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Abstract

Two-photon absorption (TPA) is a nonlinear absorption process in semiconductors, creat-
ing a fast phase change in a low-intensity probe beam. Placing quantum-dots (QDs), on
the other hand, in the active region of semiconductor optical amplifiers (SOAs) results
in SOAs shorter carrier recovery time and lower gain saturation. Thus, in this article, the
physical advantages of both TPA and QDs have been combined to numerically investigate
the performance of all-optical NOT-OR (NOR) and exclusive-NOR (XNOR) logic gates,
incorporating in Mach—Zehnder interferometers at a data rate of 2 Tb/s. The output quality
factor (QF) of the considered Boolean functions against the key operational parameters is
assessed and examined, including the impact of amplified spontaneous emission in order to
obtain more realistic results. The overall QF in the presence of TPA is always higher than
that without TPA.

Keywords All-optical NOR logic gate - All-optical XNOR logic gate - Two-
photon absorption - Quantum-dot semiconductor optical amplifier - Mach—Zehnder
interferometer - Quality factor

1 Introduction

All-optical (AO) logic gates are essential elements for optical signal processing and high-
speed optical networks. Semiconductor optical amplifiers (SOAs) have been widely used in
recent years to demonstrate AO NOT-OR (NOR) and exclusive-NOR (XNOR) operations
at different data rates (Byun et al. 2003; Sharaiha et al. 2006;Kim et al. 2004, 20064, b;
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Xu et al. 2006; Sun et al. 2007; Dong et al. 2008; Chen et al. 2016; Kotb 2017a, b; Kotb
et al. 2018; Han and Liu 2019; Lee et al. 2002; Kang et al. 1906; Singh and Lovkesh 2012;
Zhang et al. 2019) owing to their strong nonlinearity, compactness, stability, and simplic-
ity. It is well known that the SOAs have slow gain and phase recovery dynamics, which
limit their applications in AO logic gates that hardly exceed ~ 100 Gb/s. On the other hand,
the nonlinear effect of the two-photon absorption (TPA) can be used to overcome the SOAs
physical limitations. The TPA provides extra-carriers in the SOA active regions that induce
the ultrafast phase and gain changes of a weak probe signal for AO applications. Pump-
probe experiments have confirmed that the phase changes take place in a duration of 1 ps
or less when both pump and probe signals are launched into SOA (Dorren et al. 2003,
2004; Hong et al. 1996). The cross-phase modulation (XPM) between a high pump signal
and a weak probe signal due to the TPA response can be utilized to realize AO NOR and
XNOR operations at 250 Gb/s using SOAs as in (Kotb 2014, 2015). On the other hand,
placing quantum-dots (QDs) in the SOA active region results in shorter carrier relaxa-
tion time and lower gain saturation (Dutta and Wang 2013). Furthermore, the QDSOAs
have several improved characteristics compared with bulk or quantum-well SOAs such as
high saturation power (Xiao and Huang 2008; Qasaimeh 2003), high-temperature stabil-
ity (Sugawara et al. 2005; Grillot et al. 2009), wide gain bandwidth (Akiyama et al. 2005;
Meuer et al. 2010), low noise figure (Xiao and Huang 2008; Bilenca and Eisenstein 2004),
and, above of all, the ultrafast gain response (Berg et al. 2011; van der Poel et al. 2005;
Kim et al. 2009; Zilkie et al. 2007). All of these features make the QDSOAs a promis-
ing component in applications of AO NOR and XNOR gates at different data rates up to
1 Tb/s (Dimitriadou and Zoiros 2012a, b, 2013; Kotb 2013, 2015; Kotb and Zoiros 2013;
Li et al. 2015; Hu et al. 2017). In this article, the advantages of both TPA and QD in SOAs
have been combined to extend and continue the previous relevant works (Zhang and Dutta
2018; Thapa et al. 2019; Kotb et al. 2019; Kotb and Guo 2019) through a numerical inves-
tigation of AO NOR and XNOR operations at 2 Tb/s. The unit switching device used for
implementing these Boolean functions is Mach—Zehnder interferometer (MZI), which
has two symmetrical QDSOAs in each arm where it’s easy to control the signal phase.
The MZI is a promising element due to its attractive features such as a simple structure,
high stability, efficient operation, and easy implementation (Han and Liu 2019; Dutta and
Wang 2013). This device has been named in 1892 for the two physicists Ludwig Mach
and Ludwig Zehnder (Pereira et al. 2009). The effect of the input pulse and QDSOA key
parameters on the gate’s output quality factor (QF) with and without TPA is examined and
assessed, including the impact of amplified spontaneous emission (ASE) in order to obtain
more realistic results. The achieved results confirm that using QDSOA with TPA at 2 Tb/s
achieves both logical correctness and higher QF than without TPA.

