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Abstract
Orthogonal frequency-division multiplexing (OFDM) is a crucial modulation method
used in contemporary digital communication systems for its significant spectral effi-
ciency, low latency, and robustness in challenging environments. This work examines
the novel use of OFDM in quantum communication, an area that offers exceptional
security and efficiency in information transfer using quantum mechanics principles.
In the rapidly evolving field of quantum computing, understanding, and mitigating
quantum bit errors is paramount. This paper presents a rigorous analysis of bit error
rates (BER) in quantum circuits, focusing on the impact of the quantum Fourier trans-
form and its inverse, contrasted against quantum circuits employing dynamic gate
sequences. Our research methodology encompasses simulations over a diverse set of
parameters, including varying qubit counts ranging from 2 to 8 and theta angles (15,
30, 45, and 60°), as well as random theta values, utilizing the advanced capabilities
of the Qiskit framework. Our findings indicate that quantum OFDM substantially
improves quantum communication, lowering errors and boosting security. The quan-
tum model outperforms the reference model in BER, with further enhancements as
qubits increase.
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1 Introduction

Quantum communication represents a significant advancement in secure communica-
tion, utilizing the fundamental principles of quantum mechanics, such as quantum
entanglement and superposition, to greatly enhance the method and security of
transmitting information [1–4]. Quantum communication exploits the unique char-
acteristics of quantum states to revolutionize communication technology, providing
unprecedented levels of security and efficiency. Quantum entanglement enables the
immediate transmission of quantum states between particles that are far apart, which
has the potential to provide safe and real-time communication over vast distances
[5, 6]. At the same time, the concept of quantum superposition—the idea that a quan-
tum entity can be in more than one state at the same time—marks the beginning of
communication channels that can handle much more information [7–9]. The funda-
mental principles of quantum mechanics form the basis of quantum communication,
which drives the development of advanced technologies like quantum key distribution
(QKD). QKD has the potential to achieve encryption that is theoretically impossible
to break [10–14].

Significant advancements have been made in this field, particularly with the intro-
duction of satellite-based quantumcommunication projects that seek to create quantum
networks across great distances. The current research and development in quantum
communication is set to usher in a new era of secure communication, establishing the
foundational framework for the establishment of a quantum internet. This emerging
discipline is on the verge of reshaping the landscape of secure communication, with
the ability to create a secure communication infrastructure based on the unchanging
principles of quantum mechanics[15, 16].

Following the advancements in quantum communication, the role of error correc-
tion becomes crucial due to the delicate nature of quantum states. Since noise can easily
disrupt these states, error correction is essential for maintaining the integrity of quan-
tum information over long distances[17]. Quantum error correction techniques are
designed to protect this information from errors without disturbing the quantum state
itsel f [18]. This research focuses onBERanalysis and reduction in quantumcommuni-
cation, an area concomitantly connected with quantum error correction advancements.
Notably, innovative encodingmethods [19] and the development of deep quantumerror
decoders [20] directly contribute to BER reduction, enhancing communication reli-
ability. This study underscores the crucial interplay between BER reduction efforts
and quantum error correction strategies, aiming to improve quantum communication
fidelity and integrity.

Orthogonal frequency-division multiplexing (OFDM) is a fundamental technique
employed in a communication system to effectively address problems such as signal
fading and interference. This process involves the partitioning of a signal into several
closely positioned channels, enabling the simultaneous transmission of data across
them. OFDM is highly advantageous for digital TV, wireless internet, and other high-
speed data services because of its ability to rapidly and accurately convey data[21, 22].
OFDM significantly influences the bit error rate (BER) in communication systems by
mitigating wireless channel impairments such as multipath fading and inter-symbol
interference (ISI) [23, 24]. OFDM’s strategy of dividing the broadband channel into
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multiple orthogonal narrowband sub-channels efficiently reduces ISI, facilitating high
data rate transmissions with optimized spectrum utilization. This makes OFDM a
preferred technology in modern wireless communication systems, where maintaining
a low BER is essential for achieving reliable and efficient data transmission [25].
The OFDM technique’s ability to deal with imperfect channels also suggests it could
be useful in quantum communication, offering a way to improve the reliability of
quantum networks.

Quantum orthogonal frequency-division multiplexing (Q-OFDM) adapts tradi-
tionalOFDMtechniques to quantumcommunication to potentially reduce qubit errors.
Q-OFDM tries to improve communication reliability against noise and decoherence by
encoding quantum information across multiple frequencies. This is a big step towards
making quantum networks work better.

