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Abstract

The turbo-switch (TS) architecture conceived for speeding up the response of conventional semiconductor optical amplifiers
(SOAs) is combined for the first time with the exceptional ultrafast capability of quantum-dot (QD) SOAs. The possibility
of exploiting this combination in the Mach—Zehnder interferometer (MZI) for implementing fundamental all-optical (AO)
XOR and AND logic gates run at 1 Tb/s is numerically investigated, assessed, and verified. The simulation results demon-
strate the superiority of the QDSOA-based TS-MZI scheme over its QDSOA-based MZI counterpart, as quantified by the
improved quality factor, which can be achieved under more favorable operating conditions. The outcomes of the conducted
theoretical treatment can help execute AO signal processing tasks with enhanced performance while keeping pace with the
perpetual increase of single-channel data rates in an efficient and affordable manner.

Keywords All-optical XOR gate - All-optical AND gate - Quantum-dot semiconductor optical amplifier - Turbo-switch -

Mach—Zehnder interferometer

1 Introduction

In recent years, the increase of single-channel data rates
above 100 Gb/s [1] and the upgrade of aggregate capacities
well into the Tb/s region [2] to cope with the huge amount of
information in modern communication networks has made
indispensable executing signal processing tasks entirely in
the optical domain, i.e., all-optically (AO) [3], instead of
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resorting to cumbersome optical-to-electrical-to-optical con-
versions that cannot bridge the gap in bandwidth handling
capability between fibers and electronics. To serve this pur-
pose, semiconductor optical amplifiers (SOAs) have widely
been employed as the technological platform [4-6] owing
to their strong nonlinearities, reasonable power consump-
tion, broad gain bandwidth, small footprint, and amenability
to scalable integration in single chips at an affordable cost
[7]. Despite these attractive properties, the exploitation of
SOAs in AO applications is compromised by the finite SOA
carrier recovery time, which results in pattern-dependent
dynamic behavior and consequently performance degra-
dation as bit rates get higher [8]. Two notable paths that
have been followed so far to confront this problem include
(a) devising sophisticated architectures, such as the turbo-
switch (TS), where a pair of SOAs is cascaded and separated
by broadband optical filters (OFs) [9, 10]. The extra SOA
acts as a nonlinear filter to compensate for the slow recov-
ery component of the signal emerging from the first SOA,
thus shortening the overall gain and phase response time
of the whole SOAs combination over the single SOA. In
this manner, the deleterious pattern effects can be strongly
suppressed to support operation at higher data rates while
avoiding the degradation of the optical signal-to-noise ratio
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that would otherwise occur if linear narrow band OFs were
used instead [11]. The TS principle of operation and speed
enhancement action has been theoretically analyzed [12,
13] and experimentally characterized [14], while this con-
figuration has been practically implemented and applied to
allow for faster AO switching functionalities [15, 16]. In
this context, it has also been suggested that the TS should
better be placed in both arms of the Mach—Zehnder interfer-
ometer (MZI) [17-19], since doing so holds the promise of
allowing accomplishing switching at speeds that can keep
pace with the ongoing trend in single-channel data rates.
The MZI effectively combines the structural simplicity, the
co-propagation of the launched signals, the possibility to
independently control the phase in each arm, the compact
size, the thermal stability, the reasonable switching energy
requirement, the regeneration capability, the integrability,
and overall practicality [20]. The modified architecture is
known as the turbo-switched Mach—Zehnder interferometer
(TS-MZI). (b) Developing internal nanometric structures
referred to as quantum-dot semiconductor optical amplifi-
ers (QDSOAs) [21] in order to directly reduce the carrier
relaxation time, which is not done with approach (a). Com-
pared to conventional SOAs, QDSOAs exhibit lower current
density threshold, higher saturation output power, wider gain
bandwidth, lower noise figure, similarly low polarization
gain dependence, weaker thermal dependence [22-24], and
above all, faster gain recovery time [25]. These features have
rendered QDSOAs ideal candidates for AO signal process-
ing applications where ultrafast operation with pattern-free
performance is pursued [26—34]. According to (a) and (b), it
is natural to ask what would happen if the individual ultra-
fast potential of the TS-MZI were combined with that of
QDSOAs by incorporating the latter into the former in a
common all-optical switching platform. Thus, in this paper,
we theoretically explore this possibility and provide a posi-
tive answer to the above rational question with respect to the
realization of the fundamental XOR and AND logic gates.
The results obtained through numerical simulations dem-
onstrate indeed the feasibility of using the QDSOA-based
TS-MZI scheme to execute the target Boolean functions at
1 Tb/s with better performance than the standard QDSOA-
based MZI.

