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Abstract: This gazette focuses on simulation and experimental studies for all-optical three-input
“AND” gate schemes. The proposed gate exploits the semiconductor optical amplifier Mach-Zehnder
Interferometer (SOA-MZI) nonlinearities, particularly the cross-phase modulation (XPM) corollary in
addition to the cross-gain modulation (XGM) corollary, which originates from a SOA-MZI differential
modulation concept. Further, the system performance is analyzed and examined through actual
and simulated results to evaluate the obtained “AND” gate signal. Dependent on the nonlinearity
of SOAs, the all-optical “AND” gate can operate with three signals driven by a 2 picoseconds (ps)
optical pulse source (OPS). We noticed that our experimental results are perfectly matched to the
simulated results. The output “AND” signal is acquired at higher common harmonics up to 200 GHz
in the simulation study and the optical “AND”, which can vastly be used in optical networking, is
evaluated through many parameters, such as error vector magnitude (EVM), extinction ratio (ER),
and gain. As a result, the pinnacle bit rate for the 16-QAM (Quadrature Amplitude Modulation)
and 256-QAM “AND” signal reaches 100 and 200 Gbit/s, respectively, at the 100 GHz common
harmonic frequency:.

Keywords: all-optical “AND” gate; quadrature amplitude modulation; semiconductor optical amplifier
Mach-Zehnder interferometer

1. Introduction

In optical communication nexuses, efficient propositions to logic capabilities play
a major role in comparison to electronic signal processing mainly due to their ability to
provide faster responses, i.e., almost real time processing. Various systems have been
provided to characterize different fundamental logic functions, such as: “AND”, “NAND”,
“OR”, or “XOR” gates in the optical discipline [1-4]. Formerly, many concepts have been
put forward to accomplish logic gate operations dependent on many optical functional
apparatuses including a semiconductor optical amplifier (SOA), an electro-absorption
modulator (EAM), and a SOA-Mach-Zehnder interferometer (SOA-MZI) [5-26].

Logic gate concepts can optically be realized through a single SOA as well as its family
contingent on the types of interferometers where the MZI is the famous one. There are other
mechanisms of the interferometers including the Michelson interferometer (MI) [27] and the
Sagnac interferometer (SI) [28] with lower logic gate quality in comparison with the MZI.
SOAs have petite dimensions where they can be easily integrated into a variety of electro-
optical and all-optical systems in order to achieve mixing as well as logic gate processes.
The SOAs display scarce power depletion and can be effectively combined with single-
mode fibers (SMFs) because of their structure [29]. Moreover, SOAs are currently the most
evolved amplifier in signal processing fields due to their significantly rapid advancement.
SOAs are considered to be an attractive design to realize all-optical gate functions thanks
to their nonlinearity outcomes, particularly the cross-gain modulation (XGM).

In the XGM concept, the SOA carrier density is modulated by a data signal and this
leads simultaneously to gain difference in a control signal inserted to the SOA, which is
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converted at the wavelength of the data signal at the SOA outturn. The SOA relied on
XGM nonlinearity has some drawbacks such as chirping, low extinction ratio (ER), and low-
frequency band. The recovery time of applied SOAs is essentially considered as limiting
specification for any system, the gain dynamics of SOAs have considerably supported
many styling concepts of the data modulation in higher bit rate system applications with
outstanding ameliorations in principles of wavelength conversion at a data rate up to
320 Gb/s [30-33].

Additionally, the SOA gain recovery time is alleviated by augmenting the optical
intensity of the input photons. This problem can be easily solved by incorporating the SOA
in the MZI configuration based on cross phase modulation (XPM) impact, which is shifted
to intensity modulation. The XPM nonlinearity is unconstrained to frequencies, in that case,
the transformation to a higher frequency is effectively achieved through XPM.

In addition, many principles have been demonstrated to successfully consummate
all optical logic “AND” gates dependent on nonlinear features of SOAs, especially the
XPM refrain along with the XGM one. Thanks to the benefits of lofty nonlinearity and
effortlessness of amalgamation, the SOA-MZI is an excellent determination for “AND”
gates by all-optical practicability. Moreover, a logic “AND” gate by all-optical processing
as well as its potency are experimentally expounded at the 80 Gbit/s “AND” data rate
employing a MZI based differential mode [34-36].

To achieve logic gate operations, Virtual Photonic Inc. (VPI) software [37] can be con-
sidered an outstanding candidate. The VPI simulator effectively entrenches huge specializa-
tion of optical components and the requirements of optical transmission arrangements in
one allocated, resilient software setting to support system performance in structure, investi-
gation, and enhancement with the high acceleration of models of the optical transmission
systems. Besides, VPI software provides the most potent numerical procedures customized
to telecommunication, radio over fiber (RoF), wireless networks, and high-power and
ultrafast applications. It also provides excellent feasibility for minimizing efforts in realistic
measurements by employing ready-to-use sophisticated implementations and virtualizing
real electrical, photonic, and optoelectronic devices by simulations of components in optical
and electrical domains.

