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Lightwave communication systems, optical random memories, and photonic encryption/decryption are impor-
tant applications that rely on all-optical latches. For the first time, the carrier reservoir semiconductor optical
amplifiers (CR-SOAs) are employed to simulate two basic optical latches, Set-Reset (SR) latch, and D Flip-Flop, at
a data rate of 120 Gb/s. All-optical NAND and NOT logic operations are used to build these latches, which are
implemented using Mach-Zehnder interferometers (MZIs) with CR-SOAs. In the presence of the amplified
spontaneous emission noise, the variation of the output quality factor (Q-factor) against the CR-SOA key oper-
ating parameters is studied. This is achieved by exploiting and numerically solving a set of coupled partial
differential equations that describe the CR-SOAs gain and phase dynamics when operated as nonlinear elements
and embedded in MZIs. The results demonstrate that CR-SOAs-based MZIs can achieve a high Q-factor while
implementing the logical SR latch and D Flip-Flop at a high speed of 120 Gb/s.

1. Introduction

Optical latches have attracted research interest due to their impor-
tance in a variety of applications, such as optical networks, optical
random memories, and photonic encryption/decryption. Their recent
implementations have relied on semiconductor optical amplifiers
(SOAs), whose finite carrier lifetime limits however operation and per-
formance at modern data rates [1]. To overcome this obstacle, the
technology of carrier reservoir semiconductor optical amplifier (CR-
SOA) has been proposed as an efficient alternative to conventional
SOAs, since it offers faster gain and phase recovery that allows to
perform all-optical Boolean functions and subsequently all-optical logic
functionalities at higher speeds [2-5]. In this research, we propose to
explore CR-SOAs for all-optical latching purposes. Although CR-SOAs
have recently been shown to be capable of enabling the execution of
all-optical Boolean logic functions [2-5], yet so far this potential has not
been explored and demonstrated when these functions are combined to
form more complex all-optical circuits. To this aim, in this work, we
simulate Set-Reset (SR) latch, and D Flip-Flop at 120 Gb/s return-to-zero
(RZ) modulation data using CR-SOAs-based Mach-Zehnder in-
terferometers (MZIs), for the first time to our knowledge. The MZI

constitutes the primary candidate for realizing Boolean logic functions
due to its attractive features such as stable, compact, simple, efficient
operation, and straightforward implementation [6]. These latches are
realized using all-optical NAND and NOT logic operations. The NAND
logic gate is important in the implementation of any other Boolean logic
functions [7] as well as in the construction of complicated combina-
tional logic circuits [8]. The dependence of the quality factor (Q-factor)
on the key operating parameters is examined and assessed in the pres-
ence of the amplified spontaneous emission (ASE) noise. The results
reveal that CR-SOAs-based MZIs can realize the logical SR latch and D
Flip-Flop at 120 Gb/s with logical correctness and high Q-factor. This
suggests that CR-SOA-based all-optical latching competes favorably
with other SOA-based technologies and holds the promise of being
established as a viable alternative for the intended purpose.

2. CR-SOA model

Unlike quantum-dot SOAs (QD-SOAs), where the fast response is due
to the existence of the wetting layer (WL), which works as a carrier
storage layer, CR-SOAs allow to accelerate the operation speed of the
application in which they are involved by utilizing the so-called “carrier
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Fig. 1. (a) Energy levels and carrier transitions of QD and (b) band diagram of CR-SOA.

reservoir,” but in a different physical method. In QD-SOAs, carriers
injected into the WL by the bias current make a transition to the excited
state (ES) followed by the transition to the ground state (GS) in the
conduction band, as shown in Fig. 1(a) [9]. Carriers in the GS are
depleted by the input pulse energy and are quickly replaced by carriers
transferred from the WL layer via the ES, thus resulting in a faster
response speed [9]. On the other hand, in CR-SOAs, in which the CR
region is grown near the active region (AR), as shown in Fig. 1(b) [4,5],
the CR region supplies the AR with carriers with nearly the same tran-
sition time as that for QD-SOAs, i.e. 0.5-10 ps [4,5]. Because of this
ultrafast transition, CR-SOAs have similarly fast gain and phase response
as QD-SOAs.

The following are the CR-SOA time-dependent gain equations, which
include carrier recombination between CR and AR, as well as the ul-
trafast intraband effects of the carrier heating (CH) and spectral hole
burning (SHB) [4,5]:

Table 1
Default numerical parameters [2-6,10,12-14].

