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Abstract. In this paper, carrier reservoir semiconductor optical amplifiers (CR-SOAs) are employed for the first
time to design an all-optical (AO) half adder at 120 Gb/s. The CR-SOAs are incorporated in Mach—Zehnder
interferometers (MZIs) configured as XOR and AND gates to execute the required SUM and CARRY logic functions,
respectively. The performance of the half adder is evaluated through the quality factor (Q-factor), whose variation
against the CR-SOA’s critical operating parameters, including amplified spontaneous emission noise, is theoretically
investigated. The simulation results show that MZIs with CR-SOAs can implement an AO half adder running at

120 Gb/s with a high Q-factor.
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1. Introduction

In digital electronics, the half adder is a fundamental
combinational circuit that serves as the basis for building
more complex processing circuits, such as full adders,
binary decoders, binary counters and shift registers [1].
Its significance is also universal in the optical domain, in
which the research path intensively followed to imple-
ment half adders utilising light, i.e. all-optically (AO),
has relied on the technology of semiconductor optical
amplifiers (SOAs), either stand-alone [2—5], or incorpo-
rated in interferometric architectures [6—8]. However,
conventional SOAs suffer from the slow gain recov-
ery time [9] that impedes their use for higher data rate
applications intended to meet the expanded informa-
tion needs of modern telecommunication networks and
systems. Recently, the novel version of carrier reser-
voir (CR) SOAs has been proposed as a viable option
for implementing basic AO logic gates at higher speeds
and with better performance [10-12]. The presence of
a CR layer near the active region (AR) enables these
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carrier reservoir semiconductor optical amplifier;

Mach-Zehnder

improvements by supplying the latter with carriers with
transition durations as fast as 0.5-10 ps [13], consid-
erably speeding up the CR-SOA gain dynamics. For
the first time, an AO half adder with CR-SOAs-assisted
Mach—Zehnder interferometers (MZIs) for 120 Gb/s
return-to-zero (RZ) data is proposed and theoretically
analysed in this study. One CR-SOA-MZI is utilised
to form an AO XOR gate, which produces the SUM
logic function, while another CR-SOAs-MZI is utilised
to create an AO AND gate, which produces the CARRY
logic function. The quality factor (Q-factor) is used as a
performance metric to evaluate the operation of the AO
half adder. Its change with the CR-SOA fundamental
operating parameters is examined in the presence of the
amplified spontaneous emission (ASE) noise to get more
realistic findings. These findings show that by utilising
MZIs with CR-SOAs, an AO half adder can be realised
at 120 Gb/s having a high Q-factor and high-quality
logic outcome. The work can enhance light-based tech-
nologies intended to support current and future photonic
applications [14].


http://crossmark.crossref.org/dialog/?doi=10.1007/s12043-022-02396-x&domain=pdf
http://orcid.org/0000-0002-3776-822X

154 Page2of 7 Pramana — J. Phys. (2022) 96:154
(a) Signal A (b) Half adder truth table
Siemal B | XOR SUM A B SUM CARRY
£ > 0 0 0 0
0 1 1 0
1 0 1 0
s AND CARRY 11 o ;
(©) CR-SOAs-MZI1: SUM
Signal A _|wsc -
— 9 CR-SOA1
CR-SOAs-MZI12: INVERT
CW, od OC  SUM \\sc[ CR.SOA3 ]

Clk

) '(WSC
——»n( - CR-SOA4

CR-SOAs-MZ13: CARRY

CR-SOAS

IWSC

0, CARRY

CR-SOA6

Figure 1. (a) Block diagram of half adder with SUM and CARRY functions through XOR and AND gates, respectively,
(b) truth table and (c¢) AO half adder circuit using CR-SOAs-MZIs.

2. Half adder using CR-SOAs

SUM and CARRY are two logic functions necessary
to realise a binary half adder [1]. The logical outcome
of the SUM function is ‘1’ when only both inputs are
‘1’ and ‘0’, which is equivalent to the Boolean XOR
operation. The logical outcome of the CARRY function
is ‘1’ when only both inputs are ‘1°, which is equiva-
lent to the Boolean AND gate. In this AO scheme, the
SUM is generated by CR-SOAs-MZI1 and passed to
CR-SOAs-MZI2 along with a clock signal (Clk) and
a continuous wave (CW) light to achieve the XNOR
gate. Then, the CR-SOAs-MZI2 output is coupled as an
incoming probe signal with data signal B (or data signal
A) into CR-SOAs-MZI3 to generate the CARRY. The
block diagram, truth table and AO circuit of the half
adder with SUM and CARRY functions implemented
using CR-SOAs-based MZlIs are shown in figures 1a—1Ic,
respectively.