In this monograph, we proffer an unparalleled blueprint for a three-input logic “AND”
gate contingent on a SOA-MZI assembled on the differential modulation approach, and for
the first time, using 2 picoseconds (ps) optical pulse sources (OPSs) at distinct repetition
rates. In other words, the exploitation of the three optical signals derived from the OPSs
in the SOA-MZI differential modulation with the aim of establishing the “AND” gate
signal is unprecedentedly presented in the electrical field. Furthermore, the OPS features
including the pulse width period of 2 ps and high repetition rates extremity ameliorate the
quality performance of the “AND” signal at the SOA-MZI outlet. Decreasing the duration
of the pulse width results in augmentation of the signal bandwidth with which it engages.
As alteration become swifter in the time field by minimizing the width duration, this
translates to a higher spectral occupation and therefore grander bandwidth. Three input
signals with 2 ps pulses are injected into the SOA-MZI simultaneously at different ports
to arouse the XPM and XGM effects. The electrical spectrum is the key outcome with the
purpose of evaluating the “AND” signal that is achieved at the exit of the SOA-MZI. Using
optical filters vanishes unwanted frequency components and enhances different harmonic
frequencies of the logic “AND” output. Finally, the logic “AND” signal is fulfilled at the
SOA-MZI outlet by connecting three input control OPS channels. This unprecedented
system is extremely important because of the vital characteristics of the “AND” signal,
which adequately appraises through a medley of crucial specifications including error
vector magnitude (EVM) values, extinction ratio (ER), bit error rate (BER) numbers, and
range of conversion gains (CGs). These characteristics are considerably improved compared
with other systems [34-36]. Furthermore, the way to generate the “AND” signal contingent
on the differential modulation mode is unparalleled. The gain measurement and ER of
the “AND” signal are electrically assessed, and the measurements of the EVM at high bit
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transfer rates pending 200 Gbit/s are also achieved to evaluate the “AND” gate, which is
attained successfully by all-optical arrangements. Our modern, classic, and flexible design
can be practiced in a medley of implementations such as radio over fiber (RoF) and wireless
communication networks as well as being employed to build further advanced complex
logic circuits.

2. Operation “AND” Principle

In our work, the primary assumption to achieve logic gate processes is a configuration
called differential modulation where the “AND” gate signal is successfully attained at
the SOA-MZI exit. This principle is proficiently employed to identify a transmission win-
dow [38,39] of the logic gate signal contingent on the differential modulation mechanism.
In this principle, a pulsed signal is introduced at both parts of the interferometer through
SOA-MZI middle port. In contrast, two other pulsed signals with different parameters are
injected in the uppermost and bottom arms of the SOA-MZI structure. At the SOAs outturn,
the high gain and phase are effectively realized after modulating their carrier densities
as well as their refractive indexes. At the SOA-MZI output, the differential transmission
window of the “AND” signal is obtained after combining the optical signals generated
from both SOAs by means of an optical coupler (OC). The “AND” transmission window
follows the cosine of phase variation and SOA gains as a consequence of the XPM and XGM
effects. As a result, two pulsed control signals are modulated by another pulsed signal
and the employed SOA-MZI in this concept acts as a modulator. The SOA-MZI design is
applied in the differential modulation procedure where three pulsed control signals affect
the logic gate state. In that case, in this duration of the transmission window, we can attain
the “AND” signal, which is quite fast due to the gain recovery time of both SOAs. The
differential modulation mode plays a vital role to ameliorate the efficiency of an optical
“AND” gate transmission system because all pulsed signals are consummated at one of the
wavelengths of the control pulsed signal. This greatly amplifies the power and reduces the
noise of the logic “AND” gate signal at the SOA-MZI output.

The “AND” gate field can optically come into possession of a SOA-MZI as demoed in
Figure 1. This efficient SOA-MZI is employed as an optical ON/OFF device or a sampling
mixer and can also be utilized as a logic gate. Moreover, the SOAs in both arms are
expected to be identical, therefore, to realize a Boolean product Q = A * B x C that is
the multiplication of the three input signals. The second one is the incoming signal B
at a frequency of f, = 10 GHz that enters the middle port (MP), cleaves evenly into
two portions at the bottommost and uppermost arms, and has harmonics at frequencies
H, = nf,. Besides, the first input signal A at fj = 5 GHz is introduced into the upper port
(UP) having harmonics at H,, = mf;. Lastly, the input signal C at f3 = 20 GHz is inserted
into the lower port (LP) having harmonics at H, = pf3 where the harmonic ranks n, m,
and p are strictly positive integers. A, B, and C have conceptual electrical spectrums as
showcased in Figure 1.