2 Principle of operation
2.1 Basic QDSOA-based TS-MZI

Figure la shows the schematic diagram of the QDSOA-
based TS-MZI, which is employed as the core logic module
for implementing the target XOR and AND Boolean func-
tions. The structure is conceived from the typical SOA-based
MZI geometry depicted in Fig. 1b but with bulk SOAs in
the MZI branches replaced by QDSOAs and every single
active element replaced by two identical devices, which are
separated by broadband OFs. In the simplest form of this
modified configuration, sufficiently strong switching signals
(also referred to as ‘pump’), which may originate from the
same or different optical sources, perturb the dynamics of
QDSOAT and QDSOA?2 and cross-modulate the phase of
the split components that travel along the corresponding
MZI paths of a weaker signal to be switched (also termed as
‘probe’). After perceiving the switching signal effects inside
the leftmost top and bottom QDSOAs, the probe compo-
nents encounter two optical filters in their path, OF1 and
OF2, which allow only them to pass through while blocking
the corresponding pump signals. The filtered components
enter QDSOAs 3 and 4, where due to self-gain modulation
mechanism [35] the gain of QDSOAs 3 and 4 is increased,
while the modulated probe amplitude is low and is decreased
as the modulated probe amplitude recovers. Because the
gain recovery of these additional QDSOAs is finite, their
self-gain dynamics compensate for the slower part of the
probe signals amplitude coming out of QDSOAs 1 and 2,
thereby accelerating amplitude restoration and resulting
in considerably less pattern-dependent affected switching
performance [14]. This is shown in Fig. 2, which depicts
the dynamics of the individual gain contributions after
QDSOA1 and QDSOA3 for the AO AND logic operation.
From this figure, it can be seen that although the QDSOA1
gain response suffers from pattern effects, which manifest as
peak-to-peak amplitude fluctuation, these are compensated
by the following QDSOA3. In this manner, and depending
on the dynamic control exerted by the switching signals, the
phase difference incurred on the copies of the signal to be

Fig.1 Schematic diagram of
a QDSOA-based TS-MZI, b

(@

\ m)) QDSOA-MZI \

Tump, QDSOA2

QDSOA4

QDSOA-based MZI. OF: broad- QDSOA-TS-MZI
band optical filter Pump / OF1 Pump
~umby { qosoar ]—D—[ QDSOA3
i Switched
Probe S\\}tched m& witche
_[ Signal Signal
L

N

Pump
"o o }
FAY J

@ Springer



Journal of Computational Electronics (2019) 18:628-639

630

30F 30
- ™)
<29 <L o5
0] o)
? 28 D 20
g 9
&
©
) 25

24 - 5

0 5 10 15 20 25 0 5 10 15 20 25
Time (ps) Time (ps)

Fig.2 Dynamics of gain contributions after QDSOA1 and QDSOA3
for AND operation

switched is converted by the MZI into amplitude change at
the output, aiming at achieving the binary outcome of the
target logic operations.

2.2 XOR gate with QDSOA-based TS-MZI

The schematic diagram and truth table of the AO XOR gate
using the QDSOA-based TS-MZI is shown in Fig. 3.