Q-OFDM employs the quantum Fourier transform (QFT) and its inverse (IQFT) to
encode and decode data delivered across quantum communication channels. QFT is
one of the most important key components in quantum algorithms [26]. Its value of
this technology lies in its capability to identify periodic structures of quantum states,
upon which many quantum algorithms depend to obtain a demonstrable superiority
over conventional algorithms. For instance, Shor’s algorithm [27] efficiently factors
large integers, phase estimation [28] is used in simulations of quantum systems, and
there are many other applications. In the realm of quantum communication, many
researchers have employed QFT in several advanced applications. Examples of these
applications include quantum sensing [29], quantum teleportation [30], and quantum
repeaters [31]. On the other hand, IQFT is essentially the reverse process of the QFT.
While the QFT maps a quantum state from the time domain to the frequency domain,
the IQFT performs the opposite, converting a state from the frequency domain back to
the time domain. Quantum computing relies heavily on this, especially in algorithms
that require the conversion ofQFToutput into amore comprehensible form, like Shor’s
factoring algorithm. The IQFT uses a similar process as theQFT butwith inverse phase
rotations, allowing for the reconstruction of the original quantum state.

Numerous studies have underscored the pivotal role of theQFTand IQFT in advanc-
ing quantum computing. The findings from these investigations reveal the potential
to enhance error correction, communication protocols, and more, thereby increas-
ing the applicability of quantum technologies across various scientific domains. The
study [32], presented amulti-user quantum communication system that integrates code
division multiple access (CDMA) with both QFT and IQFT. Their approach improves
scalability and security, enabling simultaneous communication among multiple users
while resisting eavesdropping. In [33], the authors introduced a novel quantum telepor-
tation protocol leveraging the QFT. The protocol allows for the efficient teleportation
of arbitrary quantum states by employing QFT and IQFT for encoding and decoding
information. This method simplifies and improves the accuracy of the teleportation
process, demonstrating the potential of optimized QFT and IQFT to enhance quantum
communication protocols. The authors in [34] enhanced the quantum phase estima-
tion (QPE) algorithm by optimizing the use of QFT and IQFT. Their approach reduces
circuit depth and error rates, leading to improved accuracy and efficiency in QPE. By
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benchmarking their method against existing implementations, they demonstrate sig-
nificant improvements, highlighting the crucial role of optimized QFT and IQFT in
effective quantum computing applications.

On the other hand, researchers have used the integration of OFDM with quantum
technology, which has emerged as a groundbreaking approach. In [35], the authors
introduced an approach to quantum key distribution (QKD) by incorporating OFDM,
a technique widely used in classical communication systems, to enhance the perfor-
mance and security ofQKDsystems. This integration aims to address key challenges in
QKD, such as system imperfections and time misalignment, by leveraging OFDM’s
spectral efficiency. In the context of quantum communication, QKD offers a theo-
retically secure framework for exchanging cryptographic keys between parties. The
integration of OFDM into QKD represents a significant advancement by potentially
increasing the robustness and capacity of quantum networks. The paper considers
real-world imperfections that could affect the system’s integrity and reliability. The
authors in [36], proposed a new method by combining IF-Over-Fiber transmission
with OFDM and quantum noise to improve physical layer encryption. By integrating
quantum mechanics principles with OFDM, this research provides a fresh perspective
on enhancing wireless network security. It fills a gap in current encryption techniques,
promising better security for data transmission in an increasingly digital world. In [37],
the authors explored the innovative intersection of quantum computing with telecom-
munications to enhance 5G and IoT capabilities, specifically within healthcare. By
integrating quantum computing principles with OFDM signal processing, this study
presented a theoretical and practical framework that promises significant improve-
ments in data transmission rates, reliability, and security for healthcare applications.
In [38], the authors suggested a technique of encryption by integrating quantum noise
with DFT-spread OFDM technology, aiming to significantly enhance communication
security. This method leverages the unpredictability of quantum noise to strengthen
the encryption of data transmissions, offering a robust defense against the potential
threats posed by quantum computing. The study simulations demonstrate the sys-
tem effectiveness, suggesting it is a promising solution for future-proofing digital
communications against advanced decryption techniques. In [39], the authors intro-
duced a novel approach to enhance resource allocation in cognitive radio networks.
By integrating Quantum particle swarm optimization (QPSO) with radial basis func-
tion (RBF) neural networks, the study proposes a hybrid model that optimizes network
performance in overlay cognitive OFDM systems. This method significantly improves
spectral efficiency and throughput, ensuring minimal interference with primary users.
Highlighting the efficacy of combining quantum-inspired algorithms with machine
learning for complex optimization challenges.