At the SOA-MZI output, distinctive band pass filters are optically implemented intend-
ing to only achieve the “AND” gate function because, at the same time, the mixing function
between the three input signals can be obtained as well at the output port on the basis of the
XPM and XGM repercussions in the SOAs. Thus, the requested signal Q at the output port-
hole is actually the by-product of a Boolean product of three incoming signals A * B x C.
Since the three inward signals have common harmonics (Hj = H} = Hf = 20 GHz
and H! = HP = HS = 40 GHz), the output “AND” signal (Q signal) will have har-
monics H1Q and HéQ as well as different amplitudes resulting from the power product

i i — Q_ yA B C _
of each input signal PH1Q = PH;{* * PHg * Pch at HT = Hj' + Hy x Hy =20 GHz and

_ Q _ gA B C
PHég —PH{? *PHE *PHzC at HY = H§' « Hy * Hy at 40 GHz.
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Figure 1. Silhouette of the principle of three-input “AND” gate based on the sampling SOA-MZI
using its differential modulation architecture. SOA: Semiconductor Optical Amplifier, BPF: Band
pass Filter, UP: Upper port, MP: Middle Port, SOA-Mach-Zehnder Interferometer (SOA-MZI), LP:
Lower Port, A, B, and C are input signals, Q is the output “AND” signal, and @ is the phase shifter.
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Furthermore, the “AND” signal is effectuated at the SOA-MZI outturn thanks to the
SOA-MZI nonlinearities including XGM and XPM ramifications. Besides, the applied filter
is optically tuned at the third input signal wavelength A3 and the other two incoming
signals are metamorphosed at A3 at the outturn of the SOA-MZI because of the XGM impact.

The physical existence of the wave A along with the signal C affects the phase of the
wave B at the topmost and lower parts owing to the XPM effect in SOAs. As a consequence,
the high increment of the OPS repetition rate results in effectively modulating the SOAs
carrier density with a minuscule duration of OPS pulses that leads to reduced alteration
of harmonics amplitude with the harmonic ranks 7, m, and p. Consequently, the “AND”
signal is considerably validated its attributes, which are upgraded at the SOA-MZI outlet.

When the incoming wave A is ON in the upstairs arm and the input signal C is also
ON in the downstairs arm, a phase shift stimulated on the wave B at both arms occurs.
As a result, the signals A and C, which are ON, generate a phase shift on the signal B,
which moves normally across the pair arms and intervenes at the outturn. Thus, if A,
B, and C are ON, the multiplied signal output is ON while if one of them, A, B, or C,
is OFF, there will be no phase shift, and hence the product output that corresponds to
the “AND” signal is OFF and consequently the logic gate function “AND” is effectively
achieved. Notably, ON represents True or 1 and OFF represents false or 0. On the other
hand, it is crucial to mention that if one of the three signals is ON, this signal is remarkably
magnified at the SOA-MZI outturn, however, it never corresponds to the “AND” signal.
Furthermore, if two of the three signals are ON, then these waves are mixed at the exit of
the SOA-MZI and consequently the mixed signal also never corresponds to the “AND”
signal. Correspondingly, the “AND” signal is only realized when the three input signals
are ON.

3. Experimental Characterizations of the OPS Developed on a SOA-MZI Stratifying
Differential Modulation Approach

The architecture of a SOA-MZI concocted by an old company known as the center
for integrated photonics (CIP) in electrical and electronic sciences [37,39] is propounded in
Figure 2. The employed interferometer has two sectors where one SOA is put down in each
sector of the MZI. The phase shifter (&) that corresponds to a detached thermo-optic one
and is puzzled out in the celestial sector assists to tool up signal phase amelioration at the
outturn topmost and lower parts of the interferometer. The &y regulation is employed in
order to attain the lowest optical average power at the SOA-MZI outturn when there is a
nonexistent control signal at the uppermost and undermost gates of the SOA-MZI input.
As a result, its function is to identify the best operating parameters of the SOA-MZI, which
is applied in a variety of functions such as the logic gate operation. Additionally, the exper-
imental setup exploits the applied SOA-MZI in its differential modulation architecture.

OAtt,
SOA1 Do

OAtt,

M
OAtt; BPF

P
PD
LNA

Figure 2. Experimental Setup for OPS response at the SOA-MZI output. OPS: Optical Pulse Source,
OAtt: Optical Attenuator, ESA: Electrical Spectrum Analyzer, CW: Continuous Wave, PD: Photodiode,
and LNA: Low Noise Amplifier.
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The applied optical pulse source (OPS) has the same attributes in this setup and is
fabricated by Pritel Inc. [37-44]. The OPS has features of 2 ps width optical pulses, which can
be obtained at the optical frequency of A; = 1550 nm and the repetition rate of f; = 5 GHz.
The OPS harmonics are carefully studied on an ESA where their electrical power minimizes
with the harmonic frequency as exhibited in Figure 3. There are various factors including
the OPS pulse shape, the OPS duty cycle, the frequency scope of the applied photodiode
(PD), and the electrical gain of the low noise amplifier (LNA), which mainly influence
the OPS harmonics. The harmonic power levels have different values where the power
disparity of the control OPS signal between the fifth harmonic at Hs = 5f; = 25 GHz and
the first one at Hy = f; = 5 GHz is roughly 10 dB. The power at f; = 5 GHz is the higher
one owing to its frequency, which is near the cut-off frequency of the used SOA-MZI [37].

