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The design and simulation of single Pauli gates and Hadamard gates were performed using MATLAB. The
Pauli-X gate was constructed using two quarter-wave plates QWP and was evaluated on the quantum states
|0y and |1). The Pauli-Y gate design used six quarter-wave plates QWP. When the gate function was tested
on the quantum states |0) and |1), it was observed that the state |0) transforms to i|1), while the state |1)
transforms to -i|0). The Pauli-Z gate was constructed using two quarter-wave plates in two ways and was
tested on the quantum states |0) and |1); it was observed that the quantum state |0) remained unchanged,
while the quantum state |1) transforms to |—1) in both ways. Finally, improving the quantum interference by
using two quarter-wave plates leads to obtaining a Hadamard gate, which transforms the input state |0} or
[1) into a superposition state between [0) and [1}. Finally, we emphasize the importance of QWP in
developing more efficient and effective quantum systems.

1 INTRODUCTION

A series of operations performed by a conventional
computer can be condensed into a single operation
using a quantum computer at an extremely high
speed [1], [2] as a result of a quantum superposition
state that has given quantum computers infinite
possibilities resulting from the mixture of states 0
and 1, unlike the conventional computer, which is
restricted to these two states only [3], [4].

alo) + B1), (1)

Where quantum state |0) represents horizontal
polarization |H), quantum state |1) represents
vertical polarization |V), and alpha and beta
represent complex parameters that determine the
state of the qubit.

The quantum bit is treated mathematically
without referring to the physical reality, and it can
be projected onto many physical systems, such as
atoms, the polarization of a single photon, and
others [5].

Operations performed on quantum information
that change the quantum state represent the essence
of quantum gates [6]. Because they operate at the
quantum level, they have the ability to process
complex information in an atypical way [7]-[9].

Quantum gates modify quantum states and represent
a method for changing and modifying the
information stored in quantum bits [10]-[13].

Pauli gates and Hadamard gates are fundamental
to quantum computing. Pauli gates perform specific
transformations on the state of a qubit, such as a flip
around the fundamental axes in quantum space [14].
In contrast, Hadamard gates generate quantum
superposition by transforming a qubit from a ground
state to an equal mixture of all possible states [15].
We will explain how each gate works:

= Pauli-X Gate (quantum NOT gate) [16], [17]

otme() () @
and
=) =)

Equations (2) and (3) demonstrate the
function of the Pauli x-gate and its capacity to
transform the
guantum state from horizontal polarization |0) to
vertical polarization |1} and vice versa [18].

= Pauli-¥ Gate [16]-[18]:

437



Proceedings of the 13th International Conference on Applied Innovations in IT (ICAIIT), June 2025

|0)L i) = G) L, (?) (4)
and
- io=() (), ®
Equations (4) and (5) illustrate the

influence of the Pauli y gate on the quantum
states |H) and |V). This gate produces an effect
analogous to the Pauli X gate yet imparts a
relative phase to the quantum state. This is seen
from the manifestation of the complex number
i [17].

= Pauli-Z Gate [16], [18]:

o= 0w

and

n—1-0=() =) o
Equations (6) and (7) illustrate that

horizontal polarization |0) remains invariant
when subjected to a Pauli gate z, whereas
vertical polarization |1} experiences a variation
in its quantum phase without altering its
fundamental state [16].

= Hadamard Gate [15], [16]:

|o>i%(|0>+|1>) ®)
and
|1>L%(|o>—|1>>‘ )

Equations (8) and (9) demonstrate that an
equal superposition of |H) and |V) is produced
when either quantum state |H) or |V) is
inputted. A phase difference is observed in the
output of input quantum state 1, indicated by a
negative sign preceding the output of quantum
state 1 [18].

A Quarter Wave Plate (QWP) is a key optical
part of quantum optics [19]. It controls the
polarization states of light and is very important for
this purpose. For example, the design of quantum
gates [20] is built on the ideas of interference and

refraction. QWP is used in many quantum
applications. The QWP changes the way light is
polarized [21]. As seen in Figure. 1, light that goes
through the QWP changes from circular to linear
polarization and back again [23]. For users who
need to control the polarization state precisely, this
feature of the QWP makes it a useful tool.