In synthesizing the extant literature on the advent of OFDM in quantum paradigms,
the present research endeavors to pioneer the conceptualization and application of
quantum OFDM. This initiative seeks to delineate and amplify the utility of OFDM
methodologies within the quantum communication landscape, thereby advancing the
theoretical and practical integration of these 2 domains.

This study considers using the quantum OFDM system (Q-OFDM), specifically
focusing on the calculation of BER across varying numbers of qubits and different
types of channels, with a particular focus on channels characterized by randomized
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rotations (utilizing Rx and Ry gates). By integrating quantum communication, the
study aims to assess how quantum properties can influence the BER in a Q-OFDM
system. The theoretical integration of quantum principles with OFDM could poten-
tially revolutionize error minimization strategies in quantum communication systems.
This integration aims to harness quantum mechanics’ inherent parallelism and noise
resistance to improve data transmission’s reliability and efficiency across quantum
channels. The study looks at different quantum situations, including the use of the
quantum Fourier transform (QFT) and the inverse quantum Fourier transform (IQFT)
as signal multiplexing methods. It considers how changes in the number of qubits and
the nature of quantum channels can affect the performance and reliability of OFDM
systems in quantum computing.

The structure of this paper is as follows: Sect. 2 presents a comprehensive quantum
OFDM transmission model that is realized using QFT/IQFT. The results in Sect. 3
demonstrate the variation of the bit error rate (BER) across various channel types
and qubit quantities. Section 4 offers a definitive review of the research’s results and
consequences.

2 QuantumOFDMmodel

We introduce an innovative method denoted as quantum orthogonal frequency divi-
sion multiplexing (Q-OFDM), which exploits the principles of the quantum Fourier
transform (QFT) and its inverse (IQFT) to facilitate the encoding and decoding of data
transmitted through quantum communication channels, as depicted in Fig. 1. This
methodology draws inspiration from its classical counterpart, OFDM, which utilizes
a spectrum of orthogonal carrier frequencies to convey information across a medium.
Within the quantum framework, the QFT is employed to generate a state of super-
position that emulates these carrier frequencies, whereby each quantum state has the
potential to transport an individual qubit of data.

The exposition begins with a detailed examination of the quantum encoder’s oper-
ation. Commencing with a superposition state |ψ 〉 within the computational basis
vector space, this construct serves as the foundational architecture. Herein, data bits,

Fig. 1 The quantuam OFDM model
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identified as M , undergo a transformation process culminating in a quantum state that
spans n qubits, delineated in the subsequent equation,

|ψ〉 =
N−1∑

i=0

ψi |i〉 (1)

This equation characterizes the initial quantum state as an aggregate of basis states
|i〉, where each coefficient ψi corresponds to the amplitude of the associated basis
state within the superposition. N signifies the sum of unique outcomes from n bits,
expressed as N = 2n .

The complete set of message bits, M , is contained within a single quantum register
whose size matches log2(M). This encoded state, |ψ 〉, is subsequently termed the
modulated quantum message or register. The transformation is applied as |ψtrans〉 =
QFT |ψ〉.

2.1 Introduction to quantum Fourier transform

The Fourier transform is a pivotal instrument in classical computing, applied exten-
sively across areas such as signal processing and complexity theory. Its quantum
counterpart, the quantum Fourier transform (QFT), modifies this concept for use in
quantum computing by altering the probability amplitudes of quantum states. Serv-
ing as a crucial element in numerous quantum algorithms, the QFT is instrumental
in processes like Shor’s algorithm for factorization and methods for quantum phase
estimation [40, 41].

The classical discrete Fourier Transform (DFT) operates on a sequence of com-
plex numbers x0, x1, . . . , xN − 1, transforming this sequence into a new series
y0, y1, . . . , yN − 1, as delineated by the following relationship,

yk = 1√
N

N−1∑

j=0

x jω
jk
N (2)

In this expression, ωN represents the Nth root of unity, given by ωN = e
2π i
N .

