whereas this is not
possible without the DI.
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