Y
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™ b circular pol.
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Figure 1: Shows the quarter-wave panel used to convert
Y-Linear Polarization of light into circular polarization
and vice versa [22].

Projection effect matrix for a plate with four
waves [24]

Ae® = (y a) (10)
Where:
a = cos*(8) + isin® (8),

b = (1 —i)sin (§)cos (6)
¢ = (1 —i)sin (&)cos (6)

d = icos?(6) + sin® (8),

Studying QWP and understanding its properties
contributes to enhancing the design of quantum
gates and improving the overall performance of
guantum systems, paving the way for innovative
applications in multiple fields.

2 GATE DESIGN SIMULATION

In this section, we explain how to produce quantum
gates using quarter-wave plates and test these gates
on the two main qubit states, 0 and 1. Equation (10),
which simulates the effect of a quarter-wave plate, is
simulated in Figure 2.

The main role of quantum gates is to control
quantum states by changing the polarization state
using quarter-wave plates. The polarization angle is
the main factor for changing the quantum state. See
Table 1.
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Quarter-wave plate

Figure 2: Simulation diagram of a Quarter-wave plate.

Table 1: Showing the design and operation of single
quantum gates.

GATE QWP | 8 INPUT OUTPUT
|0y [1)
Pauli-X 2 /4
|1} [0}
0, [0} il1)
Pauli-Y 6 /4,
/2 [1} —il0)
2 0 |0} |0}
Pauli-Z
2 T (1) [—1)
oy | L/v200)+ 11D
Hadamard 2 /8 _
1) | 1/v2(0)— 1)

2.1 Pauli-X Gate

When 8 = g , Projection effect matrix for a quarter-
wave plate A,(8) from (10) become:

1 1. 1 ,
A‘QG)= E1+§1_ 51[1?_) (11)
A R
Pauli-X gate equals
F=do(3)4e(3)= (1 o). @

Quarter-wave plate

Pinput output - input output
1)

[0) Matrix 0‘00‘
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Quarter-wave plate

output!
Input1 e

Figure 3: Pauli-X Gate Simulation with input |0).
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Figure 4: Pauli-X Gate Simulation with input |1).

2.2 Pauli-Y Gate

When &= 0 , Projection effect matrix for a
quarter-wave plate 4,(&) become:

A= 9 (13)

When 8 = ; , Projection effect matrix for a quarter-
wave plate A, (8) become:

11 Loh

—+=i —(1—1i

M _ [272 2

Ao(z)= |4 w1
E —1 §+§1

When & = T , Projection effect matrix for a quarter-
wave plate 4, (8) become:

Aq g) = (E 2) (15)

Pauli-Y gate equals:

P = 4o (5) 4@ dq (5) 4 (5)  (16)

=0 ) a7)
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Figure 7: Puli-Z Gate Simulation with input |0).

Figure 5: Puli-Y Gate Simulation with input |0}.
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Figure 8: Puli-Z Gate Simulation with input |1}.

To create a Pauli-Z gate in a second way, we use

i ool E—'ml b 0 il o
|1) It
QnPe % QWP "-4d1‘\|;l QP ryrin
h uarier-wave plite Quarter-wave plate Quarter-wive plat
onPa o] onPa
ool
Figure 6: Puli-Y Gate Simulation with input |1).
2.3 Pauli-Z Gate
When 6= 0" , Projection effect matrix for a

quarter-wave plate ffo (6) become:

- 1 0
A= %) (18)

From (18) it is clear that a quarter-wave plate can
be used to obtain the S-gate, which is also known as
the square root of the Z-gate.To obtain the Pauli-Z
gate, two quarter-wave panels are used, and the
angle of each plate is set at 0. Equation (18)
represents the matrix for each plate.

P= 4@ d@=() °) a9

two quarter-wave panels; the angles of the plates are
set to m degrees each. The projection effect of the
quarter-wave panel is ffo (m) = ﬁo[o) , S0 the Pauli-
Z gate matrix remains unchanged, as in (19).
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Figure 9: Puli-Z Gate Simulation with input |0}.
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Figure 10: Puli-Z Gate Simulation with input |1).

