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The design of a Chiral Mach-Zehnder interferometer based 4-bit all-optical Galois field adder operating at significantly
low power. Quartz has been utilized as the chiral material which rotates the plane of polarization of a light signal and this
polarization rotation is the backbone of the all-optical switching module. The presence or absence of the control signal
significantly changes the output of the CMZI switch. This switching module solely gives the all-optical logic XOR operation
and with the help of four such parallel XOR gates we can design a CMZI based 4-bit all-optical Galois field adder. The
circuit has been analysed by calculating performance indicating parameters such as amplitude modulation (AM~0.008695
dB), extinction ratio (ER~13.27 dB), contrast ratio (CR~16.28 dB), Q-factor (Q~34.48 dB), relative eye opening (REO~
95.29 %) etc to establish the practical feasibility of the device. These satisfactory values suggest that this device may play a
significant role in advancing the next generation optical technologies.
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1 Introduction

In recent decades, it has been shown that optical
signal processing has emerged out as an alternative
approach over the electronic one because not only due
to the limited speed but also for its innate parallelism.
Over the last few decades, several schemes have
been proposed to achieve all-optical computation at
ultra-low power and also at ultra-high speed. Some
notable designs have been already proposed to
achieve all-optical logic and arithmetic operations
where several optical components have been used like
photonic crystal', semiconductor optical amplifier
(SOA)™, quantum-dot SOA>®, nonlinear optical
loop mirror (NOLM)"*, terahertz-optical-asymmetric-
demultiplexer (TOAD)"°, waveguides'™", ring
resonators'>Yetc.

Out of various arithmetic operations, addition is
one of the most fundamental operations which are
used in numerous times in building easy to harder
blocks of a computing network.

Different half and full adders have been already
designed in the all-optical domain for general-purpose
arithmetic operations'>"’, but the Galois field adders
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are specialized components that are particularly
designed for applications which require arithmetic
operations in finite field.

In mathematics, a Galois field is a field that
contains a finite number of elements. A GF (2")
contains all n-bit combinations which can be shown in
the form of different powers of ‘p’; where, p is the
primary element of the Galois field. Thus, GF (2") has
2" elements which are 0, 1, p', p% p°..., p°*~. Each GF
has an n-order primitive polynomial whose root is ‘p’.

The unique mathematical properties of Galois
fields, also known as the finite fields, are extensively
utilized to achieve widespread applications'®.

Therefore, the Galois field adder plays a significant
role in the field of optical and quantum computation
in terms of arithmetic operation, high speed signal
processing, error correction and cryptography'®.

In the realm of photonics & opto-electronics,
chiral materials are extremely useful where, the
advancement of all-optical circuit designs is
concerned because of their unique light-matter
interactions in comparison with the other optically
active materials®®*>. They can rotate the plane of
polarization in a significant manner. Chiral materials
have some salient properties which are very
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significant in all-optical computation like they are
able to respond to the electric field vector of light
signals even at the nano range, offer wavelength
tunability governed by geometric manipulation, while
allowing dynamic switching at ultra-fast speeds.

Additionally, they exhibit some more significant
properties like reversible chiroptical switching with
visible-light responsiveness>. The thermal stability of
chiral material allows all-optical switching at room
temperature and operates on the principle of light-
matter interaction in them”* >,

Chiral material-based Mach-Zehnder interferometer
i.e., CMZI has some influential applications in the all-
optical signal processing like, ultra-fast switching
at ultra-low power along with higher band-width
has already been achieved”® and the values of
different performance parameters such as amplitude
modulation, extinction ratio, contrast ratio, Q-factor,
relative eye opening etcare also found to be
satisfactory. The data rate of this proposed switching
module is ~ 100 Gbps®".

Here, it is to be mentioned that the CMZI based
Galois field adder has yet not been reported in the
domain of optical computation. Especially, GF adders
find application in pseudorandom binary sequence
generation®””".

Hence, the design of an all-optical Galo is field
adder using CMZI have been proposed and
analysed with the help of numerical simulation using
SCILAB.

2 Theory

2.1 Principle of Operation of CMZI and its Theoretical
Modelling

A horizontally polarized (HL) probe signal and a
vertically polarized (VL) control signal of equal
intensities are combined at the first beam combiner
(BS-01) and then the combined beam is separated
equally in both the arms of the interferometric circuit.
A chiral material (in this case, quartz) of length
7.5 mm is there at the upper arm and at the lower
arm there exists a phase shifter in the CMZI. The
quartz crystal provides 12° rotation/mmin the plane
of polarization i.e., it converts a HL into VL and
vice-versa.