A continuous wave (CW) signal at Ayog, Which is the
assigned output signal wavelength, is injected from port 2
into the QDSOA-TS-MZI middle arm and is equally split
by a 3-dB optical coupler (OC). Using wavelength selective
couplers (WSCs), the CW half traveling in the upper MZI
arm is combined with data signal A at wavelength 1, inserted
from port 1, while the other CW half propagating along the
lower MZI arm is combined with data signal B at wavelength
Ag (which can be the same as 4,) inserted from port 3. Data

Fig.3 Schematic diagram and
truth table of AO XOR gate
using QDSOA-based TS-MZI.
OC: 3 dB optical coupler. WSC:

signals A and B perturb QDSOA1 and QDSOA?2 dynamics
and alter the phase of the CW beam on which the outcome
of switching is mapped and transferred at the MZI output.
When both A and B are logically the same, i.e., ‘0’ or ‘1,
the structure remains dynamically balanced, and thus, no dif-
ferential phase shift is imparted between the CW constitu-
ents, which therefore cancel each other when they recombine
at OC located at port 4 and so the MZI output remains at
low amplitude level, i.e., ‘0.” In contrast, when the binary
content of A and B differs, the MZI dynamic symmetry is
broken and the CW copy that is cross-modulated by either A
or B acquires a phase shift relative to its counterpart, which
is translated into amplitude modulation of high level, i.e.,
‘1, at the MZI output. In this manner, the XOR operation is
executed according to its truth table.

2.3 AND gate with QDSOA-based TS-MZI

The schematic diagram and truth table of the AO AND gate
using the QDSOA-based TS-MZI is shown in Fig. 4.

For AND operation, data A and its delayed replica cen-
tered at A, are injected into the QDSOA-TS-MZI upper and
lower arms, respectively. Concurrently, data B centered at the
target output signal wavelength A,y is inserted into the mid-
dle arm of the interferometric scheme and is equally divided
using a 3 dB OC before being combined via WSCs with
data A and its delayed copy inside QDSOA1 and QDSOAZ2,
respectively. Because data A and its lagging version modify
the optical properties of these QDSOAs at different instants,
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the phase shifts on the corresponding split components of
data B that manifest through cross-modulation are induced
with a relative delay. This creates a phase switching window,
which is open when both data signals A and B are enabled,
i.e., contain a logic ‘1,” whereas it is closed for any other
logic combination of these inputs. In this manner, a pulse
is produced only in the former case, as opposed to the lat-
ter for which no pulse is delivered, and so according to the
respective truth table, the operation subject to these condi-
tions forms an AO AND gate. It should be pointed out that
although the switching speed is not determined by the recov-
ery time of the active elements but by the inverse of the delay
deliberately introduced on one input of data A [36], this fact
is not sufficient on its own to achieve ultrafast rates of the
order of Tb/s. This underlines the need to devise, design,
apply, and combine advanced structures and ingenious tech-
niques, as pursued in this contribution through a combination
of the QDSOAs and the TS switch on the MZI platform.

3 Modeling
3.1 QDSOA

In this paper, QDSOAs are modeled using a two-level
model in the QD conduction band [31, 37]. The carriers
produced in the wetting layer (WL) via the injection current
pass through an intermediate state, which acts as the carrier
reservoir, and make the transition to the GS, whose density
determines the output gain. These transitions result in pho-
ton emission from the conduction band to the valence band.
This process is schematically shown in Fig. 5.
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Fig.5 Schematic diagram of QDs states and carriers transitions

The nonlinear effect of ‘Carrier Heating’ (CH) results
from carriers’ thermalization in the entire energy band fol-
lowing the pulse. This process occurs on a very short time
scale between 0.1 and 0.7 ps. The pulse energy reduces
the optical gain at the photon energy of this excitation and
burns a hole in the gain spectrum, which is a nonlinear effect
known as ‘Spectral Hole Burning’ (SHB). By taking into
account both CH and SHB, the time-dependent gain of each
QDSOA is described by the following coupled first-order
differential equations [31, 37]:

dhy(®) _ 10 (1 a0\ _ A0
dr B Taw hO

Tdr

1
Py, qpsoa, (1) M
E

sat

— (exp [hy(0) + hey(D) + hgyp ()] — 1)

dh, (1) My, )
dt z

: h,, () : h,,(t) B h,, (1) 1 hy(t)
hy Tyr Twd hy

(@)

dheu® _ heu(®) _ Ecu
dr TcH TcH (3)
(exp [y () + hey(®) + hsyp(D)] — 1) Piy gpsoa, ()

