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This work investigates the transformation and behavior of quantum states using Bloch sphere visualizations
to provide an intuitive understanding of quantum phenomena, incorporating concepts from both quantum
computing and nano physics. By applying quantum gates such as Hadamard, Pau-1i-X, Pauli-Y, and Pauli-Z, the
evolution of qubits is demonstrated. The study leverages principles of quantum superposition, entanglement, and
coherence, which are pivotal in nanoscale systems, to analyze qubit dynamics. Additionally, phase noise, a critical
factor in nanoscale quantum devices, is introduced to simulate real-world quantum errors, and fidelity is
calculated to measure the robustness of quantum states under such noise. The approach addresses noise resilience
in nanoscale quantum devices by combining phase noise analysis, fidelity measurement, and quantum
entanglement. The novelty of the approach is emphasized through comparisons with the existing studies on
quantum state tomography and machine learning-based quantum optimization. Results will have direct
applications in quantum key distribution (QKD), quantum error correction, and secure quantum communication.
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1. INTRODUCTION

Quantum computing is a giant leap in computation,
utilizing principles of quantum mechanics to solve
problems that cannot be solved by computers. The basic
unit of quantum computation is a qubit, which is not the
same as the classical bit. A classical bit can exist in only
one of two different states, either 0 or 1. But a qubit can
exist in both as a combination, known as superposition.
This property allows quantum computers to handle and
store information better than classical systems for the
resolution of specific kinds of problems.

Quantum systems, being noisy, always deviate from
the target state of a qubit. Phase noise is a typical form of
quantum noise whose understanding is considered
essential in order to understand the implications on
quantum states. The degree of proximity between two
quantum states is expressed in terms of a quantity known
as fidelity, and is used here to measure the influence of
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noise on quantum systems as well as the robustness.

Superposition and entanglement are two of the most
fascinating features of quantum mechanics. Superposition
allows a qubit to be in a state that is a linear combination
of 10) and |1), while entanglement enables a correlation
between two or more qubits such that the states of
individual qubits cannot be described independently.
These features are crucial for both quantum computing
and communication, and hence it is important to visualize
and study them to advance the theoretical and practical
development of the field.

The survey [1-9] highlights advancements in quantum
computing and machine learning while identifying
challenges in scalability, noise resilience, and hardware
integration. Challenges of Quantum Computing: One
cannot visualize quantum states, manage noise, or even
achieve control over qubits. Other research focuses on
works such as quantum process tomography by
Palanisamy et al. (2025), quantum graph neural networks
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by Ceschini et al. (2024). These have been useful for their
respective scopes but not scalable and prone to noises.

2. METHODOLOGY

The methodology for this study is designed to explore
the transformations of quantum states using
mathematical  formulations and  Bloch  sphere
visualizations. This section provides a comprehensive
explanation of the steps undertaken to simulate, analyze,
and interpret the quantum state transformations under
various operations. Each stage is crucial for understanding
the behavior of qubits, particularly in response to quantum
gates, noise, and fundamental quantum phenomena such
as superposition and entanglement.

It begins with the setting up of the basic quantum
states, 10) and |1), as the computational basis. Next,
these are manipulated by the quantum gates - Hadamard
and Pauli changing their properties and thus
generating new quantum states. Every transformation
can be represented geometrically on the Bloch sphere
with calculated Cartesian coordinates. This graph
representation gives an easy understanding of how
quantum states are evolved under different operations.

Fig. 1 outlines the process for simulating and analyzing
quantum state transformations. It starts with initializing
quantum states |0) and |1), followed by the application of
the Hadamard and Pauli gates (X,Y,Z). Bloch sphere
coordinates are calculated and visualized to represent
qubit dynamics. Phase noise is introduced to simulate real-
world errors, and fidelity is calculated to measure state
robustness. Superposition and entanglement (via the Bell
state) are also explored, showcasing key quantum
properties and their computational applications.

