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It is known that the conventional bulk semiconductor optical amplifier (SOA) faces the problem of the slow gain
recovery time, which limits its application as a nonlinear element at higher data rates. Therefore, our goal is to
find an alternative that works at higher rates with acceptable performance. In this paper, we employ, for the first
time to our knowledge, a carrier reservoir SOA (CR-SOA) followed by a delayed interferometer (DI) to execute
all-optically the Boolean OR operation at a data rate of 100 Gb/s. A performance comparison between the CR-
SOA- and the conventional bulk SOA-based DI is made by studying the variation of the quality factor (Q-factor)
against various key operating parameters, which include the transition time from the carrier reservoir to the
active region, the population inversion factor, the injection current, the equivalent pseudorandom binary
sequence length, the alpha-factor, the optical confinement factor, the operating data rate, the input pulse energy,
and the continuous wave power in the presence of amplified spontaneous emission noise. The obtained results
demonstrate that owing to the CR-SOA faster gain and phase recovery, the CR-SOA-DI is more suitable for
realizing the OR logic gate at 100 Gb/s as it manages to achieve a more than acceptable Q-factor value of 9,
compared to the unacceptable value of 3 when using the conventional SOA-DI.

1. Introduction should not be viewed as a general black box, but as a specific nonlinear

switching entity that needs special treatment. Similarly, even if the

The OR is among the indispensable Boolean functions which are
exploited in signal processing applications in the optical domain [1].
Owing to their compact size, small power consumption, wide gain
bandwidth, and strong nonlinearity, semiconductor optical amplifiers
(SOAs) constitute the primary choice for realizing the all-optical OR
logic gate. This has been done with the assistance of interferometric
configurations, either passive [2], or active [3]. Despite the SOA
attractive characteristics, the slow SOA gain carrier recovery time limits
its operation at higher speeds [4]. For this reason, researchers intensified
their efforts in previous years to find a suitable alternative that works at
higher rates with acceptable performance. These efforts have led to al-
ternatives like the Quantum-Dot-SOA (QD-SOA) [5], the Photonic
Crystal SOA (PC-SOA) [6], and the Reflective SOA (RSOA) [7]. Because
the operating mechanism of these devices is different, there is no
guarantee in advance that the target all-optical gate will be implemented
with acceptable performance. This means that each SOA-based device
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switching configuration that incorporates some type of SOA-based de-
vice may have been well established, yet this does not mean either that
an all-optical gate will be implemented both with logical correctness and
high quality, unless a thorough investigation is conducted to confirm
this fact. This approach can eventually open the road to alternative
options of implementing all-optical gates, while offering designers
multiple technological solutions to choose from. In the footsteps of these
commendable efforts, we propose in this paper to employ the Carrier
Reservoir SOA (CR-SOA) as an alternative technological approach for
executing Boolean logic exclusively by means of light that owing to its
inherently faster gain and phase response overcomes the normal SOA’s
response limitation and allows to execute all-optically the Boolean OR
logic at a data rate of 100 Gb/s. CR-SOAs had so far been confined to
classic signal amplification [8], and only recently have these devices
been employed to implement all-optical logic gates [9,10], which for the
first time include the OR. In this work, the CR-SOA is followed by a
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delayed interferometer (DI) as in Ref. [2]. The DI creates a phase win-
dow whose duration is set by the shorter delay of the DI and which is
beneficial for the quality of the output signal [1,4]. The CR-SOA-DI is
compared to the conventional SOA-DI at 100 Gb/s through examining
the quality factor (Q-factor) versus critical operating parameters, which
include the transition time from the carrier reservoir to the active re-
gion, the population inversion factor, the injection current, the equiv-
alent pseudorandom binary sequence (PRBS) length, the alpha-factor,
the confinement factor, the operating data rate, the pulse energy, and
the continuous wave (CW) power under the effect of amplified sponta-
neous emission (ASE) to obtain realistic results.