Signals emerging out from both the arms then
interfere at the second beam combiner (BS-02) and
the signals coming out from BS-02 are received from
the two arms as outputs of CMZI. Here, the final
output emerged out from the Port-1, after passing
through a horizontal polarizer serves the all-optical

XOR logic operation®. The output beam from port-II
is blocked with the help of a beam blocker, due to its
performance lag”’. Beam blocker is generally
employed to selectively suppress the undesired signal
arising in the realization of all-optical circuits is
shown in Fig. 1.

It was numerically found that the values of
amplitude modulation and quality factor at the
port-Il are 3.01 dB and 2.8001 respectively.
Therefore, the port-1I is not utilized due to the poor
performance in the all-optical operation. The truth
table for all-optical XOR logic operation is provided
in Table 1.

The theoretical modelling of this fundamental
switching element has been thoroughly discussed in
our previous papers” . In the presence and absence
of the control signal (CS), the output intensities of the
Port-1 of CMZI are given by,

I, 219

I'=2[ny + 1, = 2n1m cos(=-AL)] - (D)
Io

1°=an .. (2

where, I'& I’are the output intensities in the
presence (CS=1) and absence (CS=0) of the control
signal, I, being the total intensity of the input signal.
n,and 1, are the total effective transmittances at the
upper and lower arm of the CMZI respectively. AL is
the optical path difference (OPD), which is
maintained by using a particular length of the chiral

H-Polarizer

Chiral Material

Probe Signal Port-l

BS 02

Control Signal Port-Il

Phase Shifter Beam Blocker

Fig. 1 — All-optical design for Chiral-MZI

Table 1 — Truth table of XOR

Input Output
Probe Signal (PS) Control Signal (CS) Output at Port-I
(PS XOR CS)
0 (NL) 0 (NL) 0 (NL)
0 (NL) 1 (VL) 1 (HL)
1 (HL) 0 (NL) 1 (HL)
1 (HL) 1 (VL) 0 (NL)
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material (CM).The frequency of the input signals i.e.,
Y has been taken to be similar that of used by
reference”® and c is the speed of light in vacuum.

2.2 The proposed Design & Operational Behaviour of Galois
Field Adder

All-optical circuit diagram for CMZI based Galois
field adder is shown in detail in the Fig. 2.

Here, the fundamental component of this Galois
field adder is an all-optical CMZI- based XOR logic
gate. The in-depth discussion on the operational
principle of CMZI based all-optical XOR logic gate is
already provided in our previous paper™. Here, we
have often used the polarization controllers (PC) to
maintain the state of polarization at the outputs of the
respective CMZIs.

Now, let us consider the circuit diagram of Fig. 3 to
understand the principle of operation of the proposed
Galois field adder in the following manner

A 4-bit Galois field adder functions within the
context of finite fields, specifically GF(2"), where n is
the number of bits. The addition in Galois fields is
accomplished by using the bitwise XOR logic
operations, which ensures that the output will remain
within the finite field.

Every 4-bit number is regarded as an element of
the Galois field GF (2%. In this finite field, the
addition of two elements is performed by XOR
operation of their corresponding bits. The field is
defined by a primitive polynomial, which ensures the
closure property under addition and multiplication.

H-Polarize|

Chiral Material r PC
: I Probe Signal -:
A - o)
——
o
S BS 02
Control Signal Port-ll
Phase Shifter Beam Blocker
i i H-Polarizer
Chiral Material
Probe Signal E PC
S BS02
Control Signal Port-ll
Phase Shifter Beam Blocker
»0
S —— '
Chiral Material H-Polarizer
Probe Signal
Control Signal Port-ll
Phase Shifter Beam Blocker
Chiral Material H-Polarizer
Probe Signal

Control Signal

Phase Shifter

Port-ll
Beam Blocker

Fig. 2 — Proposed design for CMZI based all-optical GF Adder
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Fig. 3 — Schematic block diagram of CMZI based all-optical Galois field adder (4-bit)

Unlike the conventional binary addition, GF
addition is totally carry-free, which provides the faster
and more efficient performance in certain all-optical
applications.