Initialize States (|0> and |1>)

Apply Hadamard Gate (H)

Apply Pauli Gates (X, Y, Z)
%
Visualize Bloch Sphere

Generate Superposition State

Introduce Phase Noise Generate Bell State (Entanglement)

Calculate Fidelity

Fig. 1 —Flowchart of Quantum State Transformation and
Analysis Workflow

2.1 Quantum State Representation:
The quantum state of a qubit is represented as:

lw)=a|0)+£11) (2.1)
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Where ||” + |8 =1 Here:

e |y is the quantum state of the qubit.

e ¢« and S are complex coefficients representing
the probability amplitudes of the 10) and |1)
states, respectively.

e |0)= [l}s the computational basis state
0

representing the "zero" state.
o |1)= [O} is the computational basis state
1

representing the "one" state.
This representation is used as the foundation for
initializing the qubit state and applying quantum gates.

2.2 Bloch Sphere Coordinates:

The Bloch sphere provides a geometric representation of
the quantum state in a 3D space. The Cartesian coordinates
(%,y,2) are derived from the state coefficients « and £

X=2Re((1,8*),y=21m(a,8*),z=|(1|2 —|ﬂ|2 (2.2)
Where:
e X, y, and z represent the position of the quantum
state on the Bloch sphere.
e Re(:) and Im(:) are the real and imaginary parts,
respectively.
e  [*is the complex conjugate of .

2.3 Quantum Gates:

Hadamard Gate
The Hadamard gate creates a superposition of basis states:

Lo L[t
V2 -1
When applied to |0), it transforms the state into:
Where:

2.9

H|0) :%(]m +[) 2.4

H is the Hadamard matrix. The resulting state lies on
the equatorial plane of the Bloch sphere.

Pauli Gates

The Pauli gates are used for rotations and state flips:

Pauli-X Pauli-Y: Pauli-Z:
(NOT gate):
[0 1} [0 —i:| [1 0}
X = Y = Z =
1 0 i O 0 -1
Flips [0) «<|1) Introduces a m- Flips the sign of
rotation around the [1)
the Y-axis component
2.5)
These gates manipulate the quantum state

geometrically, which is visualized on the Bloch sphere.
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2.4 Noise Simulation:

Quantum systems are susceptible to environmental
noise, which affects the state of the qubit. Phase noise is
simulated using a random phase shift operator:

ip
N = l:e 0:|
0 1
Where:

N is the noise operator.
¢ is the phase shift, randomly sampled from a

(2.6)

uniform distribution U(-s,s).
This operator is applied to the qubit state to model
real-world decoherence.

2.5 Fidelity

Fidelity measures the closeness between two

quantum states [w) and |):
2
Flw).|8)=[wl )] 2.7)
Where:
o Fis the fidelity value.
o (wl¢) is the inner product of the two states.
e A fidelity value close to 1 indicates that the noisy
state is nearly identical to the ideal state.

This metric is critical for evaluating the robustness of
quantum states under noise.

2.6 Superposition and Entanglement

The Superposition: A qubit can exist in a
combination of basis states |0) and |1):

- 2.8
k2 ﬁQO>+|1>) (2.8

Where:

The superposition state lies along the equator of the
Bloch sphere.

This property enables quantum parallelism, a key
feature of quantum computing.

Entanglement: The Bell state represents maximum
entanglement between two qubits:

|q>+> = %(]om +[11y) (2.9

Where:
e |®+) demonstrate non-separability, meaning the
states of the individual qubits are not independent.
e Entanglement is a critical resource for quantum
communication and computation.
These fundamental concepts are implemented and
visualized in the study to provide deeper insights into
quantum mechanics.
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3. RESULTS AND DISCUSSION

The experiment aims to represent the evolution of
quantum states and their dynamics with respect to
different quantum operations. For this purpose, a Bloch
sphere model was used to give a graphical representation
of the quantum state evolution after the application of
gates such as Hadamard, Pauli-X, Pauli-Y, and Pauli-Z.
The experiment also discusses the effect of phase noise
and fidelity to measure the distance of noisy states from
their ideal states.