Compared to other schemes which have been deployed to realize the
OR gate [11-14], such as the electro-optic-MZI (named henceforth
Scheme 2-S2) [11,12] and plasmonic-MZI (named henceforth Scheme 3-
S3) [13,14], the proposed scheme (named henceforth Scheme 1-S1) is
better from several aspects. Compared to S2, the data between which the
target Boolean function is executed are already in optical form, whilst in
S2 they are not. This helps avoid power and time-consuming conversions
between electrical and optical domain, and allows energy efficient, low
latency and ‘on-the-fly’ signal processing, which are highly desirable
features in real communication systems and networks. Moreover,
implementations based on S2 suffer from inevitable trade-offs between
switching energy, device size and footprint, and operating bandwidth
[15], which poses stricter challenges towards scaling to higher line data
rates than for S1. Furthermore, unlike S1, S2 requires proper adjustment
between the switching voltage, the length of the interferometer arms
and the separation between the electrodes to produce the level of dif-
ferential phase shift required for switching [16]. This in turn may de-
mand to follow an intricate setting procedure that becomes complicated
when having to interconnect multiple gates to form large switching ar-
rays or feedback configurations. In addition, supporting data rates as
high as those with S1 requires using MZI lengths being roughly 2500
times smaller than the CR-SOA’s active region length. Except for
compromising fabrication reproducibility, this difference is also
accompanied by the need to provide extra voltage supply and hence by
an increased energy per switched bit. Compared to S3, S1 does not suffer
from inherent insertion losses, unless resorting to special waveguide
structures [17]. This fact makes more feasible using S1 the process of
driving subsequent identical gates and building complex circuits and
subsystems of enhanced functionality. It is also more mature and
compatible with standard modern semiconductor fabrication methods.
Compared to both S2 and S3, S1 allows more easily to perform optical
signal processing functions on multiple channels using a single device.
Additionally, S1 is amenable to the exploitation and simultaneous
manipulation of multiple dimensions of the optical wave, i.e. amplitude,
phase, wavelength, polarization, and space, thus offering more degrees
of design freedom [18]. Overall, S1 competes favorably against S2 and
S3 when implementing Boolean logic functions like the OR in terms of
flexibility, tunability, configurability, scalability, and transparency,
which are highly desirable characteristics that an ultrafast switching
scheme must exhibit.

The outcome of this work can open new possibilities in the realiza-
tion of all-optical gates, as well as in the design and implementation of
sequential and combinational all-optical circuits and subsystems, which
rely on them as core building blocks, at ultra-high speeds. It can also
constitute a focus point for further research on the treated subject, given
that in recent works reported on OR gate implementation either with
well-established or rapidly developing, technologies, such as electro-
optic modules and plasmonic waveguides [11-14], respectively, there
are open issues concerning the presented results. Thus most of these
works have shown static responses derived using computational elec-
tromagnetics methods to explain their proposed OR gate operation,
which is supported by analogous performance metrics, such as the
extinction ratio. However, they have not provided information about the
pulse outcome of the considered Boolean logic function so as to be able
to confirm that it is executed with logical correctness and with a high-
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quality profile. Furthermore, they have not provided evidence about
whether their schemes can support operation for return-to-zero (RZ)
data format, which is widely used in modern lightwave communications
and inherently imposes a greater strain on the performance of such
schemes. In this paper, we fill this gap in knowledge by reporting a
complete set of results for the OR gate between RZ data under dynamic
operating conditions, which have been obtained after assessing its ul-
trafast performance using the ultimate evaluation criterion of the Q-
factor.

The conducted theoretical treatment can help understand the un-
derlying operating mechanisms, predict functional behaviors, optimize
working performances and form a basis for future studies on CR-SOA-
based all-optical gates. It can also spur researchers to conduct experi-
ments to verify our outcomes and exploit further the demonstrated po-
tential of the CR-SOA-based all-optical OR gate.