dhgyg (1) __ hsug () _ Esm (exp [hd(l) + g (0) +hCH(t)] -1
dt TSHB TSHB @)

dh,(t) dhey(2)

d cH
Py apsoa, (0 — w " ar
Z
alt, .,
I )
0

where functions ‘A’ represent the QDSOA power gain inte-
grated over its longitudinal dimension, z € [0, L], where L is
the QDSOA length, for carriers recombination between QDs
states (h,) and WL (h,,), carrier heating (hy), and spectral
hole burning (hgyp). hy=1In[G,], where G, is the unsaturated
power gain, E, is the saturation energy, and Py, gpsoa, (1) is
the input power to each QDSOA involved in the QDSOA-
TS-MZI (denoted by index i=1, 2, 3, 4). 7, is the excitation
rate from QD GS to WL, and 7, is the recombination rate of
QD. 7,4 is the transition rate from WL to QD GS, and 7, is
the carrier recombination rate of WL. 7y and 7gy are the
temperature relaxation rate and the carrier—carrier scatter-
ing rate, respectively. ecy and egyp are the nonlinear gain
suppression factors due to CH and SHB, respectively. a is
the differential gain, which represents the ratio of carriers
in WL and QDs, J is the injection current density, d is the
thickness of the WL, and e is the electron charge. The total
gain of each QDSOA is given by [38]:

Gapsoa, () = exp [hy(t) + hey(D) + hgp (], i=1, 2, 3,( 64;
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while the phase change incurred on the signal propagating
in each QSOA is given by [36]:

Dopson, () = —0.5(ahy(t) + acy hoy(t) + agug hep(®) ,
i=1,234

where a is the traditional linewidth enhancement factor
(a-factor), which strongly affects the efficiency of cross-
phase modulation exploited for all-optical switching, and
acy and agyp are the linewidth enhancement factors due
to CH and SHB, respectively. agyp is zero because SHB
produces a nearly symmetrical spectral hole centered at the
signal wavelength [39].

@)

3.2 OF

The OF is assumed to be a Gaussian-shaped optical band-
pass filter whose field transfer function is conveniently
expressed in the frequency domain [40]:

o\ 2N
OF, 5(f) = exp l— ln[\@]<f f) ] ®)

B/2

where f'is the frequency of the input signal and f is the
center frequency of the filter. B is the filter bandwidth, which
is chosen to exceed the value determined by the target opera-
tion bit rate, i.e.,> 1 THz, so that the memory effect of the
filter in the time domain is negligible [41]. N is the filter’s
order which determines the sharpness of its passband edges
[42], where N=1 corresponds to Gaussian and N>2 to
super-Gaussian shapes.

3.3 Input and output signals
3.3.1 Data

The data signals are assumed to exhibit a Gaussian power
profile in the time domain:

c 41In2(t —nT)>?
PA,B(t) = 2 {an}A’BPpeak exp [_M] 9
n=1

TEWHM

where the code {a, } , , takes the binary value ‘1" or ‘0" with
equal probability inside a pseudorandom binary sequence
(PRBS) of length p=27 — 1 that contains pulses having
period T=1 ps, peak power (P,), and full-width at half-
maximum (FWHM) pulse width (zpwyy) such that the duty
cycle is 30%.

@ Springer

3.3.2 XOR

For XOR operation, the power of the signals inserted into
QDSOAT1 and QDSOAZ2 is given by:

Py opsoa, () = P4(0) + 0.5 Pey (10)

Py opsoa, () = 0.5 Pey + Py(0) (11

where the coefficient ‘0.5’ takes into account the coupling of
the CW beam of power Py, into the MZI arms. The power
inserted into QDSOA3 and QDSOAA4 is that of the signals
coming out of OF1 and OF2, respectively, which is analo-
gous to the square modulus of the corresponding complex
electric field, Eq , (1) [42]:

2
Pin qpsoa,, = Por,, (1) = ’EOFI,ZU)‘
> (12)

F! [F [Eout, QDSOALZ(t)] - OF, [f]]

where operators F[-] and F~ I[.]denote the Fourier transform
and its inverse, respectively. Eq; gpsoa, ,(?) is the complex
electric field of the signal emerging from QDSOA1 and
QDSOAZ2, respectively. This is found by applying the ampli-
tude gain and phase calculated from (6) and (7), respectively,
after solving (1)—(5) for QDSOAs input power given from
(10) and (11), to the complex electric field of the halved CW
signal going into QDSOA1 and QDSOA?2 [38]:

Equ, pson,, () = V/03Pcy, exp [0.5 In [GQDSOALZ(t)]

+ jQQDSOAm(l)] (13)
3.3.3 AND

For AND operation, the power of the signals inserted into
QDSOA1 and QDSOAZ2 is given by:

Py, qpsoa, () = PA(1) + 0.5 Pg(1) (14)

Py gpsoa,®) = 0.5P5(t) + Po(t — A7) (15)
where the coefficient ‘0.5’ takes into account the coupling of
data signal B of power Py into the MZI arms and Az is the
time delay of the temporally lagging copy of data signal A.

The complex electric field of the signal coming out of
QDSOAT1 and QDSOA?2 and inserted into QDSOA3 and
QDSOAA4, respectively, is given by:

Equ, qoson,,() = V03P exp [0.5 In [GQDSOAM(z)]

+JPqpsoa, , (t)] (16)
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3.4 MZ|

For both gates implemented with the QDSOA-TS-MZI
scheme, their time-dependent output power is calculated
by combining the electric field of the signal emerging from
QDSOA3 and QDSOAA4 into the OC at MZI port 4. Using
the mathematical formulation for the operation of this pas-
sive element gives [43]:

2
Pou, XOR/AND(t) =05 < Equ, QDSOAs(t)’ +

sin [@QDSOA3(t) - QQDSOA4(I)]

2
Eoy. QDSOA4(I)’ > +

account for the possible deviation of the shape of the logi-
cally outcoming pulses against the input ones [19]. For this
purpose, we have used the cross-correlation (XC) coefficient
[44], which provides a measure of the degree of similarity
between the intensity profile of the switched pulses and the
corresponding profile prior to the same pulses being inserted
in the MZI (with XC=100% implying perfect match).

Eou, Qpsoa, (’)| Eyu, gpsoa, () a7

with

Eou, Qpsoa,, () = Eor, (1) exp [0-5 In [GQDSOA“(I)] +J Pqpsoa, (1) (18)

where Eqg. (1), Piy qpsoa,, (1) and Gopsoa, , (0 Popsoa,, ()
are known through (12) and (6)—(7), respectively. In
Eq. (17), the sinusoidal term, whose argument includes
the relative difference of the phase shifts induced inside
QDSOA,; 4, reflects the fact that the outputs of QDSOA; 4,
which exhibit the same wavelength, are added coherently at
the MZI exit.

On the other hand, when both gates are implemented
with the conventional QDSOA-MZI scheme, i.e., using only
QDSOA1 and QDSOAZ2, their output power is described by
the standard interferometric equation [20]:

4.1 XOR

Figures 6 and 7 show the simulation results for the logic
pulse profiles and corresponding pseudo-eye diagrams
(PED) [17] for the AO XOR operation using the QDSOA-
TS-MZI and the QDSOA-MZI at 1 Tb/s. The obtained val-
ues of the QF are 18.5 and 7.9, respectively. The obtained
QFs are 18.5 and 7.9, respectively. It should be noted that
the very high QF in the former case is due to the statistical
approach followed, by definition of the QF, to calculate the

Py, xoranp(®) = 0.25 P, CW/B(GQDSOA, (1) + Ggpsoa,®) — 2\/ Gapsoa, () Ggpsoa, (1) cos [d)QDSOAl(t) - ¢QDSOA2(I)]> 19