Table 1 — Comparative analysis with existing systems

Ref. |Focus |Methodolo |Key Comparison
gy Contributio |with  Present
ns Work
[1] Quan- [Statistical |{Improved |Present work
tum optimizati |efficiency |integrates
Process |on but  lacks|fidelity
Tomogra noise analysis for
phy robustness |noise
resilience.
[3] Quan- |Hybrid Address Present work
tum quantum- |[scalability |focus on
Graph |classical |but limited|quantum state
Neural |approach |by transformation
Network decoherence |s and
s entanglement.
[5] Flopping |[Dynamic |{Improves |Present work
-mode |[sweet coherence, |provides a
spin spots but needs|generalizable
qubits precise framework.
tuning
Presen|Qubit Bloch Improved |Provides a
t work |Transfor [sphere visualizatio |unified
mations |visualizati |n, noise|approach  for
& Noise|on, robustness, |understanding
Resilien- |Fidelity and real-|quantum state
ce Analysis  |world evolution.
applications

- Initial |O>
——— After Hadamard
—_— 1>

1.0

Fig. 1 — Visualization of Initial State
Applying the Hadamard Gate

|0) and State After
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—— After Hadamard
—_— After Pauli-X
—_— 1>

Fig. 2 — State Transition from Hadamard to Pauli-X Application

— After Pauli-X
—  After Pauli-Z

Fig. 3 — Transformation from Pauli-X to Pauli-Z Gate

— After Hadamard
— After Pauli-Y
—_— 1>

Fig. 4 — Transition from Hadamard to Pauli-Y Application

- Intended State
—— Noisy State

Fig. 5 — Fidelity Analysis Between Intended and Noisy States
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- |0>
—_— 1>
- Superposition

A /\ , 1.00

-1.0

Fig. 6 — Representation of [0), [1), and Superposition States on
the Bloch Sphere

The primary programming language used in this
research is Python, as it is flexible and has strong
libraries well-suited for scientific calculations. Results
from this study clearly indicate improvement in noise
resilience and qubit transformation accuracy over what is
in existence today. Table 1 provides a comparison.

This model proposed here presents better fidelity at
0.9989 with visualization and noise resistance towards
qubits compared to previous studies and offers a more
robust approach towards practical quantum applications.
Unlike earlier research work that was focused mainly on
either quantum tomography or computational scalability
alone, our model is intuitive but rigorous in analysis
regarding the behavior of qubits under noise conditions and
thus presents stronger quantum computation techniques.

The innovation and novelty of this work lie in its
comprehensive integration of Bloch sphere visualizations,
computational simulations, and theoretical analysis to
explore quantum state transformations. By
systematically demonstrating the effects of quantum
gates (Hadamard, Pauli-X, Y, Z), introducing phase noise
with fidelity measurements, and visualizing fundamental
quantum phenomena like superposition and
entanglement, this study bridges the gap between
mathematical abstraction and intuitive understanding.

Fig. 1 demonstrates the transition of the quantum
state from |0) (represented as a red vector along the
positive z-axis) to a superposition state (green vector along
the x-axis) after applying the Hadamard gate. The |1) state
is represented by a magenta vector along the negative z-
axis. The transition highlights the Hadamard gate's ability
to create an equal probability superposition of the basis
states. Fig. 2 illustrates, after applying the Pauli-X gate to
the Hadamard state, the state remains unchanged, as
shown by overlapping vectors for the two states on the x-
axis. The Pauli-X gate swaps the amplitudes of |0 and [1),
but since the Hadamard state is symmetric, the change is
imperceptible on the Bloch sphere.

Fig. 3 illustrates, The Pauli-Z gate introduces a phase
flip, rotating the state vector from the positive x-axis to
the negative x-axis. This phase inversion impacts
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quantum interference and is crucial in certain quantum
algorithms. Fig. 4 illustrates, applying the Pauli-Y gate
rotates the state vector to the negative x-axis, similar to
Pauli-Z but with an imaginary component added to the
quantum amplitudes. This operation changes the phase
relationship between basis states.