10

|
—_
o

|
o
o

|
S
o

i
(=}
|
|

Electrical Power (dBm)
|

—60

=70
\ 5 10 15 20 25

Frequency (GHz)

Figure 3. The OPS harmonics obtained through an ESA at a 5 GHz repetition rate at the incoming
port of the employed SOA-MZL

The SOAs’ physical elements in the interferometer are identical, whereas the most
crucial SOA ones are propounded in Table 1. The main characteristics with and without
modulations are already highlighted in [39,45] for the purpose of pinpointing the excellent
operating point applied to the “AND” gate approach. The dynamic feature of the employed
SOA-MZI device is contingent on the differential carrier lifetime (7;) in addition to the
stimulated carrier recombination time (7;). In accordance with the applicable SOAs, the
congruous effective carrier lifetime (7.) exclusively enlarges from tens to hundred ps,
as demonstrated in Equation (1) [46]. That is why the SOAs have to be biased at the
elevated bias current of 400 mA. In order to maintain an outstanding “AND” effectiveness
of all-optical arrangements, the requested time of both SOA’s gain and phase requires
to regain speedily. In addition, this recovery time places reliance on the input optical
wavelength [47,48], which must be proximate enough to fulfill rapid recovery. In spite
of its rapid runtime, the congruous SOAs in the interferometer precisely contemplate a
manifold of accelerated XPM and XGM nonlinear effects and extreme dynamics. Hence, the
obvious investigation of the coplanar operating point of the “AND” transmission system
will advantageously identify the leverage of SOAs parameters on the quality of M-QAM

“AND” data transmission.
T Ts

6:7
Td+TS

)
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Table 1. The amounts of the SOAs element employed in the empirical and simulated setups.

Elements Amounts
Linewidth enhancement factor 4

Differential Carrier Lifetime 27 ps
Effective Carrier Lifetime 72 ps

SOA Saturation Power 15 dBm

SOA1 Gain 27.5dB

SOA2 Gain 28.5dB

SOAs Current 400 mA

The OPS is injected into the incoming port of the SOA-MZI and consequently crosses
the SOAs in each sector at the same repetition rates and wavelengths. Hence, the carrier
densities in the SOA1 and SOA2 active regions transition as well as their refractive indexes
are mutated. This fundamentally effectuates the cross phase modulation (XPM) conse-
quence on the continuous wave (CW) data wave in every sector. Therefore, the interference
at the exit of the employed SOA-MZI develops in a constructive way as propounded in Fig-
ure 4, which represents the harmonics power of the amplified OPS signal, and culminates
in an optical mean power (P,) at the SOA-MZI outbound, which is given by Equation (2).
This inequality shows the variation of the SOA1 and SOA2 gains and phases, because of
XPM and XGM nonlinearities in every sector [45].

Pout = % <Goutl(t) + GoutZ(t) - 2\/ Goutl(t)GoutZ(t) COS(@O + (Poutl(t) - (PoutZ(t))) (2)

where Pc embodies the average power of the incoming field C anterior to SOA2, G (f) is
the time-dependent gain of SOA1, G, (t) is the time-dependent gain of SOA2, ¢y, (t)
stands for the phase shift in SOA1, and ¢,12(t) is the phase shift in SOA2.
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Figure 4. The characteristics of the OPS signal after optical amplification at the SOA-MZI outturn.

A CW optical power of —10 dBm for the data signal at the wavelength of 1545 nm is
injected at the common incoming port of the SOA-MZI where the BPF (Band Pass Filter)
wavelength at the SOA-MZI outbound is tuned at A; = 1550 corresponding to the OPS
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wavelength. The output wave, corresponding to the OPS signal after optical amplification,
is morphed into an electrical one by applying a photodiode (PD) and then augmented by
employing a low noise amplifier (LNA) that has 33 dB gain before being displayed on the
electrical apparatus known as a spectrum analyzer (ESA).

Figure 4 exhibits the enhancement of the OPS signal at the exit of the SOA-MZI. The
whole OPS harmonics are extremely augmented compared to its harmonics at the SOA-
MZI incoming. Table 2 below presents the conversion gain (CG) at H, = nf;, which is
demonstrated as the distinction in electrical powers between the inbound OPS harmonics
at the inlet of the SOA-MZI and the harmonics of the amplified OPS signal at the exit of
the SOA-MZI.

Table 2. The conversion gain for the amplified OPS field at the exit of the SOA-MZI at nf;.

Harmonic Frequencies  Input Power Harmonics Output Power of

at nf;(GHz) at nf;(dBm) Harmonic at nf; (dBm) Gain (dB)
fi=5 5 15 10
2f1 =10 -2 13 15
3, =15 —4 115 15.5
4f1 =20 -5 10.5 15.5
5f =25 —-55 9.5 15

Figure 2 is only used to achieve amplification of the OPS signal at the SOA-MZI output.
In this measurement, we have determined at the SOA-MZI output that we can obtain only
harmonics of the OPS signal that may correspond to the “AND” signal if we have developed
the principle presented in Figure 2. Furthermore, the performance attributes of the applied
optical amplification system dependent on the differential modulation concept using an
efficient SOA-MZI through conversion gain (CG), error vector magnitude (EVM), extinction
ratio (ER), and bit error rate (BER) will be grossly improved at the system output. This
type of system can be a benefit in a diversity of implementations including microwave
and radar networking, wireless complexes, and radio over fiber. On the other hand, the
transformation of the CW signal to one that alters with time achieves many significant
functions at the SOA-MZI output, specifically the “AND” logic gate.