The rest of this paper is organized as follows: In Sect. 2, the QDSOA rate equations are
formulated. In Sect. 3, the NOR operation principle, results, and discussions are described.
In Sect. 4, the XNOR operation principle, results, and discussions are presented. Finally,
the concluding remarks are given in Sect. 5.

2 QDSOA rate equations
The QDSOAs device used in this simulation to construct the AO NOR and XNOR gates

is the commonly discussed InAs/GaAs where InAs QDs embedded in GaAs layers (Zhang
and Dutta 2018; Thapa et al. 2019; Kotb et al. 2019; Kotb and Guo 2019). This device has
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gain~ 15 dB and noise figure~7 dB around 1.55 pm wavelength (Zhang and Dutta 2018;
Thapa et al. 2019). Figure 1 shows schematically the QD carrier dynamics under TPA in
QDSOA (Zhang and Dutta 2018; Thapa et al. 2019; Kotb et al. 2019; Kotb and Guo 2019).
The amplification process depletes the carriers in QDs, while the carriers generated by the
injection current and TPA also provides extra-carriers on picosecond timescales by carrier-
relaxation from bulk region to QDs via the wetting layer (WL). The carriers injected into
the WL by the injection current make a transition to the QD excited state (ES) followed by
a transition to the QD ground state (GS). The extra-carriers generated by the TPA effect
enhance the QDs carrier capture rate and result in much-reduced pattern effects depend-
ence of the QDs carrier recovery dynamics compared with the case without the TPA effect
(Ju et al. 2006).

The following coupled first-order differential equations describe the change in the
QDSOA carrier dynamics among a two-level model, taking into account the nonlinear
intraband effects of spectral hole burning (SHB) and carrier heating (CH), which occur
on ultrafast timescales (Kotb 2013; Kotb and Zoiros 2013; Kotb et al. 2019; Kotb and Guo
2019):

dhy@®) _ h,(0) hy@®\  hy ) P, (1)
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where h(t) represents the integral of QDSOA optical gain over the longitudinal dimension,
z, for the carrier recombination between QDs states (hy), WL (h,,), carrier heating (hcy),
and spectral hole burning (hgyg). hg=1In[G], where G, is the unsaturated power gain, P; (t)
is the input signal power, and E, is the saturation energy. T, is the excitation rate from
QD GS to WL and 7, is the transition rate from WL to QD GS. 1, is the QD carrier
recombination rate and T, is the WL carrier recombination rate. Ty is the temperature
relaxation rate and Tgqypg is the carrier—carrier scattering rate. eqy and egyp are the nonlinear
gain suppression factors due to CH and SHB, respectively. a is the differential gain, which
is the ratio of the carrier in WL and QDs, J is the injection current density, d is the thick-
ness of WL, and e is the electron charge. The total optical gain of each QDSOA equals the
sum of hy, hqy, and hgyp, i.e.