Fig. 5 illustrates fidelity (0.99890) demonstrates the
resilience of the Hadamard state against phase noise. A
noise strength of 0.2 introduces a phase shift within the
range [—0.2,0.2], causing a slight deviation in the noisy state
coordinates compared to the intended state. High fidelity
(>99%) indicates strong noise resilience, making the system
suitable for practical quantum operations. Fig. 6 illustrates,
the superposition state lies along the x-axis, representing
equal probabilities of collapsing to |0) or [1). This state is
crucial in quantum parallelism, where multiple
computations can occur simultaneously. The Bell state
|®H=(00)+|11))/N2  represents maximum  quantum
entanglement, where the measurement of one qubit
instantly determines the state of the other. This
comprehensive discussion reflects the precision of quantum
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Amnania Ta Bigyasisania kyOiTiBHUX mepeTBopeHs Ha cdepi Biroxa: mocnimxeHHs KBAHTOBHUX
BEHTWJIIB, CTIMKOCTI 10 IIyMy Ta O0YHCIIOBAJIBHUX 3aCTOCYBAHb
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V¥V poboti mocaimxeHo TpaHcgoOpMalliio Ta IIOBeJIHKY KBAHTOBHX CTAHIB 3a JIOIOMOIOK Bisyasisarliii cdepu
Bioxa, mo6 3abesmeunTH IHTYITMBHE pPO3yMIHHS KBAHTOBHX SIBUII, BKJIIOYAIOYM KOHIIEINl SK KBAHTOBUX
00UMCIIeHD, TAK 1 HAHO(MIZUKN. 3aCTOCOBYIOUN KBAHTOBI BeHTWJI, Takl Ak Amamap, [lay-mi-X, [Taymi-Y ta ITaymi-Z,
JIEMOHCTPYETHCS eBOJIOLIS KyOiTiB. Jloc/iskeHHs BUKOPHUCTOBY€E IIPUHIIMIIN KBAHTOBOI CYII€PIO3UILi], 31Ty TAHOCT1
Ta KOTePEHTHOCTI, AKl € KJIIOYOBMMHU B HAHOPO3MIPHUX CHCTEMAaX, IJIA aHaJIdy muHaMmikn Kyoiris. Kpim Toro,
dazoBuil 1myM, KpuTHYHUN (AKTOP Yy HAHOPO3MIPDHUX KBAHTOBUX IIPUCTPOSAX, BBOJUTHCA JJISI MOJEJIIOBAHHS
peajbHUX KBAHTOBHUX IOMIJIOK, a TOYHICTH PO3PAXOBYEThCS JJISI BHUMIPIOBAHHS CTIAKOCTI KBAHTOBHUX CTAHIB J0
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Takoro mymy. Iligxin posrisiziae CTIAKICTE 10 IIyMy B HAHOPO3MIPHUX KBAHTOBUX IPUCTPOSIX, TOETHYIOUM AHAIII3
dazoBoro mymy, BEMIpOBAHHS TOYHOCTI TA KBAHTOBY 3arniyTaHicTs. HoBM3HA MIIXOLy MiIKPECIIIOETHCS IILJISIXOM
TMOPIBHSHHSA 3 ICHYIOUNMHU JIOCJITKEHHSIMI 3 KBAHTOBOI ToMorpadii CTaHIB Ta KBAHTOBOI ONTHMI3AIlll HA OCHOBIL
MAIIWHHOTO HaBuaHHs. Pe3ysbrary MaTuMyTh IpsiMe 3aCTOCYBaHHS B kBaHTOBoMy posmoniai kimouis (KPK),
KBaHTOBIN KOPEKIIil TOMIJIOK Ta 0e3IIeYHOMY KBAHTOBOMY 3B'SI3KY.
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