4. Experimental and Simulated “AND” Gains

Hereinafter, we propose three-input “AND” logic contingent on an all-optical single
SOA-MZI harnessing widely known technique under the name of the differential mod-
ulation architecture. Additionally, optical filtering plays a vital role to help realize the
“AND” signal in our setup. The empirical setup is presented in Figure 5, which is similar to
Figure 2. However, the only difference between them is that the CW signal is altered to
be an OPS signal and all the OPS signals have various repetition rates and wavelengths in
order to substantiate the “AND” gate concept. In our experimental studies, we utilized the
SOA-MZI based on CIP technologies where the simulated SOA-MZI [45,49] used in the
VPI software [37] has related characteristics to the actual SOA-MZI [37].

In our study, experimental and simulation setups have the same operating points in
which the SOAs are biased at 400 mA to enhance the XPM effect. Three optical input signals
are introduced to evoke the nonlinear SOA-MZI and cause the XPM impact. The three
signals, which are synchronized and driven by the OPSs, having the same structure and
characteristics, in turn, have the same pulse width duration of 2 ps, different repetition rates,
and different wavelengths. The first signal, A, is entered at the SOA-MZI upper port (UP)
at the optical frequency of A; = 1550 nm at the frequency f; = 5 GHz, the second signal, B,
is interpolated at the SOA-MZI middle port (MP) at A, = 1551 nm at f, = 10 GHz, and the
final one, C, is introduced at the SOA-MZI lower port (LP) at A3 = 1552 nm at f3 = 20 GHz.
As a consequence, we conjecture that the inbound signals possess an identical peak power
of —5 dBm.
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Figure 5. All-optical “AND” gate setup dependent on the SOA-MZI using a differential modulation

architecture for the experimental and simulation studies.

The subsequent band-pass filter (BPF), which is optically regulated at the OPS wave-
length of the third signal A3 = 1552 nm, is employed at the SOA-MZI output to extract
different sideband spectrums. The aim is to keep the common harmonics, especially at
20 and 40 GHz, between the three input signals at the exit of the SOA-MZI. The BPF
can extremely be applied to single out the common harmonics while dismissing all other
harmonics and replicas related to frequency mixing. As a result, the BPF is employed
to only maintain the harmonics of the “AND” signal. It is worth noting that the first
and second signals will be converted at the wavelength of A3 at the SOA-MZI outturn
according to the XGM impact. Thus, at the BPF outturn, the filtered optical signal is con-
verted to the electrical one by a PD and then considerably intensified by a LNA. Lastly,
the outbound “AND” signal is efficiently achieved at the output of the SOA-MZI originat-
ing from the multiplication of three inbound OPS signals in the electrical field through a
spectrum analyzer.

In Figure 6, the effective consequences for the proposed “AND” gate signal in the
realistic and simulated investigations at the exit of the SOA-MZI are well validated in the
electrical discipline where the electrical power is matched up against the two common
frequencies of 20 and 40 GHz. The obtained results corroborate the performance of the
novel scheme of the “AND” gate when the three input signals are at 20 and 40 GHz, the
“AND” signal, which beneficially conforms to the multiplicity of the three inbound OPS
signals, has also these common harmonic frequencies. The extinction ratio (ER) feature,
which is fundamentally expounded as the variation between the larger and lower numbers
of electrical powers of the outbound “AND” signal, is measured at the SOA-MZI outturn.
At 20 GHz, the ER of 56 dB is achieved through simulations; while, it shows 54 dB for the
real experimentation. In both cases, the ER diminishes by 6 dB at 40 GHz. It is important
to mention that a mixing function can be attained at the exit of the SOA-MZI between the
inbound signals. Onward, the mixed signals are unconditionally removed by the OBPF to
validate the “AND” gate process.

In the simulation study, we discerned that the results are attainable and that we could
achieve the “AND” operation at the output place of the employed SOA-MZI at the higher
common harmonic frequencies that recently reached 200 GHz as presented in Figure 7.
Noting that the whopper frequency range of the novel “AND” signal system is 200 GHz,
which is the highest range realized, for the first time, for the “AND” gate signal. For
instance, the harmonic H% of the output “AND” signal represents the multiplication of
harmonics HY, = 10f; related to the third input OPS signal, C, HE) = 20f; related to the
second input OPS signal, B, and H i}) = 40f; related to the first input OPS signal, A, that

; Q _ 4C B A
is, H10 = H10 * H20 * H40.
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Figure 7. Electrical spectrum results successfully attained by the VPI simulator for the “AND” gate
mechanism using the differential modulation concept.

