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Abstract— The development of optical logic gates is a key 

factor for enabling next generation of computations in the 

context of Deep Learning and Quantum Computing. In this 

work, we introduce a scheme for the implementation of an all-

optical AND logic gate, which makes use of semiconductor 

optical amplifiers (SOA) in cross-phase modulation 

configuration combined with an all-optical XOR gate. Our 

analysis includes a realistic model of SOA, which considers 

also the phase and the delay of the signals. We prove that our 

scheme allows us to obtain almost ideal transitions in 3 out of 

the 4 situations in a 2-bit logic, with any SOA. The remaining 

combination shows a reduction of extinction ratio, which can 

still be improved with better tuning of SOAs.  

Keywords—all-optical logic gate, cross phase modulation, 

Semiconductor Optical Amplifier, recurrent neural network. 

I. INTRODUCTION 

In Deep Learning, dynamical layers as Long Short-Term 
Memory (LSTM) and Gated Recurrent Unit (GRU) enable 
the use of recurrent neural network architectures that include 
also feedback connections in addition to feedforward data 
processing [1]. Those networks are suited to classification, 
regression and prediction of time series data, in real problems 
such as speech/handwriting recognition, fast routing of 
optical networks, smart grids, and so forth. When dealing 
with the hardware implementation of such models, it is 
mandatory to rely on finite precision arithmetic and on the 
approximation of the gating mechanism, both in LSTM and 
GRU layers, by using Boolean logic [2]. 

 

 

Fig. 1. Scheme of the all-optical AND logic gate composed by a XOR gate 
and an XPM configuration.  

In this context, we introduce herein the scheme of an all-
optical AND logic gate and we numerically analyze the 
evolution of the signal. This circuit, represented in Fig. 1, is 
composed of multiple basic optical passive elements, such 
as splitters/couplers and phase shifters, and also more 
complex active elements, such as semiconductor optical 
amplifiers (SOAs) in cross-phase modulation (XPM) 
configuration. A key role is given to SOAs in their high gain 
region, which required the development of specific 
numerical models. The signal considered in our study is 

transitioned with non-ideal filters and it is similar to existing 
NRZ data streams in real systems [3]. The scheme presented 
in this work fits the implementation through optical fiber 
technology or also other optical integrated platforms [4-7]. 

II. OPTICAL CONFIGURATION AND SIMULATION SETTINGS  

In the present analysis, the circuit considers a single 
mode propagating through guided wave platforms. The 
optical signals are streams of 10 Gbit/s (period 0.1 ns) NRZ 
modulated signals, with carrier wavelength �� =1550 nm 
and input power at 1 mW (0 dBm). To be closer to 
experimental situations, we have introduced a white noise 
(SNR=22 dB) and a distortion of the signal due to phase 
noise of the carrier and non-ideal filtering.  

 The simulations have been operated through Simulink™, 

by using suited scripting functions for the optical elements. 
The elements involved in the scheme are mainly standard 
coupler/splitters and phase shifters, whose operation have 
been considered ideal. In addition, in the XPM section two 
identical SOAs are set in parallel. The numerical model of 
the amplifiers has been obtained through a combination 
between the parameters available in the literature [8, 9] and 
in the device’s datasheet (i.e., Thorlabs™ BOA1007H). 

TABLE I 
PARAMETERS OF THE ADOPTED SOA 

Characteristic Value 

Saturation power 18 dB 

Unsaturated gain 30 dB @ 600 mA 

Gamma factor 0.3 

Cross-section area 6⋅2⋅10-13 m2 

Alpha factor (�) 5 

Length (L) 1500 µm 

Effective Index (����) 3.390 

Wavelength (λ) 1.55 µm 

 

Phase shift was approximated with the formula: 

           � 	 
�

�
 ����  � � ��ln��� � ln�����,             (1) 

where symbols are listed in Table I. The second term in (1) 
indicates the shift ∆� dependent on the optical signal itself. 
The comparison between the SOA model and experimental 
data is shown in Fig. 2(a). The amplitude gain and phase 
shifts in the SOAs are shown in Figs. 2(b) and 2(c), 
respectively, in relation with the amplitude of the input 
optical signal and with different values of the saturation 
power, which depend on the feeding current.  

III. ANALYSIS AND DESCRIPTION 

As it can be seen from the schematic view in Fig. 1, the 
circuit is divided into three main stages. In the first stage, 
the signals in X and Y lines, both with amplitude value 2S, 
are split into two branches; half of X and Y reach a “pseudo” 
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Fig. 2. Cladding refractive index vs. twist angle. 

XOR gate, where one of the two branches is phase shifted 
by π radians. At the end of this stage, the two signals 
combine and constructive/destructive interference produce 
a new signal, which is referred to as C. In order to guarantee 
the synchronization, ‘off-state’ phase shifters of the same 
model are attached on the other parallel signal lines. In 
Table II, the truth table is shown where ‘C’ indicates the 
output of the XOR, and ‘X’, ‘Y’ are the logic values 
associated with the top and bottom lines.   
 

TABLE II 
TRUTH TABLE, WHERE S IS THE SIGNAL AMPLITUDE AND A 

IS THE SOA’S AMPLIFICATION IN PRESENCE OF S. 

In X C Y X AND Y 

00 0 0 0 0 

01 0 S⋅eiπ S 0 

10 S S 0 0* 

11 S 0 S 2⋅A⋅S 

 

Before reaching the XPM stage, the signal in C is split 
into two halves, which are combined with X and Y. 
Depending on the phases of the two signal lines, the result 
of the combination may feature constructive and destructive 
interferences. In ‘00’, the output is 0 excluding white noise. 
In ‘01’, the signal in the two branches has S/2 amplitude and 
mutual phase shift of π. In ‘11’, both SOAs have inputs at 
amplitude S and in phase and hence, the resulting 
constructive interference yields 2⋅A⋅S. The situation in ‘10’ 
requires a careful approach; here, the top SOA has input 
1.5⋅S and bottom SOA has input 0.5⋅S, both in phase. At the 
recombination stage of the SOA outputs, we would have: 
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where we require to have Pout equal to 0. To this end, we set 
S at 0.5 mW to have a phase shift π between 0.25 mW and 
0.75 mW and also to have close values of amplitudes. The 
results in the overall simulation are shown in Fig. 3; the 
system responds perfectly for the three combinations ‘00’, 
‘01’, ‘11’, while in ‘10’ the output is non-ideal, although 
still with a significant extinction ratio.   

 
Fig. 3. Characteristics of the signals: X amplitude (a); Y amplitude (b); C 
amplitude (c); C phase (d); output amplitude of the device (e). 

IV. CONCLUSIONS 

Our analysis on the presented all-optical AND logic gate 
shows encouraging results. The combinations ‘00’, ‘01’ and 
‘11’ work with quasi-ideal performance and they can be 
implemented with any setting from the SOAs. The accuracy 
of the ‘10’ combination is more challenging, but specific 
adjustments in the single amplifier can guarantee a 
reasonably small extinction ratio. We have also indicated 
the key conditions for an ideal resolution of the ‘10’ 
solution, which is related to the design of SOAs. While 
present amplifiers are developed for applications in 
telecommunication systems, future devices can be designed 
to satisfy the requirements even for all-optical deep 
recurrent neural networks, as we proved that the 
development of such all-optical logic gates is possible. 
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