Therefore, if the augend A and addend B serve as
the bit-wise inputs then the proposed all-optical 4-bit
GF (2%) adder essentially performs four parallel XOR
operations through four respective CMZI based all-
optical XOR gates to obtain the final output O.

The summarized truth table corresponding to a
4-bit Galois field adder is given in Table 2, instead of
a single, large truth table.

3 Simulation Results & Discussion

Numerical simulation has been done by using
SCILAB simulator to analyse the performance
parameters and establish the practical feasibility of the
proposed chiral-MZI (CMZI) based all-optical Galois
field adder. We have taken the experimental values of
the effective transmittances for upper and lower arms
ie., n =098 and n, = 0.82%. But it is to be noted
that both the transmittances correspond to the value of
unity in the ideal case. The examples of 4-bit GF
addition which are randomly chosen are shown with
the corresponding simulated input-output bit-patterns
in Figs. 4 (a-d). A summarized truth table is also
provided in Table 2, which is relevant to the random
examples.

The 4-bit Gaussian pulse trains which have been
used as the input signals (augend & addend) are,

Table 2 — Summarized truth table corresponding to a 4-bit Galois
field adder
Augend (A) Addend (B) Output (O)
Ay Ay A Ay B; B, By By O3 0O, O O
0 1 1 1 1 0 1 0 1 1 0
1
1
1

—_—

0 1 1 0 1 1 0 1 1 0
0 o0 1 o 1 0 0 1 1 0
0 1 o o0 1 o0 1 1 1 1

(t—nty)?
0.7

A= AY, exp [— ] ...(3)

where, t, = 10 ps is the bit repetition rate and ‘A’
takes the values 0 or 1 depending upon the absence or
presence of the optical signal. The output bit-patterns
follow the result of Galois field addition in the given
four examples as shown in Figs. 4 (a-d). Equation (3)
depicts the Gaussian waveforms which show the
variation of input/output power (in arbitrary units)
with time (in PS). The wvalue of OPD i.e.,
AL = 7.5 mm is taken for simulations which
provides 90° rotation in the plane of polarization.

To analyse the all-optical circuit through the
different performance parameters such as amplitude

(AM=10 logy, =

max ratio
1 Imin
(CR=101l0g; 52,

modulation ), contrast

extinction ratio

(ER=101log;, 1"”"‘), quality factor (Q—factorzw)
01 +0'0

Omax

and relative eye-opening [REO=(1-3"‘#)X100%] are
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Fig. 4 (a-b) — Arbitrarily chosen examples to understand the all-optical 4-bit Galois field addition operation with the help Gaussian
input/output bit patterns
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Fig. 4 (c-d) — Arbitrarily chosen examples to understand the all-optical 4-bit Galois field addition operation with the help Gaussian

input/output bit patterns
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calculated and their variation with transmittance 1), for
1n,=1(ideal case) and ,=0.82°® (experimental case) are
also investigated which is shown in Figs. 5-9.

Here, the 1.01minlay & o7 are the maximum,
minimum, average value and standard deviation of the

Amplitude Modulation Vs Transmittance i,

@ [xperimental Ideal
)
= 0.01
3
8 —
]
3 0.008
3
= 0.006 |,
2
S
30.004 .
§ 0.2 0.4 0.6 0.8 1
Transmittance 1,
Fig. 5 — The variations of the amplitude modulation with

the transmittance m; for the given values ofn, (Ideal &
Experimental Case)

Contrast RatioVs Transmittance 1,
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Contrast Ratio in dB
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Fig. 6 — The variations of the contrast ratio with the
transmittance n,for the given values ofn, (Ideal & Experimental
Case)
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Fig. 7 — The variations of the extinction ratio with the

transmittance n, for the given values of n, (Ideal & Experimental
Case)

signal bit ‘1’(LOGIC 1) and the 0pax,0min,0.y & ©p are
the maximum, minimum, average value and standard
deviation of the signal bit ‘0’ (LOGIC 0).

To numerically simulate the proposed circuit, the
values of different parameters given in the Table 3 as
experimentally reported®® were used.