Symbol Definition Value Unit

Eo Pulse energy 0.7 pJ

TEWHM Pulse width 1 ps

T Bit period 8.33 ps

N PRBS length 127 -

AT Time delay of delayed data signal A 0.5 ps

I Injection current 200 mA

Pgat Saturation power 30 mW

Te Carrier lifetime 200 ps

T Transition lifetime from CR to AR 5 ps

n Population inversion factor 0.3

o a-factor 5

ocH CH linewidth enhancement factor 1

OSHB SHB linewidth enhancement factor 0

€cH CH nonlinear gain suppression factor 0.2 wt

£SHB SHB nonlinear gain suppression factor 0.2 wt!

TCcH Temperature relaxation rate 0.3 ps

TSHB Carrier-carrier scattering rate 0.1 ps

r Optical confinement factor 0.3 -

a Differential gain Oct-20 m?

Ner Transparency carrier density 1024 m3

L Length of AR 500 pm

d Thickness of AR 0.3 pm
Width of AR 3 pm

Go Unsaturated power gain 30 dB

o Central optical frequency 193.55 THz

Ngp Spontaneous emission factor 2 -

By Optical bandwidth 2 nm

dhAR(l) - her(t) — hag(2) nho har(f)
d (l+n) + wi+n o (exp [har(1)
+ heu(t) + hgm(r)] — 1) PEi“) W
dher(t) - nlhca(t) — har(0) I ho —her(t)  her(t) @
e o.(1+1) .(1+n) .
hen() __henld) _Eam i) + ben(t) + (0]
dt TcH TcH
— 1)Pi, cr-soa(t) 3)
dhgyp(t) _ s (t) _ Esup —— (exp [har (t) + heu(t) + hsus(t)]
dt TsHB TsuB
= D)Pi crosoa(t) — dh/zii(t) _ dhcdl'tl(t) @

where the overall integrated gain of the CR-SOA due to carrier recom-
bination between AR and CR, CH, and SHB is represented by the func-
tions hag, hcr, hcy, and hgyp, respectively. The population inversion
factor (n) is defined as the ratio of the carrier densities in the AR and the
CR, i.e. = Npr/Ncg, T is defined as the transition time from the CR to the
AR, and 7. is the carrier lifetime in both the AR and the CR. hg = In[Gq],
where Gy is the unsaturated power gain given by Go = I'aN; (It / €VNy,
— 1) [10], where G is the unsaturated power gain, I" is the optical
confinement factor, a is the differential gain, N is the transparency
carrier density, [ is the injection current, e is the electron charge, and V is
the AR volume given by V = wdL, where w is the AR width, d is the AR
thickness, and L is the AR length. Egy¢ = Pgyt Tc = wdhog /al” [10], where
Egqt is the saturation energy, Py, is the saturation power, h is Planck’s
constant divided by 2=n, and wg is the central optical frequency. The
temperature relaxation rates owing to the CH and SHB, respectively, are
Tcy and tgyp. The nonlinear gain suppression factors owing to the CH
and SHB, respectively, are ecy and esyp. Inside a pseudorandom binary
sequence (PRBS) of length N, the RZ input power pulses (Pin, cr-soa(t))
are considered to be Gaussian-shaped with energy Eo, full-wave at half
maximum (FWHM) pulse width tgwpy, and bit period T [2-6]:

Py s ci(t) = P, cr-soa(t)

ul 2,/In2] E
ZanABClk n(2] £ exp {

()

2
VT Trwam TEWHM

n=1

4np2)(r - mz}

where a4 B, clk) represents the n-th bit-long PRBS data streams A, B, or a
clock signal (Clk), i.e. anaB) = 0, 1, or ancciy = 1.
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NAND truth table
A B NAND
00 1
CR-SOAs-MZI2: INVERT ¢ ;1 1
WSC
Co—{ CR-SOA3 1o 1
11 0

Delayed A J¥SC1 cr-s0A2 CW, 2 55— NAND

WSC
CIk gWSE | cR-SOA4

Fig. 2. Schematic and truth table of NAND gate using CR-SOAs-MZIs. OC: 3 dB optical coupler. WSC: wavelength selective coupler. BPF: bandpass filter. CW:

continuous wave beam. Clk: clock signal (all ‘1’s).