Simultaneously, the QFT acts upon a quantum state |X 〉 = ∑N−1
j=0 x j | j 〉, trans-

forming it into another quantum state |Y 〉 = ∑N−1
k=0 yk |k 〉, where the coefficients yk

alignwith the discrete Fourier transform’s output, as shown in Eq. (2). This specialized
transformation uniquely adjusts the probability amplitudes within the quantum state.

It is critical to note that this transformation specifically targets the amplitude prob-
abilities of the quantum state for modification.

Moreover, this process can be conceptualized as a mapping where each basis state
| j〉 is mapped to:
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| j〉 → 1√
N

N−1∑

k=0

ω
− jk
N |k〉 (3)

This framework can also be shown by making a unitary matrix, which encapsulates
the transformation’s essence in a linear algebraic format that keeps the quantum state’s
norm and lets amplitudes be interpreted in terms of probability[13].

UQFT = 1√
N

N−1∑

j=0

N−1∑

k=0

ω
− jk
N |k〉〈 j | (4)

2.2 Implementation of quantum Fourier transform

The QFT is a crucial mechanism in quantum computing, bridging the gap between
the computational (or Z) basis and the Fourier basis, 2 integral frameworks within
the field. The Hadamard gate (H-gate), which represents the QFT applied to a single
qubit, facilitates the transition from the computational basis states |0 〉 and |1 〉 to the X-
basis states |+〉 and |−〉, respectively. This concept is scalable to systems of multiple
qubits, wherein each state defined within the computational basis finds a counterpart
in the Fourier basis, underscoring the QFT’s role in enabling this foundational basis
conversion [42].

QFT|z〉 = |z̃〉. (5)

States in the Fourier basis are frequently distinguished by appending a tilde symbol
( ~) above the state, to demarcate them from their equivalents in the computational
basis. This expression delineates the QFT’s function in translating between these crit-
ical bases, underlining its essential contribution to quantum computing’s operational
versatility. Within the realm of quantum computation, numerical values are encoded
utilizing the binary system, facilitated by the use of quantum bits, or qubits. These
qubits possess the unique capability to be in a superposition of states, specifically |0 〉
and |1 〉.

The interaction of qubits with numerical increments is particularly intriguing. For
example, qubit3 exhibits a state change with each increment, showcasing a straight-
forward binary progression. Conversely, qubit2 undergoes state changes every 2
increments, qubit1 every four, and qubit0 every eight, illustrating an exponential
correlation to their respective positions. This behavior underscores the quantum prin-
ciples of entanglement and interference, which are pivotal to the functionality of
quantum computing.

In the domain of quantum information theory, numerical data intended for encoding
is transformed into precise rotations of qubits around the Z-axis within the quantum
state space, depicted by the Bloch sphere. As illustrated in the Fig. 2, within the state∣∣̃0 〉, all qubits, from q0, q1, q2 to q3 are initialized in the state |+〉.
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Fig. 2 The upper row depicts Bloch spheres for the quantum state |0000〉. The lower row shows the resultant
state after applying QFT on |0000〉, represented as

∣∣̃0 〉

This encoding methodology emphasizes the differential rate at which the state
transitions occur among the qubits: notably, the leftmost qubit (qubit 3) manifests the
least frequent alterations, with every numerical increment prompting a flip between
its states. Conversely, the rightmost qubit undergoes the most rapid state changes,
flipping stateswith theminutest numerical increments attributable to its elevated binary
significance. This planned strategy shows how qubits move in a quantum computing
framework using binary-weighted dynamics, which is similar to the main ideas behind
quantum superposition and phase encoding.

Exploring the QFT for an expanded state space, particularly where N = 2n , high-
lights its enhanced effectiveness. Applied to a quantum state |z 〉 = |z1 . . . zn 〉 as
the most significant bit, the utility of the QFT becomes increasingly apparent. The
application of the QFT to |z 〉 can be represented as follows:

QFT|z〉 = 1√
N

N−1∑

y=0

ω
zy
N |y〉. (6)

In this expression, ωN represents the N th root of unity, given by ωN = e
2π i
N .