Gopson(t) = exp [hy(t) + hey (1) + hgpp(D)] (6)

The total phase change of the probe wave propagated in each QDSOA, including the
TPA effect is given by (Kotb et al. 2019; Kotb and Guo 2019; Zhang et al. 2015):

D@ ppsoalt) = =0.5 (@hy (1) + achey(t) + B agp, LS()) (7)

where a is the traditional linewidth enhancement factor (a-factor) and oy is the linewidth
enhancement factor due to CH. The value of the linewidth enhancement factor due to SHB
(ogyp) 1s zero because the SHB produces a nearly symmetrical spectral hole centered at the
signal wavelength (Kotb 2013). B is the TPA coefficient and app, is the linewidth enhance-
ment factor due to TPA. B has a typical value within the range of 20-35 cm/GW and exper-
imentally derived arp, value is within the range of 4-5 for most semiconductors (Folliot
et al. 2002; Dorren et al. 2002). L is the length of the QDSOA active region and S(t) is the
light intensity (i.e. power density).

The modulation format of the input data pulse used in this simulation is a return-to-zero,
which is widely used in the optical time-division multiplexing systems because of its effi-
cient tolerance to fiber nonlinearity and higher receiver sensitivity (Breuer and Petermann
1997). This pulse is assumed to be a Gaussian-shaped whose power profile described by
(Dutta and Wang 2013):

N
24/In[2] E, 41n[2](t — nT)?
Py pcn(®) = Py, () = Z ypapcy—— €Xp |—— 5 3
n=1 VT Tewnm TFwHM

where an, g ¢y is the nth data of signals A and B where an, g, is ‘1’ or ‘0’ and a clock
(CIk) signal where a, .y is ‘1’ inside N=2"-1 (Kotb and Guo 2019; Zhang et al. 2015)
bits-long pseudorandom binary sequence (PRBS) of pulses having an energy E,, bit period
T, and full-width at half-maximum (FWHM) pulse width Tpyy. The QDSOAs differen-
tial rate Egs. (1)—(4) have been numerically solved using Adams’ method in Mathematica
Wolfram® for the default parameters cited in Table 1. There are two conditions which are
definitely applied: First, the incident power at the beginning of time, i.e. at t=0, is Gauss-
ian, and second, h(t = 0) = In[Ggg], where Ggg is the small-signal gain. These are applied
to Eq. (1)—(5), with the appropriate adjustment for the rest of the ‘h’ functions, i.e. they
have not been perturbed yet until a pulse arrives. The quality of the considered Boolean

@ Springer



Page50f19 30

All-optical NOR and XNOR logic gates at 2 Tb/s based on two-photon...

Im

AM:VN SOII0Z pue qioy wmﬁow qio03 MNTUN SOII0Z pue nopernIiuIq ﬂmﬁom wc.m?/ pue mﬁﬂﬁ@ su T “TA Ul 9jel uoneurquiodal I9LLe) 1
AMAON wObON ﬁcw DHOM mmuON n—uOM MN:HN mObON ﬁﬁﬁ :O_uﬁTDMEMQ MMMON wﬂ.m.)? ﬁﬂm Nﬁzﬁc su O~ “TA\ 01 3lels wQO Eo.ﬁ Jlel COEﬁumoxm BwP
AM:VN mOﬁON @:m QHOM mm—ON n—uOM MNMON mObON ﬁﬁm SOUANCHMEMQ MMMON wﬂ.m?/ pue Nﬁzﬁc sd W JJels on 0]l " TM EO@ dJerx :Oﬁﬁw:murﬁ wBP
(6107 OnD pue Q1O 6107 T8 32 G103) mu 0¢ Jomod uopeinjes d