The sum of hag, hcy, and hgyg is the overall gain of each i-th CR-SOA,
i.e. [3-5]:

Ger-soa,(t) = explhar(t) + hen(t) + hsup(t)], i=1,2,3,4 (6)
The induced phase change of each i-th CR-SOA is given by [3-5]:
ber-son,(t) = — 0.5 (@har(t) +acuhen(t)), i = 1,2,3,4 @)

where « is the traditional linewidth enhancement factor (a-factor) and
acy is the linewidth enhancement factor for CH. The equivalent
contribution of SHB is zero, as predicted by Eq. (7), i.e. asgp ~ 0 [2-5].

The Q-factor [2-6] is employed in this numerical investigation to
evaluate the performance of the considered optical functions. The Q-
factor has been employed as the performance evaluation criterion for
two main reasons, namely because a) it is directly associated to the bit
error rate (BER), which is the ultimate performance measurement
metric, and b) by definition it characterizes the response of a circuit for
the entire length of the input data patterns, thereby allowing to inves-
tigate and assess its performance when its operation is heavily stressed
[11]. To obtain acceptable performance, the Q-factor value must be
greater than 6 to keep the corresponding BER [12] less than 10° [2-5].
The Adams numerical approach implemented in Wolfram Mathema-
tica® is used to solve all time-dependent equations using the default
numerical parameters listed in Table 1 [2-6,10,12-14].

3. NAND gate

The all-optical NAND gate is constructed by a series combination of
AND and INVERT logic operations, which are achieved using CR-SOAs-
MZI1 and CR-SOAs-MZI2, respectively, as illustrated in Fig. 2 [2,4]. To
implement the AND gate, data signal A from port 1 and its delayed
version from port 2 at 1550 nm wavelength are injected into CR-SOA1
and CR-SOA2 placed in the MZI’s upper and lower arms, respectively.
Concurrently, data signal B at 1555 nm wavelength is divided by a 3 dB
optical coupler (OC) into two equal parts to be launched into CR-SOA1
and CR-SOA2, through the MZI’s middle arm from port 3. Signal A and
delayed signal A create a phase window perceived by the co-propagating
components of signal B. Thus, if A = ‘0’ and B = ‘1’ or B = ‘0’, no phase
window is produced, and so the MZI output is ‘0’. Similarly, if A = ‘1" and
B =0/, there is no signal on which to map the incurred differential phase
and thus the MZI output is also ‘0’. However, if A = ‘1’ and B = ‘1/, then
the existence of the phase window makes signal B constituents interfere
constructively at the CR-SOAs-MZI1 output, producing a logical ‘1’.
Therefore, output ‘1’ is obtained only if both logic inputs are ‘1’, which
corresponds to the AND logic gate. The next serial building step is the
INVERT (NOT) operation, which is similar to the XOR if one of the logic
inputs is a Clk (all ‘1’s). Then the output from the AND gate, which is
spectrally selected using a bandpass filter (BPF) centered at 1555 nm, is
injected into CR-SOA3 of CR-SOAs-MZI2. A Clk signal at 1555 nm is

injected into CR-SOA4 from port 6. Concurrently a continuous wave
(CW) beam at 1550 is injected into both CR-SOA3 and CR-SOA4 from
port 7 to map the gain dynamics perturbation and convert it to ampli-
tude change transferred at the output. According to the relevant truth
table attached to Fig. 2, the result in this manner is logic A NAND B from
port 8.

To execute the AND operation numerically, the input optical powers
entered into CR-SOA1 and CR-SOA2 are expressed as [2,4]:

Pin,CR—SOA|(t) = PA(f) + OSPB(I) (8)

Py(t — A7) + 0.5Py(1) 9

Pin, cr-s04, (1)

where /\7 is the temporal offset of delayed data signal A. The coefficient
0.5 denotes the signal B being divided as it enters the middle port of CR-
SOAs-MZI1. Then, at the CR-SOAs-MZI1 output, the power of the AND
operation is given by [2,4]:

Panp(f) = 0.25 Py(2) (GCR—S()Al (r) + Gcr-soa, (1)

- 2\/GCR—SOA1 (1) Ger-son, () cos [@cg-son, (t) — CDCR—SOAZ(I)])
(10)

where the total gains and phase shifts of CR-SOA1 and CR-SOA2 are
denoted by Gcr-soa1,2(t) and ®cr.soa1,2(t), respectively.