2. Principle of operation
2.1. CR-SOA

Fig. 1 shows the CR-SOA band diagram. Similar to QD-SOAs, CR-
SOAs allow to accelerate the speed of operation in which they are
involved by exploiting the so-called ‘carrier reservoir’, but in a different
physical way. Specifically, in the QD-SOA the faster response compared
to a conventional SOA is due to the presence of the wetting layer, which
acts as the carrier storage region, while the quantum dots (QDs) act as
the active region [19]. Carriers depleted by the injected optical pulse in
the QD ground state are replaced by fast carrier transfer from the wet-
ting layer. As the injected current density is increased, more carriers are
supplied in the wetting layer, which hence accelerates the speed of
response. Therefore, the speed is determined by the relaxation time from
the wetting layer to the quantum dot state. In CR-SOA, on the other
hand, the carrier reservoir (CR) region is grown in the vicinity of the
active region (AR), or alternatively the latter can include both the
reservoir layer and the active layer [20]. When the CR is significantly
populated, it supplies the active region with carriers with a transition
time as fast as that of QD-SOA. This ultrafast transition dominates the
gain dynamics, thus making the CR-SOA also exhibit an equally fast
temporal gain and phase response as the QD-SOA. However, in CR-SOA
there may exist more trade-offs, in terms of material composition and
active region dimensions, between high performance and fast speed,
which may compromise its speed enhancement capability compared to
QD-SOAs. In fact, due to the limited available states in the QDs, the value
of the inversion factor is much smaller in QD-SOAs, which makes them
amenable to even faster operation. Still uniform QD-SOAs are also less
technologically mature and more difficult to fabricate [8]. This essen-
tially means that forming the required carrier reservoir with the avail-
able semiconductor processing techniques may be more feasible for CR-
SOAs, which hence may be comparatively preferable with regard to

CR ~

AR | )

l eV

Fig. 1. CR-SOA band diagram.
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reduced cost and complexity and better overall practicality.

The bandgap of the CR layer is larger than that of the AR region.
When applying a driving current, carriers start to fill the available states
in both AR and CR. When the injection current is low, the carrier density
in the AR is larger than in CR. With the increase of the injection current,
the CR accumulates sufficient carriers to function as a reservoir of sup-
plied carriers. The incident photons are launched into the AR and collide
with electrons to generate photons by stimulated emission. The carriers
depleted in the AR by an energetic signal are rapidly replaced in the
active region by the significantly populated CR. The transitions from the
CR to the AR during this process can occur as fast as a few picoseconds, i.
e. 05 — 5 ps [21], and hence accelerate the CR-SOA gain and phase
response to the point that it renders feasible ultrafast switching of data
without the performance restrictions imposed by ordinary SOAs. At
higher launched signal intensities, the nonlinear intraband effects of
carrier heating (CH) and spectral hole burning (SHB) also manifest on a
short time scale of 0.7-1 ps.

2.2. OR gate

The schematic diagram of the all-optical OR logic gate using a CR-
SOA followed by a DI is shown in Fig. 2.

To execute the OR operation using a CR-SOA-based DI, two data
streams, A, B, and a continuous wave (CW) probe signal are combined
and inserted in the active device. Signals A and B induce via CR-SOA
cross-phase modulation phase shifts on the CW beam, which carries
the information of the Boolean OR function. The CW signal coming out
of the CR-SOA is further divided by a 3 dB optical coupler (OC) into two
halves of equal intensity, which enter a DI. The DI creates a phase dif-
ference between the CW constituents by adjusting its delay time (At)
and phase bias (A®). The role of the delay line, At, is to control the
phase window which is opened by the difference between the phases of
the direct and offset replicas of the signal switched from the CR-SOA and
traveling along the DI upper and lower arms, respectively. More spe-
cifically, the CW components, which represent the ‘0’s, and on which a
stronger or weaker phase shift has been imparted, either by A =1, B =
‘1’, in the former, and A = ‘1’, B = ‘0’ and vice versa, in the second case,
are arranged to fall within this formed window so that they are trans-
mitted at the DI output, thus producing logic ‘1’s. Because the CR-SOA
gain and phase perturbations that these CW components have experi-
enced are not uniform, as they have been caused by different binary
combinations, by further adjusting through the DI phase shifter the
magnitude of interference at the DI output it is possible to compensate
for these intensity fluctuations and eventually obtain ‘1’s of uniform
peak amplitude, as desired. In contrast, the CW components which
represent the ‘1’s, and on which no phase shift has been induced, are
forced to lie outside the phase window, thus being suppressed at the DI
output and resulting in ‘0’s. Accordingly, the truth table of the OR gate is
realized, which is the pursued goal.