4 Results

In this theoretical treatment, the performance of the AO
XOR and AND gates has been investigated by examining
and evaluating the dependence of the quality factor (QF) on
the input signals and QDSOAs critical parameters. For this
purpose, the rate equations (1)—(4) have been numerically
solved using Adams’ numerical method and implement-
ing it in Mathematica® for the default parameters’ values
cited in Table 1. These values are consistent with literature
[28-33] that has used QDSOAs of similar geometrical and
physical properties as those considered in this work. The
QF is defined as QF=(P, — Py)/(c,+0,) [37], where P,
P, denote the average power of the logically outcoming ‘1’
and ‘0’ data, while o,, 6, denote the corresponding standard
deviations. In order to ensure that the related bit-error rate
is smaller than 1072, the QF should be kept over six in order
[31-33]. Besides pattern effects, in this simulation we also

QF within the frame of this as well as other similar numeri-
cal analyses. For this reason, it is common practice to obtain
values of this metric which are far in excess of its lower
permissible limit. Although such high values are not realistic
in terms of the related BER [45], they are very useful for the
sake of theoretically comparing the performance of different
AO schemes, as done in this paper via Figs. 6, 7, 8, 9, 10,
11, 12, 13, and 14. Therefore, QF values as high as 18.5,
which are attained in the paper, do make sense for the pur-
poses of this study and thus are analogously interpreted. The
numerical difference of the above QFs reflects the fact that
the spaces obtained when both data signals are ‘on,” which
is the ultimate challenge for the performance of an XOR gate
[46], are fully extinguished by the QDSOA-TS-MZI, while
they exhibit small but discernible peaks with the QDSOA-
MZI. This is also seen in the PEDs, where the border of the
low binary level is uniformly thick in the former case, but it
degenerates from the perfect ‘0’ ground in the latter. On the
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Table 1 Simulation parameters default values

Table 1 (continued)

Symbol Definition Value Unit Symbol  Definition Value Unit
E Pulse energy 20 f1 G, Unsaturated power gain 30 dB
0
Tpwum  Pulse width 0.3 ps
T Bit period 1 ps
D PRBS length 127 - 06 o6
Ia Frequency of data A (XOR opera- 189.7 THz 505 £05
tion) S04 N 0.4
, <03 =03
Iz Frequency of data B (XOR opera- 189.7 THz £0.2 ® 0.2
tion) 8 0.1 o 0.1
fCW Frequency of CW (XOR operation) 194.7 THz 0.0 0 5 10 15 20 25 Q 0.0 15 20 25
I Center frequency of filter (XOR 194.7 THz Time (ps) T|me (ps)
operation) 0.6 ~ 06 -
P, Power of data A (XOR operation) 1 mW ’;‘ 0:5 3 0.5 1Thls
Py Power of data B (XOR operation) 1 mW % gg ‘g gg QF =185
Pcyw Power of CW (XOR operation) 2 mW g 0.2 € 02
fa Frequency of data A (AND opera-  189.82  THz a ol Ry
tion) "0 5 10 15 20 25 .00 02 04 06 08 1.0
faetayea o Frequency of delayed A (AND 189.82 THz Time (ps) Time (ps)
operation)
T E requency of data B (AND opera- 194.83 THz Fig.6 Simulation results for XOR operation with QDSOA-based TS-
tion) MZI at 1 Tb/s
I Center frequency of filter (AND 194.83 THz
operation)
Py Power of data A (AND operation) 0.4 mW 0.6 0.6
Pgelayea s Power of delayed A (AND opera- 0.4 mW 205 505
tion) $0.4 L 04
< 0.3 N 0.3
P, Power of data B (AND operation) 0.001 mW ® 0.2 =02
B = x
B Optical bandwidth of filter 1.8 THz aol 19 8(1,
N Order of filter 2 - 0 5 10 15 20 25 15 20 25
At Time delay (AND operation) 0.15 ps Time (ps) Tlme (ps)
J Injection current density 5 kA/cm 06 ‘ 5 gg
Ngg Carriers density in QD ES 72x10718 cm? ;- 82 ; 0.4 QlFTb;sg
Ngs Carriers density in QD GS 3.6x1071% cm? @ gg nc;f g;
Eg Saturation energy 0.045 pJ g 0:1 % 0:1
it . 0.0 = 0.0
Tyd Trzintsmon rate from WL to QDs 5 ps 6 B 10 15 20 25 — 00 02 04 06 08 10
state Time (ps) Time (ps)
Taw Excitation rate from QDs state to 10 ns
WL
Fig.7 Simulati Its for XOR ti ith QDSOA-based
Tyr Carrier recombination rate in WL 22 ns MgZI at 111’1111; /: fon restits for operation with Q ase
Tyr Carrier recombination rate in QDs 0.4 ns
state
T Temperature relaxation rate 0.3 S . .
cH c P _ terin rat o1 P other hand, the calculated XC is 95% when using the TS-
2 arrier-carrier scattering rate . S S .
SHB Traditional a-fact & A P MZI, which indicates that the switched data pulse envelope
a raditional a-factor - . . . .
CH a-fact | deviates by only 5% from that inserted in the configuration.
a a-factor - . . . .
o SHB arfact o The numerically obtained XC value is 89% when using the
Asyp a-factor - .
conventional MZI.
EcH CH nonlinear gain suppression factor 0.02 w! . .
. SHB nonlinear gain suppression 0.0 w-! Figures 8 and 9 depict the QF dependence on several
SHB factor ' parameters which are critical for the operation of the AO
r Confinement factor 015 _ logic system. More specifically, these include the data A, B
« Differential gain 8.6x10-15 cm=2 input peak power (Fig. 8a), QDSOAs traditional linewidth
d WL thickness 0.5 pm enhancement factor (a-factor) (Fig. 8b), QDSOAs injection
L Length of QDSOA active region 1 mm current density (Fig. 9a), and QDSOAs transition rate from
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WL to QDs ground state (Fig. 9b). For comparison, results
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Fig.8 QF versus a data A, B
input peak power, b QDSOAs
traditional linewidth enhance-
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Fig.9 QF versus QDSOAs