In order to execute the INVERT operation, the input signal powers
into CR-SOA3 and CR-SOA4 are expressed as follows [2,4]:

Piy cr-soa;(t) = Panp(t) + 0.5Pcy 11)

Pin, cr-son, (t) = Pcy(t) + 0.5Pcy 12)

The coefficient 0.5 denotes the CW beam being divided as it enters
the middle port of CR-SOAs-MZI2. Then, the power of the NAND oper-
ation at CR-SOAs-MZI2 output is given by [2,4]:

Prnanp(t) = 0.25Pcy (GCR—SOAg(I) + Gerosoa, (1)

- 2\/GCR—SOA3 (t) Ger-soa, (1) cos [q)cmsom (1)

— Dcr-s04, (0]) 13)

where the total gains and phase shifts of CR-SOA3 and CR-SOA4 are Gcg-
SOA3,4(t) and ¢CR-SOA3,4(t); respectively.

4. SR latch

The SR latch is one of the most fundamental sequential logic circuits.
The SR latch is a one-bit memory-bistable device with two inputs: one to
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(a) M’ NAND1 _ Q (b) S-R latch truth table
S R Action
0 0 Restricted Combination
0 1 Q=1,Q'=0
1 0 Q=0,Q°=1
Data R NAND?2 5 Q’ 1 1 No Change
© CR-SOAs-MZI1: AND

'WSC
Data S J¥CI R s0A1

ocC OoC

CWIECT CR-SOA2

CR-SOAs-MZI3: AND

'WSC
5 CR-SOAS
Data R :OC
CW S CR-SOA6

oC

NAND1

CR-SOAs-MZI2: INVERT

WSC

(/] CR-SOA3
WSC

CO— CR-SOA4

BPF

R

CwW,_ 0c¢
Clk

CR-SOAs-MZI4: INVERT

BPE  ysc
= - CR-SOA7
oc
CW,5 Q

=
=

C /SC
=—(C— CR-SOAS8

NAND2

Fig. 3. (a) Block diagram of SR latch using 2-input NAND operations, (b) truth table of SR latch, and (c) schematic diagram of SR latch implementation using CR-

SOAs-MZIs.

"SET’ the device (which means the output Q = ’1’), and the other to
"RESET’ the device (which means the output Q = ’0’). The reset input
returns the Flip-Flop to its initial state, with an output Q that is either at
logic level °1’ or logic level °0’, depending on the set/reset situation. 2-
input NAND logic gates connected together is the simplest approach to
build a SR latch. Fig. 3 shows the diagrams and truth table for the SR
latch based on two NAND logic operations using CR-SOAs-based MZIs.
It’s worth noting that when both data inputs R and S are *1’, Q does not
change from the prior state; Q remains *0’ or 1’ based on the preceding
Q’s result.

The total input powers to CR-SOAs-MZI1 and CR-SOAs-MZI2 for the
optical NANDI1 gate are calculated as follows:

Pi, cr-soa, (t) = Ps(t) + 0.5Py (1) 14
Pin, cr-soa, (t) = Pcw + 0.5Py (1) (15)
Piy cr-soas (t) = Panp(t) + 0.5Pcy (16)
Pi, cr-soa, (1) = Pcu(t) + 0.5 Pcw a7

For the NAND2 operation, the total input powers going into CR-

SOAs-MZI3 and CR-SOAs-MZI4 are expressed as:

Piy, cr-soas(t) = Po(f) + 0.5Px(z) (18)
Pin, cr-s0as(t) = Pcw + 0.5 Pg(1) (19)
P, cr-soa, (t) = Panp(t) + 0.5Pcy (20)
Pin, cr—soas (t) = Pcu(t) + 0.5Pcy 21

The output powers of the MZIs for the AND and NAND operations are
given in Egs. (10) and (13), respectively.