- Jwo/vy 01 Kyisuap JuaLInd uonodalug r

(T10T "Te 12 I'T 5S10T Q03) - v Vd.L 01 2np 10}0ef Juswadueyud ypimeury  Vilo

(S00T "Te 30 Ung ‘6107 OND pue QIO ‘G107 QUO3) MO/ 0g Vd.L JO JUSIOLFe0D) d

($00T 'Te 10 Suep) Mu 4 (9183 YONX) MD JO 1omod Mg

(200T Te 32 227) Mu 4 (2188 YONX) [euSTs J[D JO Tomog g4

(¥00T 'Te 10 Suem) Mu I (9128 YJONX) d [eUSIs JO 1oMmod 8

(¥00T 'Te 10 Suem) MAu I (9188 YONX) V [BUSTS JO 1m0 ¥d

(200T 'Te 12 297 wu 9791 (3188 JONX) MD JO YISUS[ABM My

(Z00T "Te 1R 27 wu 8'€SST (2183 JONX) [euSIs Y[D Jo udjesepy Moy

(ZT10T Q03D wu 0SST (188 YONX)  [BUSTS JO NSUS[OABA fy

(ZT10T Q03D) wu SPSI (9188 YONX) V [eusIs JO (ISua[orepmy vy

(LOOT 'Te 32 ung) mu I (2183 YON) MD Jo Jomod Mg

(LOOT 'Te 10 ung) Mu 4 (128 YON) 1eus1s J[D Jo 1omod 1og

(LOOT 'Te 10 ung) A T (2188 YON) 9 [euSTs Jo 1m0 8d

(LOOT "T& 32 ung) e T (3188 YON) V [BUSIS JO Jomod ¥d

(€107 Suep pue enn( :£00T ‘Te I° uns) wu 0S1 (3188 YON) MD JO YISus[orepm Moy

(€10 Suep pue enn( :£00T ‘Te 3o uns) wu SSSI (2188 YON) [euSIs Y[ JO YISudeABA Moy

(€10 Suep pue enn( :£00C ‘Te 3o uns) wu SPSI (9188 YON) d [eusIs JO YISuo[oARM fy

(E10T Suep pue enn( :£00T ‘Te 3o uns) wu (8791 (2188 YON) V [EUSTS JO SUS[OARA vy

(6107 OnD pue Q1o :610T Te 32 QO3) - LTl y3ud] SgId N

(610 OnD pue Q1o :610T e 32 QO3) sd 90) porrad g L

(6107 OnD pue QIO 6107 T8 32 G103) sd 0 qpim ospng  WHA

— rd €0 K310u9 9s[ng 0q

QOUAIRJY N on[eA uonuye  [0qUAS

s1ajowrered jynejop uonemoe) | aqeL

pringer

As



A. Kotb, C. Guo

30 Page60of19

(6107 ono pue qioy ‘6107 Te 30 qQ10Y) - 4 10}0B} UOISSTWA snoauejuodg dSN
(6107 ono pue qi1oy) wu 0SST Kouanbaiy reondp Q
(610T onD pue q1o3) wu € ypimpueq [eondo ogq
(#00T ‘T 12 Suepp ‘6107 ono pue qioy) qap o€ ured 1omod pajernjesun Us)
(610T ono pue q1o3) wrl 0] 1M JO ssaupdIYL P
(610T OnD pue qioy] ‘610T T8 19 Q103) wrl €0 UOISAI 2ATIOE YOSAO JO SSAUOIY], M
(610T ono pue Q103
610T T2 10 QIO ‘610¢ '[e 30 edey], :310¢ eNn pue Sueyy ‘L[0T [e 19 nH ‘S[0T T8 12 I') wrw 01 uoIsar 2ANE YOSAO JO YSua] 1
(600 ‘T& 19 BNl ‘610C OND pue 103
'610T Te 10 QIO :610¢ '[e 30 edey], 1870 eNn pue Sueyy 'L 10T T& 10 NH ‘S10T T8 12 I') WO 01 X9'8 ure3 [enueIyIq D
(610 onD pue Q103 :610T T8 10 PO3) - S1'o 1030e] JustaUyUO]) d
(£10T Suepp pue enn() -M 70 gHS 03 onp 10308y uorssaxddns ureS resurjuoN dHS3
(€£10T Suepp pue ennQq) -M 70 HD 03 anp 10308y uorssaxddns ureS resurjuoN HOg
(+00T ‘Te 10 Suepy) - 0 qHS 01 onp JI0JOL] JUSWAOULYUS YIPIMSUIT dHSp
(6107 ono pue qioy 6107 ‘T8 19 q10Y) - 1 HD 01 anp J0)9eJ JUSWIOURYUD YIPIMAUT] Hop
(10T 9103) - [4 101580 [eUONIPEL], 0
(€10¢ so1oz pue q1o3 ‘€107 9103 Z10T SOII0Z pue NOPeLNIWI( ‘¢ [0 SUBA\ pue ennQ) sd 10 9)el SULI9)ILOS JOLLIBI-ILLIED) 4HSy
(£10¢ so1oz pue q1o3 €107 9103 Z10T SOII0Z pue nopeLnIwI( ‘¢ [()7 SuBA\ pue ennQ) sd €0 qJel uonexe[ar aImjeroduwo], HOy
(£10T soxoz pue q1o3 ‘€107 9103 Z10T SOI0Z pue NOperniwi( ‘¢ 107 Suep\ pue ennQ) su 0 Q18IS SO UI 938 UOTJBUIqUIOIAI JOLIIE)) Py
QOURIRJY N anfeA uonmuysg [OqUAS