To produce the logic SUM, the upper and lower wave-
length selective couplers (WSCs) inject the pulses of
signals A and B serving as pumps into CR-SOA1 and
CR-SOA2, respectively. A 3 dB optical coupler (OC)
is also employed to inject a CW light as a probe into
the CR-SOAs-MZI1 middle arm. The phases of the CW
beams are shifted due to the nonlinear cross-phase mod-
ulation (XPM) effect caused by signals A and B in
CR-SOAs. As a result, if the binary content of data sig-
nals A and B differs, the phase shift between the CW

beams also varies, causing constructive interference at
the CR-SOA-MZI1 output, producing a ‘1’. If signals
A and B are the same, the phase shift of the halved CW
beams interferes destructively at CR-SOA-MZI1 out-
put, resulting in a ‘0’. In this manner, the logic SUM
is obtained between signals A and B, as shown in the
corresponding truth table.

The SUM output is sent to CR-SOA3 of CR-SOAs-
MZI2 to perform the INVERT operation to implement
the logic CARRY function. For this purpose, a Clk sig-
nal is launched via a 3 dB OC into CR-SOA4, while
a CW light is injected via a WSC into the CR-SOAs-
MZI2 middle arm. Consequently, the CR-SOAs-MZI2
output port implements the A XNOR B logic function.
The XNOR result is then injected by a 3 dB OC into the
CR-SOAs-MZI3 middle arm, where it is separated into
two equal parts, while signal B is launched via a WSC
into the CR-SOAs-MZI3 lower arm, i.e. CR-SOAG®. Sig-
nal B opens a phase window via XPM on the XNOR
input components. Thus, if signal B is ‘0’, there is no
such phase window, and so CR-SOAs-MZI3 output is
‘0’ regardless of whether incoming XNOR is ‘1’ or ‘0.
When B is ‘1’ but the XNOR output s ‘0’, there is no sig-
nal on which to map the incurred differential phase shift.
Therefore, the CR-SOAs-MZI3 output is ‘0’. Because
there is no signal on which to map the incurred differ-
ential phase shift when B is ‘1’ but the XNOR output is
‘0’, CR-SOAs-MZI3 output is ‘0’. If B and XNOR are
both ‘1°, the created phase window makes the XNOR
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components interfere constructively at the CR-SOAs-
MZI3 output, resulting in ‘1°. In this manner, the logic
CARRY function between signals A and B is realised.
The produced logic SUM and logic CARRY functions
can also be combined to form the logic OR function
[15], which is the operating advantage of the proposed
scheme.

The time-dependent gain equations for CR-SOAs are
shown below, and they incorporate carrier recombi-
nation between CR and AR, as well as the ultrafast
intraband effects of carrier heating (CH) and spectral
hole burning (SHB) [9-13]:

dhar(t) _ hcr(?) — har(?) nho  har(?)
dr (1l +n) .(1+n) T,

— (exp[har(?) + hcu(?) + hsup ()] — 1)

y Pin, cr-s0A(?)

Esat ’ (1)
dhcr(®) _ n(hcr(t) — har(?)
dt (1 +17)
ho — hcr(®)  hcr(®) (2)
(L +1) 2
dh h
fiH(t) - cult) _ (C:C—H(GXP[hAR(I) + hcu(t)
! TCH TCH
+ hsug(?)] — 1) Pin,cr-soa(?), 3)
dh h
S(Il-IB(t) __ suB(f)  &sHB (explhar(®) + hen(®)
t TSHB TSHB
+ hsug(?)] — 1) Pin,cr-soa(?)
_ dhar(®)  dhcu(®) @

dr dr

where the overall integrated gain of the CR-SOA due
to carrier recombination between AR and CR, CH and
SHB is represented by functions zagr, Acr, hcg and
hsHB, respectively. n = Nar/Ncr [9] defines the pop-
ulation inversion factor (1), the unsaturated power gain
(Gp) is incorporated through Go = explhg] = I'aNy
(It./eVNy — 1) [9] and Esyt = Psatc = wdhwg/al” [9]
is the saturation energy (Eg,). Table 1 shows the defi-
nitions of all default parameters [2-8,10-13]. Adams’
numerical approach is used to run the time-dependent
equations using Wolfram Mathematica® software.