5. Flip-Flop function

The D Flip-Flop is a common building component for logic functions.
A memory cell, a zero-order hold, or a delay line can all be used to
describe the D Flip-Flop. It captures the value of the data input D at a
definite portion of the gate cycle, resulting in the output Q. At other
times instants when D = ‘1’ and G = ‘0’, the output Q does not change; Q
remains "0’ or 1’ based on the previous output state. Two logic functions
NAND and NOT are used to build the D Flip-Flop. The diagrams and the
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(b) D Flip-Flop truth table
Action
Restricted Combination
Q=0,Q'=1
Q=1,Q'=0
No Change

S ==
—_— - =D

CR-SOAs-MZIS: AND

IWSC
(O CR-S0AY

CR-SOAs-MZI6: INVERT
BPF o
IWSC
O

J [wsc
(| CR-S0A10

-SOAs-MZI§: INVERT

anyd

CR-SOA14

Qe o

NAND4

CR-SOA16

Fig. 4. (a) Block diagram of D Flip-Flop, (b) truth table of D Flip-Flop, and (c) schematic diagram of D Flip-Flop implementation using CR-SOAs-MZIs.

truth table of D Flip-Flop using CR-SOAs-MZIs are shown in Fig. 4.
For NAND1 operation, the total input powers to CR-SOAs-MZI1 and
CR-SOAs-MZI2 are formulated as follows:

Py, cr-son, (1) = Pp(t) + 0.5Pg(1) (22)
Pin, cr-son, (t) = Pcw + 0.5Pg(1) (23)
Piy cr-soa; (t) = Panp(t) + 0.5Pcy (24)
Piy, cr-soa,(t) = Pcu(t) + 0.5Pcw (25)

For NAND?2 operation, the total input powers to CR-SOAs-MZI3 and
CR-SOAs-MZI4 are formulated as follows:

Piy, cr-soas(t) = Pnorp(t) + 0.5Pg(t) (26)
Pin cr-soas(t) = Pcw + 0.5Pg(1) (27)
Pin, cr-soa, (t) = Panp(t) + 0.5 Pcy (28)
Pin, cr-sons (t) = Pcu(t) + 0.5Pcy (29)

For NAND3 operation, the total input powers to CR-SOAs-MZI5 and
CR-SOAs-MZI6 are formulated as follows:

P, cr—soas(t) = Prnanp1(f) + 0.5 Py (1) (30)

Pin, cr-son,e(t) = Pcw + 0.5Py (1) 31

Piy, cr-son, (t) = Panp(t) + 0.5 Pcy (32)

P, cr-soa, (t) = Pcu(t) + 0.5Pcy (33)

For NAND4 operation, the total input powers to CR-SOAs-MZI7 and
CR-SOAs-MZI8 are formulated as follows:

Pin cr-soa;s(t) = Po(t) + 0.5 Pyanpa(t) (34)
Pin cr-soas(t) = Pcw + 0.5 Pyanpa(t) (35)
Piy cr-soas (1) = Panp(t) + 0.5Pcy (36)
Pin, cr-son, (1) = Pc(t) + 0.5Pcw (37)

6. Results

The SR latch and the D Flip-Flop are generated using similar NAND
logic operations. In the SR latch, the input set/rest pulses pass through
two NAND operations while in the D Flip-Flop the input data/gate pulses
pass through four NAND operations. Although the input signals undergo
long different amounts of nonlinear logic processes, the output Q pulses
are not tainted by a noise accumulation or time jitter due to the faster
response of the CR-SOA, resulting in open and clear eye diagrams. The
output eye diagrams with the respective Q-factors using CR-SOAs-based
MZIs at 120 Gb/s for the NAND operation, SR latch, and D Flip-Flop are
plotted in Figs. 5, 6, and 7, respectively. The calculated Q-factors for the
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Fig. 5. Numerical results for output NAND function using CR-SOAs-MZIs at 120 Gb/s.
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Fig. 6. Numerical results for SR latch (output Q) using two NAND operations with CR-SOAs-MZIs at 120 Gb/s.

NAND gate, SR latch, and D Flip-Flop are, respectively, 15.5, 13.6, and
10.7, which represent very low BER.

Fig. 8 shows the dependence of the Q-factor on the injection bias
current and input pulse energy for the NAND gate, SR latch, and D Flip-
Flop employing CR-SOAs-based MZIs at 120 Gb/s. When a higher cur-
rent is applied, more carriers are injected into the CR layer. This allows
for faster recovery and refilling of the AR layer after it has been depleted
by a powerful input pulse. Accordingly, the Q-factor is increased, as
illustrated in Fig. 8(a). On the other hand, when the input pulse energy is
increased, a stronger carrier depletion is caused and hence the Q-factor
is reduced. Nevertheless, owing to the CR layer in the CR-SOA, the Q-
factor remains acceptable practically for the whole range of input pulse
energies, as shown in Fig. 8(b).