3. Modeling

The dynamic operation of the CR-SOA is modeled through the
following time-dependent first-order coupled differential equations,
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which account for the carrier recombination between CR and AR as well
as CH and SHB ultrafast nonlinear processes [8-10]:

dhar(t)  her(t) — hag(2) whe ()
I+ .(1+7n) . (exp [har(2)
+ hen(t) + hsus(0)] — 1) PcEkim(t) o
dhck(l) _ _i’](th(t)thR(t) N ho*th(t) - hCR(t) o
di N 7(1+n) 7.(1+1) T,
dh;—’;(t) __heu(h) _Eﬂ(exp[h/\k(t) + hen (1) + hsup(t)] — 1) Pincr-soa(t)
TcH Ty
€))
hsnlt) o) O o e (1) 4 () + s8]
dt TsHB Tsup
— 1) Pu, crsoa(t) — dh;';(t) — dh%(t) )

where functions ‘h’ are the CR-SOA’s gain integrated over its length for
the carrier recombination between AR (hag) and CR (hcg), CH (hcy), and
SHB (hgsyp). Tt is the transition time from the CR layer to the AR layer and
T, is the carrier lifetime in both AR and CR. The quantity n is the pop-
ulation inversion factor defined as the ratio of the carrier densities in AR
and CR, i.e. 1 = Nar/Ncr. hgp = In[Ggl, where Gy is the unsaturated
power gain related to other parameters via Gog = al'(It./eV - Ny) L [4],
where a is the differential gain, I is the optical confinement factor, I is
the injection current, e is the electron charge, V is the volume of the AR,
N, is the transparency carrier density, and L is the length of the AR. Egy¢
is the saturation energy given by Egyt = Psat T = wdhwg /al’ [4], where
Pyt is the saturation energy, w & d are the width and thickens of the AR,
respectively, # is the normalized Planck’s constant (i.e. # = h/2n), and
®o is the central optical frequency. tcy and tsyp are the temperature
relaxation rates for the CH and SHB, respectively. ecy and esyp are the
nonlinear gain suppression factors for the CH and SHB, respectively. The
CR-SOA total gain is then given by:

Ger-soa(t) = exp [har(t) + hep(t) + hspp(?)] )

The phase change induced on an input CW signal inside the CR-SOA
is given by:

Dcpsoa(t) = — 0.5 (@har(t) + acuhen(t)) (6)

where « is the traditional linewidth enhancement factor, namely a-fac-
tor, and acy is the linewidth enhancement factor for CH. The contri-
bution to the total phase of SHB is null, as implied in Eq. (6), i.e. asyg =
0 [4-7].

The optical power (Pjy,, cr-soa (t)) of the input data A, B, is assumed to
exhibit a Gaussian-shaped profile comprising of RZ pulses having a
FWHM (full-wave half maximum) pulse width (tgwuwm), energy (Eo),
length of carried pseudorandom binary sequence (PRBS) N = 27-1,
namely equivalent PRBS length of 7, and bit period (T), which is the
inverse of the operating data rate:

OR truth table
DI A B OR

- DIDelay olol o
G |
Data A (Aa) nel
11 1
Data B (M ( |
(*8) CW (hcw) CR-SOA fi AD - Output OR Gate (Acw)

. Phase Shifter

Fig. 2. Schematic diagram and truth table of OR logic gate using CR-SOA-assisted DI. OC: 3 dB optical coupler.
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al 2,/In[2] E,

Paslt) = 2 om0 e

2
- 4ln[2](§ — nT) -
TEwHM
where ay(4, ) denotes the n-th pulse inside the PRBS, which can take a
binary value of ‘1’ or ‘0’. Since in the employed scheme the input signals
A, B, and the continuous wave (CW) beam of power P¢yy are coupled into
a single CR-SOA, the total input power in the CR-SOA is :