QFT|z〉 = 1√
2n

2n−1∑

y=0

e
2π i zy
2n |y〉. (7)

By expressing y in binary as y = y1 . . . yn and substituting 2n = ∑n
k=1 yk2

n−k ,
the formula refines to:
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QFT|z〉 = 1√
2n

1∑

y1=0

· · ·
1∑

yn=0

n∏

k=1

e
2π i zyk
2k |y1 . . . yn〉. (8)

After some rearrangement and simplification, this results in:

QFT |z〉 =
n⊗

k=1

(
|0〉 + e

2π i z
2k |1〉

)
(9)

Finally, when breaking down the summation, we can write this as:

QFT|z〉 = 1√
2n

(
|0〉 + e

2π i z
2 |1〉

)
⊗ . . . ⊗

(
|0〉 + e

2π i z
2n |1〉

)
(10)

These equations mathematically capture the previously discussed concepts, provid-
ing a clear link between intuitive understanding and formal mathematical representa-
tion.The QFT circuit is constructed from 2 fundamental gate types. The first gate, the
single-qubit Hadamard gate (H ), is ubiquitous in quantum computing. Its action on a
qubit state |zk 〉 is described as:

H |zk〉 = 1√
2

(
|0〉 + e

iπ zk
2 |1〉

)
(11)

Following the Hadamard gate, the circuit utilizes the controlled rotation gate,
CROTk , which is depicted as a block-diagonal matrix:

CROTk =
[
I 0
0 UROTk

]
(12)

Here, UROTk is defined by:

UROTk =
[
1 0

0 e
iπ
2k

]
(13)

When applied to a two-qubit state |zk z j〉, with the first qubit as the control and the
second as the target, CROTk functions as follows:

- If the control qubit is in state |0 〉, then:

CROTk
∣∣0z j

〉 = ∣∣0z j
〉
. (14)

- If the control qubit is in state |1 〉, then:

CROTk
∣∣1z j

〉 = |1〉 ⊗ e
iπ z j
2k

∣∣z j
〉

(15)
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Fig. 3 The QFT for n qubits

These gates, when combined, establish the framework for executing the QFT across
an n-qubit system, as depicted in the Fig. 3.

The quantum state, post-encoding, is propelled through the quantum channel, an
environment where it is invariably exposed to a spectrum of quantum noise interfer-
ences. These interferences are mathematically emulated via quantum gates such as
Rx (θ) and Ry(θ), which execute rotations around the respective axes of the Bloch
sphere by an angle θ . The angle θ serves as a quantitative parameter reflecting the
extent of noise within the quantum channel, with larger values of θ denoting increased
noise magnitudes.

Rx (θ) =
[

cos
(

θ
2

) −i . sin
(

θ
2

)

−i . sin
(

θ
2

)
cos

(
θ
2

)
]

Ry(θ) =
[
cos

(
θ
2

) −sin
(

θ
2

)

sin
(

θ
2

)
cos

(
θ
2

)
]

(16)

In the context of Q-OFDM channel, each qubit, post-QFT, experiences a unique
rotational transformation, which is randomly selected to be either Rx or Ry . This
procedure effectively models the quantum channel’s noise by introducing randomness
in the phase space of each qubit. Thus, each qubit qv from the set {q0, q1, . . . , qn−1} is
subject to a rotation operation Rξv (θv), where ξv ∈{x ,y} and θv is the rotation angle.

The overall channel can be described by a tensor product of these individual oper-
ations, which defines the net transformation experienced by the quantum state as it
propagates through the channel:

Uchannel = n−1⊗
i=0

Rξv (θv) (17)

The IQFT is designed to reverse the effects of the QFT. It maps a quantum state
from the frequency domain, which reveals how often different computational states
occur within a quantum state, back to the time or computational basis domain, which
describes the state in terms of its position in the computational basis. This process is
vital for interpreting the results of quantum computations that have been processed
through the QFT.

IQFT|y〉 = 1√
N

N−1∑

z=0

ω
−yz
N |Z〉 (18)
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Acknowledging that ωN is defined as e
2π i
N and understanding that N is equal to 2n ,

we can accordingly modify the expression to:

IQFT|y〉 = 1√
2n

2n−1∑

z=0

e
−2π iyz

2n |z〉 (19)

This equation effectively undoes theQFT, taking the transformed state and reverting
it back to its original form before the application of the QFT.The final step in the
Q-OFDM system is the measurement process, which is crucial for collapsing the
quantum state into a classical bit string.The Q-OFDM process is described as a series
of transformations that guide data from its initial state through to its final output,
involving stages of encoding, quantum processing, channel influence, decoding, and
measurement:

Data is first encoded into a quantum state |ψenc〉, then the QFT is then applied,
transforming the state to,

|ψtrans 〉 = QFT|ψenc 〉. (20)