Fig. 9 shows the Q-factor versus the input pulse width (tpwum) for the
D Flip-Flop using CR-SOAs-MZIs at 120 Gb/s for three different input
pulse shapes, including Secant hyperbolic, Gaussian, and Lorentzian
[15]. Overall, the Q-factor is decreased by increasing the pulse width
because two neighboring pulses tend to overlap for wider Trwpm.
Comparing among the three pulse shapes, it is clearly observed that a
higher Q-factor is achieved by Secant hyperbolic [16] and a lower Q-
factor is achieved by Lorentzian pulse.

A time-dependent phase change leads to a variation in the pulse’s
frequency chirp (Av), which is given by Av = %T = \EU.,[\Z / |Ei“\2 [10].
The effect of frequency chirping on the performance of the NAND gate,
SR latch, and D Flip-Flop is analyzed theoretically using CR-SOAs-MZIs
at 120 Gb/s, as depicted in Fig. 10. This figure shows that when the chirp
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is increased, the Q-factor is reduced. The Q-factor remains acceptable
even at high chirp owing to the CR layer in the CR-SOA, resulting in a
faster response. In fact, it is possible to compensate for the added chirp
by passing the output signal through an optical delayed interferometer
[17] or an appropriate filter such as a fiber Bragg grating [18].

CR-SOA is expected to operate at higher speeds while maintaining
acceptable performance. For this reason, the variation of the Q-factor
with the operating data rate for each NAND gate, SR latch, and D Flip-
Flop using CR-SOAs-assisted MZIs at 120 Gb/s is examined and shown
in Fig. 11(a). The considered optical gates achieve an acceptable Q-
factor at high rates, thanks to the rapid transitions enabled by the CR
layer. For example, the NAND gate has a Q-factor = 7 at a rate of 220
Gb/s, SR latch has a Q-factor = 6.4 at 200 Gb/s, and D Flip-Flop has a Q-
factor = 6.9 at 160 Gb/s. Operation at higher data rates is feasible if the
CR-SOA is biased with a higher current (~ 300 mA) and the energy of
the input pulses is lowered (~ 0.3 pJ). Since CR-SOAs introduce ASE
noise, the contribution of this effect should also be taken into account.
Pase = Nsp (Go — 1) 2nhoBg [10] is used to calculate and mathematically
add the ASE noise to the output powers. The previous results were ob-
tained under favorable CR-SOAs working conditions, i.e. Nsp = 2. The
noise term is added to the average intensities of the output bits "0’ and
*1’ via ASE. As a result, a greater ASE (i.e. a higher Ngp) increases the
average value of ’0’ and thus lowers the Q-factor. 8 CR-SOAs are inter-
connected to perform the SR latch, while 16 CR-SOAs are interconnected
to perform the D Flip-Flop. Thus, in this simulation, the ASE noise was
calculated for each CR-SOA separately and then aggregated to obtain the
total ASE extracted from each scheme, as shown in Fig. 11(b). The NAND
function has a Q-factor = 6.3 at a high Ngp = 10, SR latch has a Q-factor
= 7.3 at Ngp = 6, and D Flip-Flop has a Q-factor = 7.1 at Ngp = 4. This is
conceivable because ASE is inhibited by the CR-SOA’s faster gain
dynamics.

The primary findings of our study could be applied to the experi-
mental verification of the suggested logic structures utilizing CR-SOAs, if
the necessary technology is available. Controlling 1) the peak input data
power level and 2) the degree of the phase difference between the MZI
arms would be necessary to do this. This is more a technology issue that
can be resolved in practice rather than a fundamental impediment.
Erbium-doped fiber amplifiers, which are commercially available, can
handle issue 1. However, for issue 2, the differential phase should be
adjusted to fall within the necessary range depending on the binary
combination of the input data and the expected logic output from each
target gate’s truth table [19]. To do this, active phase shifters can be
used after each CR-SOA to add a phase difference between the upper and
lower MZI arms [20] for efficient switching. These shifters can be inte-
grated onto the same planar lightwave circuit substrate as the CR-SOAs-

Table 2
Comparison of optical latches realizations for different SOAs-based schemes and
data rates.