Py, cr-soa(t) = Pi(t) + Pp(t) + Pcw ®

The power coming out of the DI is given by the following basic
interferometric formula [4,6]:
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ultrafast switching potential of CR-SOAs. For acceptable performance, a
Q-factor value of 6 is required to ensure that the related bit-error-rate
[22] is kept below 10 [5-7]. For this purpose, Egs. (1)-(9) are com-
bined and run by using Adams’ numerical method implemented in
Wolfram Mathematica software. This is a multistep method for solving
first-order differential equations, as in our case, which approximates the
integrand with a polynomial and then uses the latter to evaluate the
integral [23]. The default parameter values in the simulation are cited in
Table 1 [1-10] and are used for both CR-SOA and SOA for a fair com-
parison. Besides, these values agree with those reported in the literature
for (CR-) SOA with the same geometrical and optical characteristics as in
this work.

Por(t) = 0.25 <Puur. cr-s0a(t) + Pou, cr-soa(t = AT) — 24/ Pou cr-s0a () Pour, cr—soa(t — AT) > 9)

o (@, cr-soa(t)

where Py, cr-soa(t) is the CR-SOA output power defined as Py, cr-
soa(t) = Gcr-soa(t) Pcw-

4. Results

The performance of the considered Boolean operation is evaluated at
100 Gb/s by deriving and interpreting curves of the Q-factor variation
against critical operating parameters, under the effect of ASE noise in
order to achieve results close to reality. It should be noted that the data
rate of 100 Gb/s is investigated not for any fundamental reason but
because it is in line with current trends in modern optical systems and
networks, while it allows to sufficiently test, assess and validate the

Table 1

Simulation default parameters [1-10].
Symbol Definition Value Unit
Eo Pulse energy 0.7 pJ
TFWHM Pulse width 1 ps
T Bit period 10 ps
N PRBS length 127 -
Aa Wavelength of data A 1559 nm
g Wavelength of data B 1546 nm
Aew Wavelength of CW 1554 nm
Pcew Power of CW 0.3 mwW
I Injection current 200 mA
Pgar Saturation power 10 mW
Te Carrier lifetime 200 ps
T Transition lifetime from CR to AR 5 ps
n population inversion factor 0.3 -
[ a-factor 5 -
OcH CH linewidth enhancement factor 1 -
OSHB SHB linewidth enhancement factor 0 -
€cH CH nonlinear gain suppression factor 0.2 w!
£SHB SHB nonlinear gain suppression factor 0.2 wt
TcH Temperature relaxation rate 0.3 ps
TSHB Carrier-carrier scattering rate 0.1 ps
r Optical confinement factor 0.3 -
a Differential gain 2x1071¢ cm?
Nee Transparency carrier density 10'8 cm™3
L Length of AR 500 pm
d Thickness of AR 0.3 pm
w Width of AR 3 pm
Go Unsaturated power gain 30 dB
Nsp Spontaneous emission factor 2 -
0 Optical frequency 193.55 THz
Bo Optical bandwidth 2 nm
n Normalized Planck’s constant 1.05x 1073 Js
At DI delay time 0.2 ps
AD DI phase bias T rad

— D, cr-soa(t — AT) + AD]

Fig. 3 shows the gain and phase recovery of both CR-SOA and con-
ventional SOA for 100 Gb/s input optical signal. From this figure, a
faster gain recovery and phase resulting from the ultrafast transition due
to the CR layer is observed for the CR-SOA. Moreover, the gain and
phase variation quickly reaches a steady-state, in contrast to the regular
SOA for which the corresponding temporal evolution suffers from
intense fluctuations. Thus the CR-SOA is qualified as a more suitable
nonlinear device for supporting higher speed Boolean operations
compared to an ordinary SOA, whose response is limited by the slow
dynamics.

Figs. 4 and 5 show the profiles of the input data streams A and B, the
output of the OR logic gate, and the OR eye diagram at 100 Gb/s using
CR-SOA- and conventional SOA-assisted DI, respectively. These results
reveal that using the CR-SOA-DI allows to realize the all-optical OR logic
gate with a higher Q-factor than using the conventional SOA-DI. In fact,
the Q-factor is 9 when using the CR-SOA-DI as opposed to 3 when using
the SOA-DI. The tripled Q-factor achieved with the CR-SOA-DI is
attributed to the ultrafast transition time from the occupied CR level to
the AR level.