a injection current density, b
transition rate from WL to QDs
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have been obtained for both TS-MZI and conventional MZI
schemes. From the observation of these curves, we can make

20

--TS-MZI

~MZI the following important remarks:

(1) The exploitation of the TS is beneficial for the perfor-
mance of the AO gates since for all varying parameters
the QF is acceptable. In contrast, without the TS, this
either cannot happen unless the examined parameters
are carefully chosen, or it can happen only marginally
without selection freedom.

1 2 3 4 5

6

7

8 9 10 (2) Using the TS allows obtaining a higher QF when

Output Power (mW) the requirements for the key QDSOAs parameters
are relaxed, unlike when not resorting to the specific
Fig. 10 QF versus QDSOA-based TS-MZI and standard MZI output architecture. Specifically, we can employ QDSOAs

power for XOR operation at 1 Tb/s

that exhibit smaller linewidth enhancement factor, are
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Fig. 11 QF versus QDSOA1 a 20
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(PA), b injection current density [
(J) for XOR operation at 1 Tb/s

(b)

10+

QF

L Py=1mW Jonsmz ‘i ke
0\\\\\\\\\\\\\\\\\\\\\\ INIENARARERRA AT 0uw\u NI AT R AN A A AN
1152253 35 4455 55 6 65 0§ 10 15 2 2 30 35
PA (mW) Jopsos (kAo
06 505 biased with less current, and undergo slower transitions
e 0.5 % 0.4 between their QDs states. These characteristics are
% o i g'z attractive from a practical perspective as they enable
g o2 5 o1 ‘ to design the AO gates in a more flexible, controllable,
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0.0 < 00 and affordable manner.
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for pattern dependencies, input data pulses can be more
06 5 0.5 P intense and still be switched without being degraded
2 8'2 P g; QF=13: by associated pattern effects induced due to QDSOAs
@ g-g n%_ 0.2 heavier saturation. This fact can make the difference in
501 E 01 cascaded AO gates applications, where the power level
00 = = T %05 02 07 06 08 10 of the signal switched from each gate is expected to be
Time (ps) Time (ps) such that it can drive the next identical gate [47].