The “AND” signal at the outturn of the applied SOA-MZI is a consequence of two
optical “AND” signals generated by both SOAs with the aim of improving the quality
performance of the “AND” signal thanks to the extremely lofty gain of the SOAs contingent
on the XPM and XGM nonlinearities. The electrical power of harmonics decreases with the
common frequency at the SOA-MZI output. The investigation of the differential modulation
concept upgrades the power of the “AND” signal, especially at the high common frequency.
In that case, we can obtain the “AND” signal at the common frequency up to 200 GHz.
During, the experimental study, we could achieve the “AND” signal at 40 GHz due to
the limitation of the frequency scope of the employed ESA. As a result, it is impossible
to obtain the “AND” signal at any harmonic frequency because of the dynamic behavior
of the used SOA-MZI [38,39]. After 200 GHz, the electrical power considerably reduces
with the common frequency, which frequently deteriorates the efficiency of the “AND”
telecommunications system.

The below tables considerably validate the principle of the “AND” gate process and ef-
fectively assess its performance. The electrical conversion gain is principally demonstrated
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as the difference between the outbound “AND” signal at 20 and 40 GHz and the three
inbound OPS signals at the same frequencies and is exhibited in Tables 3 and 4 at 20 and
40 GHz, successively for the empirical work. Furthermore, the outbound harmonic power
is 13 dBm at 20 GHz and 7 dBm at 40 GHz. Otherwise, the OPS power of the input signals
at 20 and 40 GHz aggrandizes with the augmentation of the amounts of the repetition rate
from 5 to 20 GHz. Furthermore, the degradation of the harmonic power at 40 GHz is up to
6 dB in comparison with the one at 20 GHz.

Table 3. The gain for the realistic “AND” signal practicability at the lower common harmonic

frequency of 20 GHz.
Repetition Rate Input Harmonic Output Harmonic Gain (dB)
(GHz) Power at 20 GHz Power at 20 GHz
5 =5 13 18
10 3.5 13 9.5
20 6.5 13 6.5

Table 4. The gain for the realistic “AND” signal practicability at the higher common harmonic

frequency 40 GHz.
Repetition Rate Input Harmonic Output Harmonic Gain (dB)
(GHz) Power at 40 GHz Power at 40 GHz
5 —-10 7 17
10 -1.5 7 8.5
20 15 7 5.5

At the way out of the applied SOA-MZI gate, the measured gain at 20 GHz declines
from 18 to 6.5 dB with the repetition rate. Additionally, we observe similar behavior for
the gain at 40 GHz compared to the one at 20 GHz due to the outbound “AND” signal,
showing a perfect multiplication of three signals at two different harmonic powers of two
various common harmonics frequencies, in addition to the SOA-MZI amplification. It is
important to mention that the reduction in the “AND” signal intensity of the common
harmonics is a consequence of the dynamic SOA-MZI characterizations.

The gain at the egression of the SOA-MZI port is assessed further for the simulation
work over the complete ambit of common harmonic frequencies that reach 200 GHz, as
presented in Figure 8. Therefore, the gain comparison among the simulated and experi-
mental outcomes shows close results. However, there is a decrease of 2 dB for the actual
measurements. This regression is due to the real “AND” signal that faces more unexpected
noises including mainly thermal noise, PD shot noise, and SOAs amplified spontaneous
emission (ASE) noise.

Figure 8 additionally portrays that the experimental gain results at the common
harmonic frequencies of 60, 80, and 100 GHz, cannot be presented in Figure 6 because
of the limited bandwidth of 40 GHz with respect to the used ESA. Hence, the realistic
“AND” signal at 60, 80, and 100 GHz is shifted to 0.5 GHz by using an electric mixer. The
simulated gain decreases when the common frequency increases from 20 to 100 GHz as
well as the actual gain; while, it increases when the common frequency augments from
100 to 200 GHz. This behavior is due to of the differential modulation architecture that
considerably augments the outbound “AND” signal intensity. The disparity between the
harmonics power Hyg and H; of the outbound “AND” signal is 61 dB as noted in Figure 7.
It is extremely important to point out that the OPS signal power at the entry of the SOA-MZI
gate deteriorates deeply with the harmonic frequency.
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Figure 8. The experimental and simulated conversion gains for the outbound “AND” signal.

The XPM and XPM nonlinearities in the used SOA-MZI lead to achieving an “AND”
signal at the SOA-MZI outlet, which has high efficiency at low input average powers. In
addition, the “AND” signal is ameliorated by augmenting the active region distance and
the bias current of each SOA. It is vital to mention that the real work has unavailability
to control the length of the active region because it is a physical parameter inside the
apparatus while it is possible in VPI simulations.

5. Experimental and Simulated Results of M-QAM “AND” Signal

In order to generate the M-QAM (quadrature amplitude modulation) data modulation,
we need a particular type of generator that is known as an arbitrary wave generator (AWG).
On the other hand, at the SOA-MZI output, the “AND “signal has to be demodulated for
the purpose of evaluating the quality performance of the “AND” gate system. Because of
that, a digital sampling oscilloscope (DSO) in combination with a software called vector
signal analyzer (VSA) is applied at the SOA-MZI outlet. As a result, Figure 5 is developed
to acquire the M-QAM “AND” signal as demonstrated in Figure 9.