Both the transition time from CR to AR (t9) and the population
inversion factor (1) play a significant role in the operation of the CR-
SOA. Therefore, it is necessary to investigate their influence on the
performance of the OR gate, which is done within the frame of Fig. 6. A
shorter 7 leads to faster recovery and thus higher Q-factor, as shown in
Fig. 6(a). T¢ has been measured to be in the range of ~ 0.5 to 5 ps in GaAs
[21]. On the other hand, the quantity n defined as the ratio of carrier
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Fig. 3. Gain and phase recovery for CR-SOA and normal SOA at 100 Gb/s.
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Fig. 4. Numerical results using CR-SOA-DI at 100 Gb/s. (a) Input data stream
A, (b) input data stream B, (c) output of OR gate, and (d) corresponding eye
diagram with Q-factor = 9.

< 0.6t® = (©)
3t K
. - 0.
<_( 0.3 © 04
T0.2 O]
201 x 02
9?00 O o0
0 20 40 60 80 100 0 20 40 60 80 100
Time (ps) Time (ps)
= 0.6( g SOA-DI
% 0.5 E 0-8 100 Gb/s
E 0.4 o 06 Q-Factor =
523 8 0.4
g 0.2 a 0'2
20.1 += 0.
? 0.0} 5, ok
0 20 40 60 80 100~ 10
Time (ps) Tlme (ps)

Fig. 5. Numerical results using conventional SOA-DI at 100 Gb/s. (a) Input
data stream A, (b) input data stream B, (c) output of OR gate, and (d) corre-
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densities in AR and CR ( = Nar/Ncg) is a measure of the amount of
carriers available for fast gain recovery. Therefore, for a small n, the CR
population is high and hence the gain recovery is faster, resulting in a
higher Q-factor, as shown in Fig. 6(b).

The bias current plays a decisive role in the process of amplification
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Fig. 7. Calculated Q-factor of OR logic gate at 100 Gb/s versus (a) injection
current and (b) equivalent PRBS length using CR-SOA- and SOA-based DI.

and switching. Fig. 7(a) shows the dependence of the Q-factor on the
injection current for the OR logic gate using CR-SOA- and SOA-based DI
at 100 Gb/s. When current is applied to the CR-SOA, the carriers start
filling the available states in both AR and CR. At low injection current,
the AR carrier density is higher than that in CR because the quasi-Fermi
level is close to the AR band edge. While at high injection current, the
carrier density in CR becomes higher than in AR due to the motion of
quasi-Fermi level up over the CR edge band [8]. Since more carriers are
injected into the CR at high current, thereby allowing for faster recovery
and refilling for the AR layer after depleting by a strong input pulse, this
leads accordingly to an increase in the Q-factor, as shown in Fig. 7(a). In
comparison, the performance of the OR gate based on the conventional
SOA lacks significantly behind even for high current values which are
favored for accelerated operation. Fig. 7(b) shows the variation of the Q-
factor against the equivalent PRBS length for the OR operation using CR-
SOA- and SOA-based DI at 100 Gb/s. The term ‘equivalent’ in the hor-
izontal axis of the diagram refers to the number of consecutive ‘0’s and
‘1’s that corresponds to each order of PRBS. The Q-factor is decreased
with an increase in the equivalent PRBS length for both considered
amplifiers. This happens because in this case the operation of the logic
gate is stressed more, since the risk of generating errors becomes
potentially higher due to the protracted ‘0’s and "1’s [24]. Thus, Fig. 7(b)
confirms that the CR-SOA enables operation of the OR gate for longer
PRBS data than the SOA, while the latter is very sensitive to the extent of
this digital content and does not allow to obtain acceptable
performance.