To analyse numerically, we have taken the value
of the signal frequency, 9 = 384.2793 THz and
AL = 7.5 mm to achieve 90° polarization rotation.
Amplitude modulation or AM shows a decrease and
then it approaches to an almost saturated value below
0.01dB as expected for efficient practical operation
(Fig. 5). This happens when the effective
transmittance of lower arm i.e, n; tends to the value of
n. (=1 for ideal case & 0.98 for experimental case™.
This indicates negligible variations in the high logic
levels (1’ state) diminishes and therefore stable
outputs. The other performance parameters like the
contrast ratio (Fig. 6), extinction ratio (Fig.7), quality
factor (Fig. 8) and relative eye-opening (Fig. 9)

Quality Factor Vs Transmittance n,
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40
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Transmittance 1,
Fig. 8 — The variations of the quality factor with the

transmittance n, for the given values of n, (Ideal & Experimental
Case)
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Fig. 9 — The variations of the relative eye-opening with the
transmittance n, for the given values of n, (Ideal & Experimental

Case)
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Table 3 — Table for parameters used

Parameter

Wavelength of the input signals (Same for probe and control signals)
Frequency of the input signals (Same for probe and control signals)

Effective transmittance at upper arm
Effective transmittance at lower arm

Length of the Chiral material (Effective optical path difference)
Speed of light in vacuum

Symbol Value
A 7.80682 x 107 m
9 384.2793THz
M1 0.98 (Experimental Case)
1 (Ideal Case)
N, 0.82 (Experimental Case)
1 (Ideal Case)
AL 7.5 mm for 90° polarization rotation
C 3x108m/s

Pseudo Eye Diagram

I = o
B a -]

Output Power in a.u.
=

o

Time in pS

Fig. 10 — Pseudo eye-diagram for 4-bit Galois field adder

increase with m;. This is also obvious because
as the value of 1 is increased towards 1,, the power
of lower logic level decreases and the power of
higher logic level increases. The high contrast
ratio(16.28 dB) indicates a clear distinction between
the lower and higher power levels of the optical
signals on an average. Similarly, a high extinction
ratio(13.27 dB) ensures a better signal discrimination
between low(‘0”) and high(‘1”) states, which helps
in error reduction and enhances the clarity of
data transmission. Here, the higher value of
Q-factor(34.48 dB) is also observed in Fig. 8, which
establishes the better signal quality, as it results to a
lower probability of bit errors during optical
transmission.

In Figs. 9 and 10, the relative eye opening and
pseudo eye diagram are shown, which is a powerful
tool used in optical and digital communication to
investigate the signal integrity and performance. A
higher value of relative eye opening (95.29 %) i.e., a
larger width and height of the “eye” indicates greater
error reduction in distinguishing the higher and lower
logic levels, which can also reflect the improved bit
error rates (BER). These also ensure higher switching
window for transmission and receiving.

Table 4 — Comparison table for performance parameters

Platform Extinction Contrast Q-factor Relative eye-
ratio ratio (in dB) opening

(indB) (in dB) (in %)

2D- Photonic 12.9 8.29 - -

Crystal*>*

Graphene-Based - 14.0 - -

Metasurface’’

Dual Control Dual - - 9.82 -

SOA TOAD

(DCDSTOAD)*®

Dual SOA* >50) >55 >50 >94

SOA based MZI*  26.01 - 18.74 -

Our proposed work ~ 13.27 16.28 34.48 95.29

From the input-output bit patterns, we get, the
insertion loss (IL) = 0.23 dB, which is found to be
quite good for ultra-fast operation.

Again, the switching window is also calculated
from the pseudo eye-diagram which is equal to 1.0 ps.

The following table compares the values of the
performance matrices calculated for our proposed
design with other similar works reported earlier’ ™.

Therefore, with the help of Table 4, the CMZI based
GF adder reflects quite satisfactory values of the
performance parameters in comparison with other
previously reported works which establishes the
practical feasibility of the proposed design.

3 Conclusion

All-optical chiral Mach Zehnder Interferometer
(CMZI) based Galois field adder is proposed
and analysed. Higher values of extinction ratio
(13.27 dB), contrast ratio (16.28 dB), quality factor
(34.48 dB), relative eye-opening (95.29 %) and
sufficiently lower value of amplitude modulation
(0.008695 dB) has been observed which establish
practical feasibility of the Galois field adder. GF
adder is widely used in the domain of cryptography,
error correction, and digital signal processing etc.
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Here, Chiral material-based interferometric switch
provides all-optical switching at high speed and at
very low power. Thus, this switching module holds
significant promise as a transformative component in

developing next-generation optical

and quantum

computational technologies.
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