(ponunuod) | sjqer

pringer

A s



All-optical NOR and XNOR logic gates at 2 Tb/s based on two-photon... Page70f19 30

functions has been examined by the output QF, which is defined as QF =(P, —Py)/(c, +6;)
(Dutta and Wang 2013), where P ; and 6,  are the average peak powers and corresponding
standard deviations, respectively, of binary values ‘1’ and ‘0’.

3 NOR gate
3.1 Operation principle

The output of the NOR gate gives only ‘1’ output when both inputs are ‘0’ and it’s logically
an inverted OR gate. The schematic diagram and corresponding truth table of the NOR gate
using QDSOAs-MZI are illustrated in Fig. 2.

In order to realize NOR operation, data signals A and B and clock (CIk) signal are com-
bined using a wavelength selective coupler (WSC) and launched into the upper and lower
arms of QDSOAs-MZI, respectively, while a continuous-wave (CW) probe signal is injected
into the middle arm of QDSOAs-MZI via a 3 dB optical coupler. Signals A and B combina-
tions (‘00’, ‘01°, ‘10’, and ‘11”) and the Clk signal (all ‘1’) will modulate the gains of the upper
and lower arms, respectively, and thereby the phase of the CW probe signal injected into the
middle arm. Furthermore, when the data signals A and B combinations (‘01°, ‘10, or ‘11”) are
launched into QDSOA1 and the Clk signal (all ‘1’) is launched into QDSOA2, both QDSOAs
become saturated, therefore the modulated CW probe phase will be equal (‘1’ state) after each
arm, which results in a destructive interferences (‘0’) at the output port of QDSOAs-MZI.
When the signals A and B combination (‘00’) is injected, there is no phase balance in the two
arms due to the Clk signal; hence, a logic ‘1’ is obtained at the QDSOAs-MZI output due to
constructive interference. In this manner, the NOR operation is achieved between the binary
contents of signals A and B according to the NOR truth table.

3.2 Simulation and results

The total input power going into QDSOA1 and QDSOAZ2 is given, respectively, by:

P, opsoa1 () = Py(8) + Py(t) + 0.5Pcyy )

Py apsoa2(®) = Pey () + 0.5P ¢y (10)

where the coefficient ‘0.5’ refers to the halving of signal CW coupled into the middle arm
of QDSOAs-MZI via 3 dB OC.

Fig.2 Schematic diagram and NOR truth table
truth table of NOR gate using A| B| NOR
QDSOAs-MZI. OC 3 dB optical _ . ojlo| 1
coupler. WSC wavelength selec- Data A QDSOAs-MZI: NOR o1 0
tive coupler wsc 1lo| o

P Data B QDSOA1 1l o

CW Probe 3:‘13
ocC

Clk Signal
—_—

3dB NOR
oC Gate

- QDSOA2
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The NOR output power coming out of QDSOAs-MZI, including the ASE effect, is
given by (Dimitriadou and Zoiros 2012; Kotb 2013):

Gopsoa1 (D + Gopsoar (1) — 2\/ Gopsoar (D) Gopsoar (1)

cos[@yp5041 (1) — Pppsoar(®)]

Pounor(® = 0.25 Pey + Pasg

)
where Ggpsoa2() and @gpgoa; 2(t) are, respectively, the time-dependent gains and phase
changes of the QDSOAs-MZI arms. P, g is the ASE power, which is related to the spon-
taneous emission factor (Ngp) through Py gz =Ngp (Gy— 1) 2nhoB,, (Kotb 2015; Dutta and
Wang 2013; Kotb and Guo 2019), where h is normalized Planck’s constant, v is the optical
frequency, and B, is the optical bandwidth.