The input A, B and Clk signals are considered to carry
Gaussian-shaped RZ pulses of energy Ey, pulse width
TrwaMm (FWHM: full-width at half-maximum) and bit
period T, which is the operating data rate’s inverse
[10-12]:
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P4, B, cik(t) = Pin,cr-soa(?)
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2
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Table 1. Simulation default parameters values [2—8,10—13].

Symbol  Definition Value Unit

Ey Pulse energy 0.7 pJ

TFWHM Pulse width 1 ps

T Bit period 8.33 ps

N PRBS length 127 -

A Wavelength of signal A 1545 nm

AB Wavelength of signal B 1550 nm

ACw Wavelength of CW light 1560 nm

1 Injection bias current 200 mA

P Material saturation power 30 mW

T, Carrier lifetime 200 ps

T Transition lifetime from 5 ps
CR to AR

n Population inversion factor 0.3 -

o a-factor 5 -

OCH Linewidth enhancement 1 -
factor for CH

O'SHB Linewidth enhancement 0 -
factor for SHB

&CH Nonlinear gain suppression 0.2 w-!
factor for CH

£SHB Nonlinear gain suppression 0.2 w-!
factor for SHB

TCH Temperature relaxation rate 0.3 ps

TSHB Carrier—carrier scattering 0.1 ps
rate

r Confinement factor 0.3 -

a Differential gain 10720 m?

Ny Transparency carrier 1024 m~—3
density

L Length of AR 500 pum

d Thickness of AR 0.3 um

Width of AR 3 um

Go Unsaturated power gain 30 dB

o Central optical frequency 193.55 THz

Nsp Spontaneous emission 2 -
factor

By Optical bandwidth 2 nm
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where a4, B, cik) denotes the nth pulse along either N =
27-1 bit-long pseudorandom binary sequence (PRBS)
data A, B,i.e. apa,p =0, 1, or a Clk stream, 1.e. o, (cik)
=1.

To model the logic SUM function, the input powers
to CR-SOA1 and CR-SOA?2 are formulated as follows
[10]:

Pincr-soA, (1) = Pa(t) + 0.5 Pcw (6)

Pin,crR-50A, (1) = Pg(t) + 0.5 Pcw. @)

The coefficient 0.5 signifies that CW light is divided
by a 3 dB OC as it enters the CR-SOAs-MZI1 middle
arm. The following interferometric equation gives the
output power of the logic SUM function [10]:

Psym(t) = 0.25 Pcw (
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where the SHB contribution to the above total phase
is zero, i.e. asgg ~ 0 [10-12], the normal linewidth
enhancement factor is o and the linewidth enhancement
factor associated with CH is acy.

3. Results

The Q-factor [10—12] is used in this study as the met-
ric to assess the performance of the AO half adder.
The Q-factor must be larger than 6 for acceptable per-
formance so that the accompanying bit error rate is
smaller than 107 [9-12]. Figures 2 and 3 show the
pulse patterns and the corresponding eye diagrams for
the logic SUM and logic CARRY functions employing

GCR-50A, (1) + GCR-50A, (1) — 21/ Gcr-50A, (1) GCR-50A, (1)
, (8)
cos[DPcRr-s0A, (1) — PcRr-50A, (7)]

where the overall gains and phase shifts inside CR-
SOAT1 and CR-SOA?2 are represented by Gcr-soai.2(f)
and ®cr-soa1.2(?), respectively.

To model the logic CARRY function, the input powers
going into CR-SOAS and CR-SOAG®, respectively, are
expressed as [12]:

Pcr-soas(t) = 0.5 PxNor(?) )

Pcr-soag(t) = Pcir(t) + 0.5 Pxnor (1),

where PxNoRr(?) is the output power of the XNOR oper-
ation, which is given by [12]

(10)

PxNoRr (1) = 0-25Pcw<
Then, the output power of logic CARRY is given by [11]

Pcarry () = 0.25 Pxnor(# )(

cos[PcRr-s0A; (1) — PCr-50A4(?)]