The Q-factor is considerably increased for both amplifiers with
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Fig. 8. Calculated Q-factor of OR logic gate at 100 Gb/s versus (a) traditional

linewidth enhancement factor (a-factor) and (b) optical confinement factor (I")
using CR-SOA- and SOA-based DI.
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higher traditional linewidth enhancement factor (a-factor) and optical
confinement factor (I'), as shown in Fig. 8. According to Eq. (6), a-factor
affects the magnitude of the phase response. The latter is stronger in the
CR-SOA than in the SOA, therefore the Q-factor is more acceptable, even
for small values of this parameter, in the CR-SOA than in the conven-
tional SOA, as shown in Fig. 8(a). Similar behavior is seen in Fig. 8(b) for
the Q-factor versus the confinement factor I for both structures. Since by
definition T' is the ratio of the power flow inside the active region to the
total power flow [25], this means that for small I less power is confined
into the active region, which affects accordingly the saturation level of
the device and decreases the Q-factor. Notably, the CR-SOA maintains
the Q-factor acceptable even for small values of I' as a result of the op-
timum utilization of the power flow.

Both SOA types exhibit ASE noise, which affects the performance of
the OR logic gate and so its effect cannot be neglected. For this reason,
the impact of ASE on the performance of the considered function using
CR-SOA- and SOA-based-DI at 100 Gb/s has been examined and is
shown in Fig. 9(a). The ASE power is calculated in the optical bandwidth
(Bo) using Pasg = Nsp (Go — 1) 2nhvBy [4,7] and is numerically added to
the OR output power given by Eq. (9). The Q-factor is decreased with the
increase in the ASE power for both CR-SOA and conventional SOA, but it
is noticed that the CR-SOA enables to achieve acceptable performance
even at higher ASE contribution, while this is not possible with the
conventional SOA for which the same effect is rather detrimental. This
happens because the CR-SOA faster gain dynamics suppress ASE to the
extent that it does not affect the performance irreversibly. With regard
now to the data rate that the CR-SOA can operate while keeping the OR
gate’s performance acceptable, Fig. 9(b) shows that this is possible up to
a working point of 140 Gb/s, at which an acceptable Q-factor of 6.2 is
achieved, while the limit for the conventional SOA is 1.75 times lower.
Operation at higher data rates, such as 160 Gb/s or even 250 Gb/s, is
possible provided that the CR-SOA is biased with higher current, energy
of the data pulses is smaller, and the DI delay is shorter. The first two
actions are required in order to be able to compensate for the reduction
of the phase shift induced on the CW beam by the ultra-high-speed data
signals and maintain the necessary level for proper switching [26], while
the latter because for proper operation the duration of the DI phase
window should scale inversely with the data rate so as to be able to
handle temporally narrower signals [27]. With these conditions, which
can be satisfied in practice with the relevant technology available for
driving CR-SOAs, generating and boosting data pulses and designing
DIs, respectively, the Q-factor can become acceptable at 250 Gb/s for I
= 450 mA, Eo = 0.2 pJ, and At = 0.1 ps, respectively. Overall, these
results prove the ability of the CR-SOA to operate at a higher ASE level
and higher data rate compared to the conventional SOA.

To get further insight into the performance of the OR logic gate, the
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Fig. 9. Calculated Q-factor of OR logic gate versus (a) amplified spontaneous
emission (ASE) power at 100 Gb/s and (b) operating data rate using CR-SOA-
and SOA-based DI.
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Fig. 10. Calculated Q-factor of OR logic gate versus (a) input pulse energy and
(b) CW input power using CR-SOA- and SOA-based DI.

Q-factor against the input pulse energy and CW input power using both
CR-SOA- and SOA-DI at 100 Gb/s is depicted in Fig. 10. As seen from
Fig. 10(a), the CR-SOA-DI scheme achieves a higher Q-factor and hence
better performance than the SOA-DI for the same pulse energy. The
increase of the input pulse energy causes the depletion of carriers and
thus reduces the Q-factor, but thanks to the CR layer in the CR-SOA the
Q-factor is higher and remains acceptable for almost the whole span of
input pulse energies, which is not possible with the conventional SOA-
based DI. Similar behavior is seen in Fig. 10(b) for the Q-factor versus
the CW input power. Although this parameter has physically a direct
impact on both CR-SOA and regular SOA dynamical behavior, yet the
former device is more tolerant than the latter to changes incurred across
a wider range, which is reflected on the far better and acceptable Q-
factor.