The state is affected by the channel that is sent through, resulting in,

|ψrecv 〉 = Uchannel|ψtrans〉. (21)

IQFT is performed on the received state, yielding,

|ψdec 〉 = IQFT|ψrecv〉. (22)

Finally, the data is extracted from the quantum state through measurement, giving
the output data. These transformations are interlinked, ensuring a smooth transition
of data from classical to quantum form and back to classical. Our Q-OFDM model
doesn’t need to have a cyclic prefix as it does for traditional OFDM systems. This is
because quantummechanics naturally allows for uninterrupted state propagation. This
advancement has profound implications for quantumcommunication systems, offering
enhanced efficiency and reliability in the transmission of quantum information.

2.3 BER calculation

In a quantum communication system utilizing a multi-qubit framework, BER is a
crucial metric for assessing the reliability and accuracy of information transmission.
This system’s error performance is quantifiedby ageneralizedBERcalculationmethod
that accommodates the stochastic nature of quantum channels for systemswith varying
numbers of qubits [43].

For a given n-qubit quantum state, the procedure commences with the evaluation of
BER for every conceivable quantum channel sequence that could influence the state.
Here, each qubit is subject to 2 potential transformations, denoted as ‘Rx ’ and ‘Ry’.
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With this binary transformation scheme, the number of possible channel sequences
Ms for an n-qubit state expands exponentially as Ms = 2n.

Cinput, ch =
outcomes∑

k=1

n∑

i=1

�
(
bexpci , bki

)
× count k, ch (23)

where � is the Kronecker delta function, bexpci is the expected bit value, bki is the

observed bit value, and countk,ch is the is the number of times the corresponding
outcome was observed of the kth outcome within the specific channel sequence.To
calculate the average BER for a single input state across all its channel sequences is:

BERaverage = 1

Nshots × n × Ms

Ms∑

j=1

C j (24)

This equation reflects the average BER for one input state (0000 for example)
across all Ms channel sequences, where Cj is the error count for the jth channel
sequence. This average is crucial because it represents a consolidation of the BER
across the diverse range of channel effects that the state could experience. To clarify,
the N shots term accounts for the number of experimental repetitions for each input
state and channel sequence to obtain statistical significance in the measurement of the
BER. The term n denotes the number of qubits in the system, which determines the
complexity of the quantum state. For the overall system BER across all input states
and channel sequences, you would then average the BERs calculated for each of the
2n input states, resulting in:

BERsystem,nqubits = 1

2n

2n∑

j=1

BERaverage, j (25)

In this equation, BERaverage, j represents the average BER for the jth input state,
which is itself an average over all channel sequences and all experimental shots for that
state. This provides the overall BER for the system with n qubits, taking into account
all possible input states from 0000 to 1111 (for a 4-qubit system, as an example).

3 Simulation results

In the conducted simulation, substantial focus was allocated to the evaluation of
the bit error rate (BER) within an OFDM system. The validation of these find-
ings was achieved through comprehensive simulations conducted on the Qiskit
platform. Specifically, the simulation employed the quantum simulator known as
“qasm_simulator,”which is an integral component of theQiskit Aer package, designed
to simulate quantum computing operations.

During the encoding phase of the simulation, message bits are transformed into
quantum input states, with binary strings such as ‘0000’ represented as |0000〉 and
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‘0001’ as |0001〉, alongside their respective equivalents. This transformation employs
a comprehensive look-up table that covers all conceivable n-bit binary strings, facili-
tating the verification of the states received. The initial quantum state prepared in this
manner, which consists of any number between 2 and 8 qubits, is then subjected to a
QFT. This critical step transitions the encoded information into the Fourier basis. The
simulation operates under the assumption of a uniform probability distribution for the
emission of different codewords from the source, a presumption that simplifies the
initial analysis framework.

In the Q-OFDM channel scenario, following the QFT, each qubit undergoes a spe-
cific rotational transformation, randomly chosen from Rx and Ry . This step effectively
emulates the noise characteristics of the quantum channel by introducing variability
into the phase space of each qubit. Our model is more general, using uses Rx (θ)

and Ry(θ) rotations, which represent generalized versions of the depolarizing noise
model (where X, Y, and Z gates are used). However, we excluded Rz(θ) because phase
shifts do not affect the measurements used in our simulation. Unlike the depolarizing
noise model, which often results in an identity operation, our approach consistently
introduces a modification.