CR-SOAs-based MZIs at 120 Gb/s. The Q-factor val-
ues attained for the logic SUM and CARRY functions
are 24.5 and 19.6, respectively, and hence both are high
and more than the acceptable value. Furthermore, the
desired functions are performed in a logically valid and
high-quality manner. This is checked by direct compar-
ison to the corresponding truth tables in the first case
and the uniform pulses profile and clear and open eye
diagrams in the second case.

The CR-SOA’s operation depends on the transition
time from CR to AR (7;) and on the injection bias cur-
rent (/). Therefore, it is essential to investigate how these

Gr-50A;(1) + GCr-50A4 (1) — 21/ GCR-50A; (1) GCR-50A, (t )) an

GCR-50As (1) + GCR-50A4 (1) — 21/ G cR-50A5(1)GCR-50A4 (7)
. (12)
cos[DcRr-s0a; (1) — Pcr-s0aq(1)]

The overall gain of each ith CR-SOA is then calcu-
lated as follows [10-12]:

GRr-s0A, (1) = explhar(t) + hcu(t) + hsup(1)],
i=1, 2,3, 4. (13)

The phase change induced in each ith CR-SOA is
given by [10-12]

Dcr-s0a, (1) = —0.5(ahar(?) + acuhcu(?)),

i=1,2,3,4, (14)

parameters affect the half adder’s performance. Figure 4
shows the influence of t; and I on the Q-factor of the
SUM and CARRY functions using CR-SOAs-MZIs at
120 Gb/s. Asillustrated in figure 4a, a shorter t, enables
the CR-SOAs dynamics to recover faster and, as a result,
to obtain a larger Q-factor. On the other hand, I is crit-
ical in the amplification and switching processes. At
high I, more carriers are injected into the CR [9] due
to the mobility of the quasi-Fermi level up over the CR
edge band, thus allowing for faster recovery and refilling
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Figure 2. Logic SUM function numerical results using CR-SOAs at 120 Gb/s. (a) Data signal A, (b) data signal B, (c¢) logic

output and (d) eye diagram.

of the AR layer after a strong input pulse has depleted
it. As a result, the Q-factor increases, as depicted in
figure 4b.

ASE noise is present in CR-SOAs, and so it is
expected to affect the performance. Thus, the impact
of ASE on logic SUM and CARRY functions utilising
CR-SOAs-MZIs at 120 Gb/s is investigated, as shown
in figure 5a. PAsg = Nsp(Go — 1)2hBy [9] is used to
calculate and add the ASE power to the output powers
described by eqgs (8) and (12). Although the Q-factor
is decreased as the ASE power is augmented, the CR-
SOAs allow acceptable performance even for higher
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ASE levels. This occurs because the CR-SOAs* inher-
ently fast gain dynamics prevent ASE from having an
irreversible effect on the AO half adder‘s performance.

On the other hand, it is helpful to know up to what
speed the half adder can operate while maintaining
acceptable performance. Figure 5b shows that this is
possible up to 240 Gb/s, where the Q-factor remains
over 6. Higher speeds, such as 320 Gb/s, would be fea-
sible, provided the CR-SOAs were biased with higher
I (~ 400 mA) and driven by lower energy data pulses
(~ 0.3 pJ). These requirements are satisfied by authen-
tic current sources and optical sources in combination
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Figure 3. Logic CARRY function numerical results using CR-SOAs at 120 Gb/s. (a) Data signal A, (b) data signal B, (¢) logic

output and (d) eye diagram.
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Figure 5. Q-factor of logic SUM and logic CARRY functions using CR-SOAs-MZIs at 120 Gb/s vs. (a) ASE power and

(b) operating data rate.

with optical amplifiers. These findings demonstrate the
CR-SOA’s ability to realise the AO half adder despite
the high ASE levels and data rates with acceptable per-
formance.

4. Conclusion

In conclusion, we modelled and studied an AO half
adder of 120 Gb/s RZ data employing properly con-
figured and connected CR-SOAs-assisted MZIs. The
Q-factor was used to evaluate the outcome of logic
SUM and logic CARRY functions realised via XOR
and AND logic gates, respectively, and subsequently
the performance of the whole scheme. In the presence of
ASE noise, the change of this metric vs. several impor-
tant operating parameters was examined and assessed.
The simulation findings suggest that using CR-SOAs,
it is possible to achieve Q-factors well above their per-
missible limit for SUM and CARRY functions, which
are executed with high quality. The AO half adder can
be designed to exhibit high performance at ultrahigh
speeds.
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