Scheme Data rate (Gb/s) Q-factor Ref.
SOA-TPA:
SR latch 100 11.8 [6]
160 11 [6]
250 10.2 [6]
D Flip-Flop 100 11 [6]
160 10.7 [6]
250 9 [6]
QD-SOA:
SR latch 100 12 [13]
160 10.8 [13]
250 9 [13]
D Flip-Flop 100 11.4 [13]
160 10 [13]
250 8.2 [13]
CR-SOA:
SR latch 60 17.8 This work
120 13.6 This work
180 8.2 This work
D Flip-Flop 60 15 This work
120 10.7 This work
180 6.2 This work

based devices [21] and are thermo-optic elements with low tuning
voltage and power dissipation [22]. With the exception of the OR gate,
for which the necessary DI is also technologically feasible [23], these
rules apply to the considered logic gates.

Finally, the proposed CR-SOA-based optical latching scheme was
compared to other SOA-based schemes and data rates that have been
reported on the considered logic functionality, as shown in Table 2. The
benefits of using the CR-SOAs-MZIs scheme to execute the SR latch and
D Flip-Flop at 120 Gb/s with a high Q-factor are highlighted in this table.
Placing QDs in the SOA’s active region [9,13] or making use of the
potential of nonlinear phenomena like two-photon absorption (TPA)
[2,6], can enhance operating data rates further while maintaining
acceptable logic performance.

7. Conclusion

In this paper, we modeled the SR latch and D Flip-Flop at 120 Gb/s
using two all-optical logic NAND and NOT operations, which were
realized using CR-SOAs-assisted MZIs. The performance of the consid-
ered operations was evaluated by the Q-factor. The variation of the Q-
factor against various key operating parameters, including the impact of
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ASE noise, was examined and assessed. The results showed that
employing CR-SOAs as nonlinear elements can help realize the SR latch
and D Flip-Flop at high speeds with logical correctness and high Q-fac-
tor. The performance of the proposed latches was also compared to
previous works, and showed that the former can compete favorably
against the latter owing to CR-SOAs inherent advantages. The obtained
results extend CR-SOAs suite of all-optical logic functionalities to
include advanced circuit level applications, and enhance their capability
for serving this purpose as efficient nonlinear elements.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.
Acknowledgment

Sponsored by the Chinese Academy of Sciences President’s Interna-
tional Fellowship Initiative of (2022VMB0013).

References

[1] J. Mgrk, M.L. Nielsen, T.W. Berg, The dynamics of semiconductor optical
amplifiers: Modeling and applications, Opt. Photon. News 14 (2003) 42-48.

[2] A. Kotb, K.E. Zoiros, W. Li, 320 Gb/s all-optical logic operations based on two-
photon absorption in carrier reservoir semiconductor optical amplifiers, Optik 265
(2022), 169494.

[3] A.Kotb, K.E. Zoiros, F. Alhashmi Alamer, W. Li, All-optical half adder using carrier
reservoir semiconductor optical amplifiers at 120 Gb/s, Pramana-J. Phys. 96
(2022) 154.

[4] A. Kotb, K.E. Zoiros, W. Li, Realization of ultrafast all-optical NAND and XNOR
logic functions using carrier reservoir semiconductor optical amplifiers,

J. Supercomput. 77 (12) (2021) 14617-14629.

[5] A. Kotb, K.E. Zoiros, W. Li, Execution of all-optical Boolean OR logic using carrier
reservoir semiconductor optical amplifier-assisted delayed interferometer, Opt.
Laser Technol. 142 (2021), 107230.

(6]
[71
[8]

[91

[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Optics and Laser Technology 157 (2023) 108737

W. Li, S. Ma, H. Hu, N.K. Dutta, All-optical latches based on two-photon absorption
in semiconductor optical amplifiers, J. Opt. Soc. Am. B 29 (2012) 2603-2609.
N.M. Mano, M.D. Ciletti, Digital Design, fourth ed., Prentice Hall, New Jersey,
2006.

T. Chattopadhyay, All-optical modified Fredkin gate, IEEE J. Sel. Top. Quantum
Electron. 18 (2) (2012) 585-592.

A. Kotb, C. Guo, Theoretical demonstration of 250 Gb/s ultrafast all-optical
memory using Mach-Zehnder interferometers with quantum-dot semiconductor
optical amplifiers, IEEE J. Sel. Top. Quantum Electron. 27 (2021) 7700307.