Figure 3 shows the calculated change in the gain of the NOR gate as a function of time
at a pulse train of 2 Tb/s injected into QDSOAs without and with TPA effects.

Figures 4 and 5 illustrate the pulses’ profile and corresponding eye diagrams of the
NOR operation using QDSOAs-MZI at 2 Tb/s with and without TPA, respectively. The
TPA induces a fast-phase modulation resulting in a small pattern effect with a higher QF
than without TPA, i.e. 9.6 versus 4.8. The acceptable QF that keeps the related bit-error-
rate (BER) less than 10° must be over 6 (Dutta and Wang 2013; Zhang and Dutta 2018;
Thapa et al. 2019; Kotb et al. 2019; Kotb and Guo 2019) and that is the case in the pres-
ence of TPA. The BER is related to QF through BER = (21)~"? exp[— 0.5 QF?)/QF (Zhang
and Dutta 2018; Thapa et al. 2019).

The calculated QF dependence on the input data A, B peak power and operating data
rate for the NOR operation using QDSOAs-MZI at 2 Tb/s with and without TPA is shown,
respectively, in Fig. 6a, b. In the presence of TPA, the QF is always higher than in the
absence of TPA. The TPA effect is very sensitive to the input power value. Physically,
at low input power, the phase change due to TPA effects is small and the pattern effects
become more significant to degrade the QF. As the input power increases, the peak power
is large enough to cause significant TPA and induces a fast phase modulation of the weak
probe signal and the pattern effect becomes relatively small resulting in a higher QF. In the
absence of TPA, on the other hand, a high input power depletes the carrier density via the
stimulated emission that, in turn, causes a stronger pattern effect and accordingly a lower
QF. The QF drops at high data rates, as shown in Fig. 6b, but its value remains acceptable

(a) (b)30
30

R <

=25 & 25

é 20 g 20

C ©

‘® 10 O 10

Y T

£ =

F 0 Ol . . . .
25 30 35 40 45 25 30 35 40 45

Time (ps) Time (ps)

Fig.3 Calculated change in gain of NOR gate as a function of time using QDSOAs at 2 Tb/s a without
TPA and b with TPA
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Fig.4 Pulses’ profile and corresponding eye diagram of NOR operation using QDSOAs-MZI at 2 Tb/s with

TPA
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Fig.5 Pulses’ profile and corresponding eye diagram of NOR operation using QDSOAs-MZI at 2 Tb/s

without TPA

(>6) in the presence of TPA even up to~2.5 Tb/s, while this is impossible achieved with-
out TPA. These results indicate that the TPA plays an important role in improving the QF
and reducing the pattern effect in applications of ultrafast AO operations.

The NOR calculated QF versus the injection current density (J) and QDSOA confine-
ment factor (I') using QDSOAs-MZI at 2 Tb/s with and without TPA is shown in Fig. 7a,
b, respectively. From Fig. 7a, J is increased when more carriers produced in the WL, thus
the carrier recovery time becomes faster, resulting in a higher QF for both with and without

@ Springer



30 Page100f19 A. Kotb, C. Guo

(a) (b)
1 15 Wit TP
«+Without TPA
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9,
= 6 2
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3+ 3
0 05 1 15 2 25 3 35 4 45 0 05 1 1§ 2 25 3 35
Data A, B Input Power (mW) Data Rate (Ths)

Fig.6 Calculated QF of NOR gate as a function of a data A, B input peak power and b data rate using
QDSOAs-MZI at 2 Tb/s with and without TPA

(a) (b)

12 |
: 18
9 15t
gl o
o CI;
i br

3 +With TPA

L Do, Wit TPA

0 5 10 150N 0 01 02 03 04 05

J (kA/em?) r

Fig.7 Calculated QF of NOR gate versus a injection current density (J) and b confinement factor (I') using
QDSOAs-MZI at 2 Tb/s with and without TPA

TPA cases. The TPA also accelerates much more the carrier recovery time, and thus the
QF can saturate at a lower current level as shown in Fig. 7a than without TPA, i.e. 10 kA/
cm? versus 15 kA/cm?. A similar trend is seen in Fig. 7b where the QF is reduced for low
values of I" in both with and without cases. The QF with TPA is more acceptable, even for
smaller values of I" than without TPA.