For a detailed analysis of channel effects on each input state, the simulation explores
every possible sequence and combination of channel operations. For example, with an
initial state of ‘0000’, the channel sequence could range from ‘Rx Rx Rx Rx ‘ to ‘Rx Rx

Rx Ry’, and so on, up to ‘Ry Ry Ry Ry’. This comprehensive method allows for an in-
depth examination of how channel noise influences the Q-OFDM system, capturing
the complexity of noise interactions across the quantum state. These rotations are
parameterized by an angle θ , selected from a set of values including 15, 30, 45, and
60°, to simulate a range of channel conditions. In addition, we consider a Gaussian
distribution based on a mean of 30° and a standard deviation of 10° for random θ , as
shown in Fig. 4.

The process concludeswith the application of an inverse quantumFourier transform
(IQFT). The final phase of the simulation involves measurement through a specialized
device, thereby facilitating the evaluation of the system’s performance, and the process
is repeated for a specified number of shots (1024) to gather statistical data.

Fig. 4 Histogram of θ values drawn from a Gaussian distribution (μ = 30°, σ = 10°)
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The simulation calculates the BER for each input state across all channel sequences,
subsequently deriving the overall system BER for the n-qubit configuration. This
includes a thorough consideration of all possible input states, such as ‘0000’ to ‘1111’
for a 4-qubit system, to determine the comprehensive BER across the system. The
calculated mean BER provides a metric that reflects the system’s performance and
robustness, considering both the angle θ and the number of qubits.

In this study, a comparative evaluation was conducted between the quantumOFDM
model and a referencemodel. Bothmodels utilize an identical input stage for encoding
quantum states. The Q-OFDM model incorporates QFT and IQFT processes sur-
rounding the channel simulation, whereas the reference model proceeds directly from
encoding to channel exposure and subsequent measurement, omitting the QFT and
IQFT stages. This comparative approach highlights the Q-OFDM model’s distinctive
features and evaluates its potential advantages in reducing BER against a conventional
backdrop, thereby emphasizing the QFT-IQFT’s contribution to quantum communi-
cation system performance.

Each data point in the results presented is an average of 10 iterations to ensure
statistical reliability and minimize random variations.

In the simulation section, we explore three distinct scenarios to analyze the behavior
of the models under various conditions comprehensively:

3.1 Scenario 1: Random� selection

In this scenario, θ is randomly chosen for both models, adhering to the assumption
that, in plausible noise models, θ behaves as an analog random variable, potentially
following a Gaussian distribution as shown in Fig. 4. BER is compared between the 2
models to evaluate their performance under these stochastic noise conditions.

Figure 5 illustrates the result of the average BER using both the quantum OFDM
model and the reference model with randomly selected values of θ and different
numbers of qubits (n = 2, 3, 4, 5, 6, 7, and 8). It highlights the superior performance
of the quantummodel over the referencemodel, even under stochastic noise conditions.
The fluctuations in BER for the reference model across different qubit counts indicate
its sensitivity to noise. The quantummodel’s consistent decline inBERwith increasing
qubit counts demonstrates its robustness due to the QFT-IQFT stages.

Figure 5 suggests that, within the range of qubit numbers presented, the quantum
model outperforms the reference model in terms of BER. For instance, at qubit count
5, the BER in the quantum model is 1.40%, while in the reference model, it is 8.10%.
This significant disparity indicates the robustness of the quantum model in mitigating
noise through the QFT and IQFT stages.

The noticeable increase in BER for both models at qubit count 5 can be attributed
to the broader range of θ values randomly selected, as shown in Fig. 6. The randomly
selected θ values for qubit 5 range from 14.4° to 45.3°, while the range for qubit 4 is
narrower, between 7.44° and 34.71°. This wider range amplifies noise conditions and
increases the BER.
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Fig. 5 The avarge bit error rate in different number of qubits in quantum and reference models at random
theta selection

Fig. 6 Randomly selected θ values for qubit 4 and qubit 5

3.2 Scenario 2: Fixed qubit, varied�

In this scenario, the qubit remains fixed while θ is systematically manipulated across
discrete values such as 15, 30, 45, and 60°. This scenario aims to highlight the influ-
ence of θ variation on noise amplification and subsequent system performance. The
simulation setup involves fixing the qubit count at 4, while varying θ across 15, 30,
45, and 60°.