Fig. 12 Simulation results for AND operation with QDSOA-based

TS-MZI at 1 Tb/s
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Fig. 13 Simulation results for AND operation with QDSOA-based
MZI at 1 Tb/s
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Figure 10 shows the QF variation versus the power obtained at
the output of the QDSOA-based TS-MZI and standard MZI.
From this figure, it can be seen that although the QF of both
schemes declines if higher output power is pursued, the perfor-
mance of the TS-MZI is superior to its conventional counter-
part for the same output power, while the QF remains accept-
able for a range of this quantity being more than 3 dB wider.
Figure 11 shows the QF obtained for the XOR operation
when varying (a) the power of data signal A (PA) launched
into QDSOAT1 and (b) the current density of QDSOAI1
(Jopsoa1)> when the corresponding parameters of QDSOA2
are kept fixed to their default values given in Table 1. From
this figure, it can be seen that in order to obtain at least the
minimum acceptable QF =6 the power mismatch between
data signals A and B must not exceed 7 dB, while the cur-
rent densities of these active devices can differ by as much
as 0.8 kA/cm?, which is equivalent to an asymmetric bias
current of 4 MA. In practice, the impact of any such discrep-
ancies can be compensated for by employing after QDSOA3
and QDSOA4 active phase shifters to provide an extra phase
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bias between the upper and lower MZI arms [48] and thus
adjust the total phase difference required for switching.

4.2 AND

Figures 12 and 13 show the simulation results for the logic
pulse profiles and corresponding PEDs for the AO AND
operation using the QDSOA-TS-MZI and the QDSOA-MZI
at 1 Tb/s. The obtained QFs are 13.6 and 6.8, respectively,
where the same note as for the XOR gate holds regarding the
very high value of the first QF. Thanks to the TS-MZI, the
Boolean AND operation can be executed all-optically with
pattern-free logical correctness and with a higher QF than

@ Springer
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Fig. 17 QF versus QDSOA-based TS-MZI and standard MZI output
power for AND operation at 1 Tb/s

with the standard MZI. The XC is 93%, which indicates that
the switched data pulse envelope deviates by only 7% from
that inserted in the configuration. The XC is 87% when using
the conventional MZI.

Figures 14 and 15 illustrate the QF against the parameters
which have been defined as critical throughout this treatment
(see the corresponding point in Sect. 4.1), with the addition
of the temporal offset of the delayed version of data signal
A (Fig. 16). It can be seen that for the set of parameters
examined in the previous section the curves have a form
and follow a trend, similar to that visualized therein, while
the drawn conclusions (1)—(3) also hold qualitatively. It is
also seen that the QF remains permissible across the whole
scanned span for the TS-MZI, while this extent is narrower
for the conventional MZI. Moreover, Fig. 16 exhibits a bell-
like shape, with the QF acquiring a local maximum for a
time delay of 0.15 ps, on either side of which it declines.
The physical explanation for this fact is that [19] for shorter
values of time delay, the phase switching window created
by the differential TS-based scheme becomes less open for
the switching bits to lie within it, which affects negatively
the QF. When, on the other hand, the time delay is increased
then the input and delayed pulses lose their relative synchro-
nization, which impairs the magnitude of the phase switch-
ing window and accordingly the QF. There exists, thus a
time delay that compromises these two extremes and opti-
mizes the QF.

Figure 17 shows the QF variation versus the power
obtained at the output of the QDSOA-based TS-MZI and
standard MZI. From this figure, it can be seen that the same
qualitative observations as those made for Fig. 10 hold.

5 Conclusion
The performance of all-optical XOR and AND Boolean
functions using quantum-dot semiconductor optical ampli-

fiers (QDSOASs) incorporated either in the turbo-switched
(TS) or the conventional Mach—Zehnder interferometers

@ Springer

(MZIs) was theoretically studied at 1 Tb/s. The dependence
of the quality factor on the data input and QDSOAs criti-
cal parameters was investigated and assessed. The obtained
results indicate that the considered Boolean functions can be
realized at the target data rate with higher performance and
under better-operating conditions using QDSOAs in the TS-
MZI rather than in the standard MZI scheme. Therefore, the
QDSOA-based TS-MZI can allow the AO XOR and AND
gates to keep pace with the evolving trend in ultrafast line
rates in a feasible and competent manner.
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