The ASE causes additional noise through spontaneous—spontaneous beat noise and sig-
nal-spontaneous beat noise, which negatively affects the performance of the optical ampli-
fiers, thus causing a QF degradation. The ASE causes a serious problem as a noise effect
in SOAs since it’s incoherent and limits the SOAs performance. Therefore, a mechanism
should be employed to extract the ASE incoherent power, otherwise, the excited carriers
in the active region will be depleted by the ASE effect. Thus, here, a 3 dB OC is used at
the output of QDSOAs-MZI-based NOR/XNOR operation to separate the coherent signal
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Fig.9 Schematic diagram and corresponding truth table of XNOR gate using QDSOAs-MZIs. OC 3 dB
optical coupler. WSC wavelength selective coupler

power from any ASE incoherent power, which does not have this too much affect internally
the QDSOA fast gain dynamics in the presence of TPA. In this part, the impact of ASE
noise on the QF is taken into account in order to obtain more realistic results. The ASE
power is numerically added to the NOR output power as mentioned in Eq. (11). The QF
drops with increasing Np in the presence and absence of TPA effects as shown in Fig. 8,
while it is still having acceptable value in the presence of TPA using QDs active region
even at a higher value of Ngp, i.e. ~6.

4 XNOR gate
4.1 Operation principle

The output of the XNOR gate is ‘1’ when all of its inputs are ‘1’ or when all of its inputs
are ‘0’ and it’s logically an inverted XOR gate. The XNOR schematic diagram and corre-
sponding truth table using QDSOAs-MZIs are illustrated in Fig. 9.

As shown in Fig. 9, the XNOR gate is realized by a series combination of the XOR gate
using QDSOAs-MZII1 and Invert gate using QDSOAs-MZI2 (Kotb and Zoiros 2013; Kotb
2015). For XOR operation, the two input binary data streams A and B are combined and
coupled via WSCs into the QDSOA1 and QDSOAZ2, respectively, while a CW probe signal
is coupled via 3 dB OC into the middle port of the QDSOAs-MZI1. The data signals A and
B induce a phase change in the CW probe signal via XPM in order to take the advantages
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of better performance and higher power efficiency than a cross-gain modulation (Durhuus
et al. 1996). When both signals A and B are ‘0’, the CW probe signal traveling through
the two arms of QDSOAs-MZI1 does not acquire any phase change resulting in ‘0’ at the
QDSOAs-MZI1 output. When both signals A and B signals are ‘1°, the phase changes
induced on the CW signal traveling through the two arms of QDSOAs-MZI1 are equal,
resulting also in ‘0’ at the output port of the QDSOAs-MZI1. However, when A is ‘1’ and
B is ‘0’, the CW suffers a phase change due to XPM in the upper arm of QDSOAs-MZI1
with signal A, resulting in ‘1’ at the QDSOAs-MZI1 output. The same output, i.e. ‘1, is
achieved when A is ‘0’ and B is ‘1’. In this manner, the XOR gate is achieved between
the binary contents of signals A and B. For the Invert operation, the XOR coming out of
QDSOAs-MZI1 and Clk signal are combined and coupled via WSCs into QDSOA3 and
QDSOAA4, respectively, while a CW probe signal is coupled via a 3 dB OC. The Clk signal
is used to invert the XOR gate, so the output of QDSOAs-MZI2 is the XNOR operation
according to its corresponding truth table.