The experimental and simulation setups contingent on the SOA-MZI applying complex
modulation formats are covered in Figure 9 for the differential modulation approach. M-
QAM data are derived from an AWG for the experimental work or the generation and
detection design for the simulation one at a frequency f3 = 20 GHz. In this work, 4-QAM,
which is also known as QPSK (Quadrature Phase Shift Keying), 16-QAM, and 256-QAM are
chosen in order to be examined for the outbound “AND” system. An electrical signal from
the AWG modulates an optical carrier carrying 4-QAM, 16-QAM, and 256-QAM at the
wavelength of A3 = 1552 nm using an optical MZM where its output is introduced at the
lower SOA-MZI gate. Similarly to our experimental and simulation setups, the outbound
“AND” output signal is optically filtered by a BPF, and then converted to the electrical field
by the PD and magnified by the 33-dB LNA. Thereafter, a DSO for the actual work and the
BER_EI-M-QAM module for the simulated work are effectively utilized to digitalize and
demodulate the outbound M-QAM “AND” signal where M is studied on three values that
are equal to 4, 16, and 256.



Electronics 2023, 12, 1510

13 0of 19

0Att,

A
3

SOA2

LNA

oL > wow

(1): AWG for Experiment

(2): Generation and Detection Module for Simulations
(3): DSO for Experiment

(4): BER_EI-M-QAM Module for Simulation

Optical
Carrier

Figure 9. M-QAM “AND” setup contingent on the SOA-MZI employing differential modulation
approach. AWG: Arbitrary Waveform Generator, DSO: Digital Sampling Oscilloscope, BER: Bit Error
Rate, V},: Bias Voltage, and MZM: Mach-Zehnder Modulator. The other initialisms are described as
in Figure 5.

The quality of the M-QAM “AND” signal dependent on the SOA-MZI differential
modulation concept is commonly appraised by comprehending the error vector magnitude
(EVM) [50] amounts through VSA software over bit rate specifications. This criterion is
generally associated with the bit error rate (BER) calculations, and the agreeable restriction is
explicated as a number that imparts a tantamount BER of 3.8 x 1073, which corresponds to
35% EVM after stratifying the modus operandi of the forward error correction (FEC) [51,52].
The 4-, 16-, and 256-QAM constraints are 17.5, 12.5, and 3.5%, respectively, which are
applied in a medley of applications [53,54] and they are effectively used in this work.

In Figure 10, for the 16-QAM “AND” signal, the 100 Gbit/s bit rate is exceptionally
realized for the common harmonic frequencies ranging from 20 to 100 GHz at the outbound
port of the SOA-MZI by utilizing the differential amendment concept. The EVM of the
“AND” signal carrying 16-QAM data augments with the common harmonic frequency. It
further escalates with the bit rate as well. The investigation of the differential amendment
architecture contingent on the applied SOA-MZI ameliorates the obtained outcomes of
the entire optical “AND” transmission arrangement. Thus, this architecture leads to
demodulating the 16-QAM “AND” signal at the extremely high bit rate that is 100 Gbit/s,
for the first time, at the paramount frequency scope of 100 GHz for both studies where
the experimental EVM reaches 12.5% at 100 Gbit/s at 100 GHz. Furthermore, there is a
perfect conformity between the simulated and experimental studies, and it is worth noting
that there is a possibility to demodulate the 16-QAM “AND” signal at the outbound gate
of the efficient SOA-MZI at the higher common harmonic frequencies up to 200 GHz in
conjunction with high bit rates in the simulation study through the VPI software.
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Figure 10. The experimental and simulated EVMs at the SOA-MZI output for the 16-QAM “AND”
signal at several bit rates and common harmonics frequencies.

At the SOA-MZI input, the experimental back to back (BtB) amount of the 16-QAM
EVMs, which originate at f3 = 20 GHz by an optical MZM, is appraised at the MZM
output. It augments from 0.5% at the 5 Gbit/s bit rate to 2.5% at 100 Gbit/s as presented
in Figure 11.

. —a—BtB EVM, 20 GHz
7 = —eo— AND EVM, 20 GHz

EVM (%)
Ny
|

0 20 40 60 80 100
Bit Rate (Gbit/s)

Figure 11. Experimental back to back (BtB) values of the 16-QAM EVMs and the 16-QAM “AND”
signal at 20 GHz for a miscellany of bit rates.

This 16-QAM “AND” signal at 20 GHz ranges from 3% at 5 Gbit/s to 7% at 100 Gbit/s
at the outbound gate of the used SOA-MZI as also displayed in Figure 10. The rapid
increase in numbers of the bit rate results in incrementing the 16-QAM bandwidth (BW).
This consequently instigates to enlarge noise power while the aggregate signal power is
not amended.