Finally, we compare the performance of the OR logic operation in
terms of the Q-factor achieved using the CR-SOA against the same metric
obtained with other SOA-based schemes. Table 2 highlights the superi-
ority of the CR-SOA over other SOA-based schemes at the same data rate.
Also, this Table suggests that the data rate could be increased using the
CR-SOA when placing QDs in its active region or integrating it with PCs
or when the effect of the two-photon absorption (TPA) is concurrently
exploited.

The limitations of our theoretical analysis compared to other pub-
lished approaches mainly concern:

a)The one-dimensional dependence, and accordingly, the method of
solution, of the model used to simulate and investigate the performance
of the CR-SOA and subsequently of the OR gate in which it is employed
as a nonlinear element. According to this approach, the CR-SOA is
treated as a spatially concentrated device by dropping the dependence
on the longitudinal dimension, ‘z’, through the integration of the CR-
SOA gain over its length, ‘L’, represented by the different ‘h’ functions
in differential equations (1)-(4), which hence are ordinary of only one

Table 2
Comparison of OR operation for different SOA-based schemes and data rates.
Scheme Data rate (Gb/s) Q-factor Ref.
SOA-DI 80 5.48 [2]
100 3 This work
160 5.2 [6]
SOAs-MZI 80 11 [3]
CR-SOA-DI 100 9 This work
SOA-DI-TPA 250 9 [28]
QD-SOA-DI 160 9 [51
250 6.5 [5]
1000 45.5 [29]
2000 8.2 [30]
QD-SOA-DI-TPA 2000 15 [30]
PC-SOA-DI 160 23 [6]
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independent variable, time (‘t’). This approach reduces the computa-
tional complexity and allows to calculate the time-dependent gain and
phase shift experienced by the CW signal inside the CR-SOA through the
analytical expressions of relationships (5) and (6), respectively. This
approach, however, which was originally established and validated in
[31] for conventional SOAs and later on properly adapted to the case of
CR-SOAs [8], does not allow to investigate and reveal the influence of
factors, such as the CR-SOA length, which may affect the CR-SOA optical
modulation bandwidth and accordingly its capability to support ultra-
fast operation in the configurations where it is employed as nonlinear
element [32].

b)The treatment of the CR-SOA small-signal gain and saturation
energy as wavelength-independent parameters. This assumption applies
for picosecond optical pulses whose spectral width is much smaller than
the frequency detuning between data A, B, and the CW beam, which
hence holds in our case since the former value is approximately 0.44
GHz for the considered unchirped Gaussian-shaped 1 ps-wide pulses
while the latter is as low as 625 GHz for the involved signals wave-
lengths cited in Table 1. For this reason, it is justified not to use some
polynomial approximation of the gain spectrum [33], which would only
increase the model’s complexity without making any significant differ-
ence in the obtained results. Still, this approach does not allow us to
investigate the impact of the input signals wavelength so that we could
determine a range of it that would correspond to optimum gate
performance.

c)The treatment of the CR-SOA lifetime parameters as constants of
the carrier density. This approach also simplifies the computational
process and is valid in the saturation regime at which the CR-SOA is held
by the constantly applied CW signal after being brought there due to the
combined action of the two strong data signals. However, an expanded
theoretical investigation and specification of the conditions under which
the CR-SOA can also operate in different saturation levels, or have its
ultrafast optical response being intensively modulated by an external
excitation, so as to uncover its full switching potential for all-optical
signal processing purposes, would require approximating the carriers
recombination rate by a suitable polynomial, instead of a linear one
[32].

5. Conclusion

In this research, we theoretically studied and confirmed the possi-
bility of executing the all-optical Boolean OR logic at 100 Gb/s using a
CR-SOA-assisted DI. A thorough and fair comparison was made between
the CR-SOA- and SOA-assisted DI by examining the variation of the Q-
factor against various key operating parameters, including the effect of
the ASE noise. The numerical outcomes revealed the better performance
of the OR gate when implemented with the CR-SOA since a Q-factor of 9
was achieved compared to 3 with the conventional SOA. These results
can spur the employment of CR-SOAs as nonlinear elements for the
design and implementation of ultrafast photonic circuits and
subsystems.
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