4.2 Simulation and results

The total input power coupled into QDSOA1 and QDSOA?2 of QDSOAs-MZI1 in order to
realize the XOR operation is given, respectively, by:

Py qpsoa1 () = P4 (1) + 0.5P ¢y, (12)

Py, qpsoa2(t) = Pp(t) +0.5P ¢y, (13)

The output power of the XOR operation coming out of QDSOAs-MZI1, including the
ASE effect, is given by (Kotb et al. 2018):

Gopsoa1 (D) + Gopsoar(t) — 2\/ Gopsoa1 () Gopsoar (1)

cos[Dppsoar (1) = Popsoar(]

Py xor(®) =025 Pcy + Pyse

(14)
The total input power coupled into QDSOA3 and QDSOA4 of QDSOAs-MZI2 for
XNOR operation is given, respectively, by:

Py opsoas(®) = Py xor(®) +0.5P ¢y (15)

Py, opsoaa®) = Pep(H) +0.5P ¢y (16)

The output power of the XNOR operation coming out of QDSOAs-MZIs, including the
ASE effect, is given by (Kotb 2014, 2015; Kotb and Zoiros 2013):

Gopsoas(®) + Gopsoas(t) — 2\/ Gopsoas(® Gopsoaa(D)

cos [@yps0a3(1) = Popsoas(D]

P xnor(®) = 025 Py, + Pasg

an
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Fig. 10 Calculated change in gain of XNOR gate as a function of time using QDSOAs at 2 Tb/s a without
TPA and b with TPA
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Fig. 11 Pulses’ profile and corresponding eye diagram of XNOR operation using QDSOAs-MZlIs at 2 Tb/s
with TPA

The calculated changes in the gain of the XNOR gate as a function of time when a pulse
train of 2 Tb/s is injected into QDSOAs without and with TPA effects is shown in Fig. 10a
and b, respectively.

The pulses’ profile and corresponding eye diagram of the XNOR operation using
QDSOAs-MZIs at 2 Tb/s with and without TPA are illustrated, respectively, in Figs. 11
and 12. The achieved QF is 9.8 with TPA and 4.5 without TPA. Furthermore, the eye dia-
gram without TPA is distorted due to high pattern effects, nevertheless, with TPA, it is
clear and open.

The XNOR calculated QF against the input data A, B peak power and operating data
rate using QDSOAs-MZIs at 2 Tb/s with and without TPA is shown in Fig. 13a, b, respec-
tively. These results have been numerically obtained in the same way as described for the
NOR operation.
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Fig. 13 Calculated QF of XNOR gate as a function of a data A, B input peak power and b data rate using

QDSOASs-MZIs at 2 Tb/s with and without TPA

The dependence of the XNOR QF on the injection current density (J) and QDSOA
confinement factor (I') using QDSOAs-MZIs at 2 Tb/s with and without TPA is shown,

respectively, in Fig. 14a, b.

Figure 15 shows the QF as a function of Ngp of the XNOR operation at 2 Tb/s using

QDSOAs-MZI with and without TPA.

The recent applications of high-speed AO NOR and XNOR gates are very useful in
digital systems. In particular, the NOR gates are so-called ‘universal gates, spanning
from synthesizing any Boolean function (Xu et al. 2008) to building combinational
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photonic logic circuits (Jung et al. 2008) and managing packet contention (Scaffardi
et al. 2007) to bit-error monitoring (Chan et al. 2003), in the optical domain. On the
other hand, the XNOR gate is widely involved in various signal processing tasks in the
binary world. These include data encoding (Wang et al. 2007), single (Wang et al. 2007)
and multi-bit comparison (Scaffardi et al. 2008), binary pattern recognition (Webb et al.
2009) and matching (Ahn et al. 1999), basic Boolean arithmetic operations (Scaffardi
et al. 2008) and optical code division multiple access (Ghaffari and Salehi 2009).

5 Conclusion

In this study, the performance of all-optical NOR and XNOR operations with the non-
linear effect of two-photon absorption (TPA) in quantum-dot semiconductor optical
amplifiers (QDSOAs)-based Mach—Zehnder interferometers was numerically studied at
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2 Tb/s. The results show that a higher quality factor is obtained when including the TPA
effect, which contributes to the ultrafast QD carrier dynamics.
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