Figure 12 presents the reliance of the BER parameter onto EVM one for the 16-QAM
“AND” field at the 100 Gbit/s bit rate for the experimental outcomes. The values of the EVM
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and BER characters are successfully obtained when the inbound data power is —10 dBm.
It is essential to mention that the reduction in the electrical CG of the “AND” signal in
Figure 8 causes an increment in the values of the EVM and BER merits. The maximal
experimental BER value is 0.00056, which corresponds to a 12.5% EVM value.

14
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- —E— Experimental EVM, 100 Gbit/s T
0.0005 — "
I / - 12
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S 2
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Figure 12. Experimental BER and EVM amounts in opposition to the harmonic frequency for the
“AND” signal at 100 Gbit/s in the case of 16-QAM modulation.

A multiplicity of complex M-QAM modulations is applied for the “AND” signal at
the exit of the SOA-MZI at the symbol rate of 25 Gbit/s as given in Figure 13 and their
EVM values are monitored for the purpose of evaluating the optical system attributes
of the “AND” principle contingent on the employed SOA-MZI using the differential
modulation schema.

25 —

| —=—QPSK

2 —o— 16-QAM
——256-QAM 17.5% Limit

2 15 - |
S 12.5% Limit
E |
2 10
5 3.5% Limit
0 | S I S R
20 40 60 80 100

Harmonic Frequency (GHz)

Figure 13. Experimental EVM values versus the harmonic frequency for the “AND” signal at
symbol rate of 25 Gbit/s in the case of 4-, 16-, and 256-QAM modulations. QPSK: Quadrature Phase
Shift Keying.

The EVM is plotted against harmonic frequencies for 4-, 16-, and 256-QAM modu-
lations in Figure 13 where the maximum bit rates, which is defined as a multiplication
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EVM =12%
at 20 GHz at 50 Gbit/s
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between the bits number and the symbol rate, of 4-, 16-, and 256-QAM “AND” signals at the
outbound port of the SOA-MZI are 50, 100, and 200 Gbit/s, respectively. Furthermore, the
EVM values have been ameliorated by augmenting the whole number of bits of M-QAM
modulation [49,55] by virtue of the enlargement in the signal-to-noise (SNR) ratio. Besides,
the utmost EVMs are 23, 12.5, and 3.5%, respectively, for 4-, 16-, and 256-QAM at the
harmonic frequency of 100 GHz. As a consequence, the EVM values of all 4-, 16-, and
256-QAM “AND” signals have the same behavior, which augments with the decrease of
the harmonic frequency.

The constellation diagrams of 4-, 16-, and 256-QAM “AND” signals are portrayed in
Figure 14. These diagrams are ones of the many constellation diagrams obtained by the
VSA software application. The 4-QAM “AND” signal has a constellation diagram where its
EVM value is 12% at the harmonic frequency of 20 GHz at the 50 Gbit/s bit rate seen in
Figure 14a. The 16-QAM “AND” signal has two constellation diagrams, the first one has an
EVM value of 5.5% at 20 GHz at 50 Gbit/s in presented Figure 14b and the second one has
an EVM amount of 3% at 20 GHz at 5 Gbit/s shown in Figure 14c. Lastly, the 256-QAM
“AND” signal has a constellation diagram where its EVM amount is 0.5% at 20 GHz at 50
Gbit/s, as propounded in Figure 14d.

EVM . 5.50/0
at 20 GHz at 50 Gbit/s

EVM e 30/0 EVM = 0.50/0

at 20 GHz at 5 Gbit/s at 20 GHz at 50 Gbit/s
() (d)

Figure 14. Constellation diagrams of the 4-QAM (a), 16-QAM (b,c), and 256-QAM (d) “AND” signals
at the outbound port of the applied SOA-MZI.

6. Conclusions

For the sake of efficient performance and flexibility, logic “AND” gates are envisaged
to be advantageous in all-optical application networks. In the above article, we advance a
new concept for the three-input logic “AND” gate dependent on the SOA-MZI differential
modulation mode. The XPM and XGM effects are observed using three OPS signals with a
2 ps pulse launched into the SOA-MZI. In addition, the gain measurements and ER for all
logic “AND” gates are evaluated. The simulated ER of 56 and 50 dB are obtained at the
SOA-MZI output at the harmonic frequency of 20 and 40 GHz, which is lower than the real
ER by 2 dB, and the “AND” signal is obtained for the first time at 200 GHz in the simulation
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study. Furthermore, the gain is also lower for the experimental case and the whole “AND”
system performance is unparalleled when the experimental results confirm the simulated
resulits. As a result, the efficiency of the “AND” outcome is enhanced contingent on the
SOA-MZI differential amendment approach with 2 ps optical pulse sources. In addition,
the performance of this optical system is also evaluated through the EVM values at different
bit rates where the maximum bit rates attained with 16-QAM and 256-QAM “AND” signals
reach 100 and 200 Gbit/s, respectively. Additional logic gate principles including “NAND”,
“OR”, and “NOR” will be of significance to achieve depending on the SOA-MZI differential
modulation architecture.
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