2.4 Hadamard Gate

When & =m/8 , Projection effect matrix for a
quarter-wave plate A, (&) become:

Aq (g) - (ﬁ g)
Where the letters M, N, Q and R represent the
following complex numbers:
M=0.8536+1465i,
N=0.3536-0.3536i,
Q=0.3536-0.3536i,
R=0.1465+0.8536i;

To obtain the Hadamard gate, two quarter-wave
panels are used, and the angle of each plate is set at
# = n/8. (20) represents the matrix for each plate.
The Hadamard gate becomes:

—_ . - 1
7 =do(5) 4e(g) =5, 1)

Quarter-wave plate

[0 |-+l

(20)

(21)
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Figure 11: Hadamard Gate Simulation with input |0).

Determining the optimal QWP angle as a critical
factor in improving the performance of a quantum
gate has enhanced the understanding of optical
transitions and their impact on quantum information.
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Figure 12: Hadamard Gate Simulation with input |1}.

RESULTS AND DISCUSSION
3.1 Results

In constructing the Pauli-x gate, we used two
quarter-wave plates with an angle of /4 for each
plate. While the Pauli-Y gate was designed using six
quarter-wave plates, three of which are at an angle
of 0, two at an angle of g for each plate, and one at

an angle of m/2. As for the Pauli-z gate, we were
able to construct it in two ways, using two of
quarter-wave plates with an angle of 0 for each plate
for the first design, and a pair of quarter-wave plates
with an angle of @ for each plate for the second
design. In the Hadamard gate, two quarter-wave
plates with an angle of & = m/8 for each plate were
used. All the gates under study were tested in the
guantum states 0 and 1.

3.2 Discussion

Quarter-wave panels are a great choice for complex
quantum computing applications due to the
polarization precision they provide. In the quantum
gate X using two quarter-wave plates, their
operation is illustrated in Figures 3 and 4. When the
angle of each plate is set to 574, we find that the

input quantum state |0} has been transformed to
|[1)and vice versa, thus achieving the desired
polarization. The Y-quantum gate, Six quarter-wave
plates with angles arranged at 0, /2, 0, 0, w/4, and
n/4are used to produce the Pauli-Y gate. We find
that introducing the quantum state |0) onto the six
polarization plates one by one will produce a new
guantum state i|1) with a change in direction and
phase, as shown in Figure 5. While in Figure 6, we
find that introducing the qubit |1} will produce the
qubit —i|0} which means there is a change in
direction and phase. From Figures 7 and 9, we see
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that the quantum state |0) is not affected and
remains in the same state after passing through the
quarter-wave plates that form the Pauli-Z gate, while
the quantum state |1} becomes |—1}, which means
that the phase has changed by =, as is clear in
Figures 8 and 10. Finally, the Hadamard gate shows
an equal superposition between 0 and 1 when state 0
is introduced, as in Figure 11. While the Hadamard
gate is applied to state 1, it also creates a quantum
superposition, but with a different phase, note
Figure 12. The design of single quantum gates using
a quarter-wave plate can be said to be an important
step towards enhancing the efficiency of quantum
systems.

4 CONCLUSIONS

The use of QWP has been shown to improve the
fidelity of qubit transitions between 0 and 1,
demonstrating the effectiveness of quantum gates in
reducing errors and improving the overall
performance of quantum systems. Determining the
optimal QWP angle is also a critical element in the
design of quantum gates.

Quarter-waveplate quantum gates offer a
simple and efficient optical design. However,
practical constraints such as fabrication precision,
optical alignment, and environmental factors such as
temperature and pressure affect the performance of
the quantum system due to their impact on the
refractive index of these panels.  Therefore,
improving lattice  fabrication methods and
minimizing optical losses are essential to achieving
optimal quantum system performance.

The physicist's understanding of the operation
of quarter-wave panels contributes to the design of
highly efficient quantum gates to improve
innovation in the production of a quantum computer
with distinctive capabilities.
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