N.K. Dutta, Q. Wang, Semiconductor Optical Amplifiers, second ed., World
Scientific, Singapore, 2013.

C. Botsiaris, K.E. Zoiros, R. Chasioti, C.S. Koukourlis, Q-factor assessment of SOA-
based ultrafast nonlinear interferometer, Opt. Commun. 278 (2) (2007) 291-302.
S. Thapa, X. Zhang, N.K. Dutta, Effects of two-photon absorption on pseudo-
random bit sequence operating at high speed, J. Mod. Opt. 66 (1) (2019) 100-108.
W. Li, S. Ma, H. Hu, N.K. Dutta, All-optical latches using quantum-dot
semiconductor optical amplifier, Opt. Commun. 285 (24) (2012) 5138-5143.

A. Kotb, C. Guo, 100 Gb/s all-optical multifunctional AND, XOR, NOR, OR, XNOR,
and NAND logic gates in a single compact scheme based on semiconductor optical
amplifiers, Opt. Laser Technol. 137 (2021), 106828.

S. Barua, N. Das, S. Nordholm, M. Razaghi, Comparison of pulse propagation and
gain saturation characteristics among different input pulse shapes in
semiconductor optical amplifiers, Opt. Commun. 359 (2016) 73-78.

A. Kotb, Computational analysis of solitons all-optical logic NAND and XNOR gates
using semiconductor optical amplifiers, Opt. Quantum Electron. 49 (2017) 1-17.
Z.V. Rizou, K.E. Zoiros, M.J. Connelly, Modelling of semiconductor optical
amplifier chirp compensation using optical delay interferometer, NUSOD (2011)
89-90.

H. Yu, D. Mahgerefteh, P.S. Cho, J. Goldhar, Improved transmission of chirped
signals from semiconductor optical devices by pulse reshaping using a fiber Bragg
grating filter, J. Lightwave Technol. 17 (1999) 898-903.

G. Papadopoulos, K.E. Zoiros, On the design of semiconductor optical amplifier-
assisted Sagnac interferometer with full data dual output switching capability, Opt.
Laser Technol. 43 (3) (2011) 697-710.

J. Leuthold, P.A. Besse, J. Eckner, E. Gamper, M. Dulk, H. Melchior, All-optical
space switches with gain and principally ideal extinction ratios, IEEE J. Quantum
Electron. 34 (1998) 622-633.

N.C. Harris, Y. Ma, J. Mower, T. Baehr-Jones, D. Englund, M. Hochberg, C. Galland,
Efficient, compact and low loss thermo-optic phase shifter in silicon, Opt. Express
22 (2014) 10487-10493.

J.D. LeGrange, M. Dinu, T. Sochor, P. Bollond, A. Kasper, S. Cabot, G.S. Johnson,
1. Kang, A. Grant, J. Kay, J. Jaques, Cascaded all-optical operations in a hybrid
integrated 80-Gb/s logic circuit, Opt. Express 22 (2014) 13600-13615.

H. Dong, Q. Wang, G. Zhu, J. Jaques, A.B. Piccirilli, N.K. Dutta, Demonstration of
all-optical logic OR gate using semiconductor optical amplifier-delayed
interferometer, Opt. Commun. 242 (4-6) (2004) 479-485.


http://refhub.elsevier.com/S0030-3992(22)00883-0/h0005
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0005
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0010
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0010
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0010
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0015
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0015
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0015
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0020
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0020
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0020
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0025
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0025
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0025
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0030
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0030
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0040
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0040
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0045
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0045
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0045
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0055
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0055
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0060
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0060
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0065
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0065
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0070
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0070
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0070
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0075
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0075
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0075
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0080
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0080
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0085
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0085
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0085
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0090
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0090
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0090
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0095
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0095
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0095
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0100
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0100
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0100
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0105
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0105
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0105
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0110
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0110
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0110
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0115
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0115
http://refhub.elsevier.com/S0030-3992(22)00883-0/h0115

	All-optical latches using carrier reservoir semiconductor optical amplifiers
	1 Introduction
	2 CR-SOA model
	3 NAND gate
	4 SR latch
	5 Flip-Flop function
	6 Results
	7 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	References