Figure 7 shows the average BER comparison between the quantum model and the
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Fig. 7 Average BER comparison between the quantum and reference models with a fixed qubit count (n =
4) and varied θ values (15°, 30°, 45°, and 60°)

reference model with a fixed qubit count of 4 while varying θ across discrete values of
15, 30, 45, and 60°. As θ increases from 15 to 60°, both models exhibit an increasing
trend in BER due to amplified noise, which is consistent with the expectation that
larger angles cause more noise amplification.

The quantum model consistently outperforms the reference model, maintaining a
lower BER across all θ values. At θ = 15°, the quantum model has a BER of 0.319%,
while the reference model has a BER of 1.7%. At θ = 60°, the quantum model has a
BER of 5.12%, compared to 20.31% in the reference model. The difference in BER
between the quantummodel and the referencemodelwidens as θ increases, illustrating
that the quantum model is better at mitigating noise amplification.

3.3 Scenario 3: Fixed�, changing the number of qubits

In this scenario, θ is held constant at 35° while the qubit count is altered across 2, 3,
4, 5, 6, 7, and 8. The objective is to observe how changes in the qubit count affect
the system’s output, providing insights into the sensitivity of the models to qubit
variations. This setup allows for a detailed examination of each model’s response to
increased quantum resources, under a consistent angular condition, which is crucial
for assessing the scalability and robustness of quantum communication systems.

Figure 8 illustrates the averageBERcomparisonbetween the quantumand reference
models with a fixed θ (35°) and varying qubit counts from 2 to 8. This comparison
demonstrates how the BER changes with increasing qubit counts, providing insights
into the sensitivity of each model to qubit variations.

The quantum model exhibits a consistent downward trend in BER as the number
of qubits increases. This trend is due to the combined effects of QFT and IQFT,
which distribute and partially correct errors across qubits. At 2 qubits, the BER for the
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Fig. 8 AverageBER comparison between the quantum and referencemodels for a fixed θ (35°)while varying
the qubit count (n = 2 to 8)

quantum model is 2.801%. This decreases steadily to 0.8% at 8 qubits, showing the
robustness of the model due to error distribution, redundancy through superposition
and entanglement, and partial correction through IQFT.

In contrast, the reference model shows a fluctuating trend in BER across varying
qubit counts due to the absence of noise-mitigating stages like QFT and IQFT. At 2
qubits, the BER is 9.12%. While the BER decreases slightly to 9.0% at 3 qubits, it
fluctuates between 8.75% and 9.3% for qubits 4 to 8, highlighting the sensitivity of
the model to errors affecting individual qubits. The reference model does not exhibit
a decreasing trend in BER because it lacks the error-distribution, entanglement, and
correction mechanisms present in the quantum model. The QFT distributes quantum
information and any errors across multiple qubits, reducing the impact of localized
errors on overall system performance. Additionally, QFT induces entanglement and
superposition, unique quantum states that provide resilience against certain types of
errors, effectively lowering the BER as more qubits offer redundancy through shared
state information.

After processing through a noisy channel, the application of the IQFT helps to
partially undo any errors uniformly spread by QFT, thus recovering the original quan-
tum state more accurately than would be possible without these transforms. However,
in the reference model, each qubit carries its segment of information independently
without the benefits of QFT and IQFT. This means errors affecting a single qubit can
directly influence the measurement output, leading to a fluctuating BER.

The quantum model maintains a significantly lower BER than the reference model
across all qubit counts, demonstrating the superior performance of the QFT-IQFT
process. The disparity between the 2 models remains substantial as the number of
qubits increases. For instance, at 8 qubits, the quantum model achieves a BER of
0.8%, compared to 9.3% in the reference model.
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These scenarios collectively offer a comprehensive exploration of the models’ per-
formance under different noise conditions, parameter settings, and qubit variations,
contributing valuable insights into their robustness and adaptability.

4 Conclusion

This study presents a novel approach to quantum communication through the intro-
duction of quantum orthogonal frequency-division multiplexing (Q-OFDM). By
leveraging quantum Fourier transform (QFT) and inverse quantum Fourier trans-
form (IQFT) processes, Q-OFDM offers significant advantages in reducing errors
and increasing security in challenging quantum communication environments.

The study is structured around 2 primarymodels: one incorporating QFT and IQFT,
and the other relying solely on a channel comprising randomized rotations (Rx and Ry
gates). This dual-model approach facilitates a comprehensive exploration of quantum
error dynamics across different circuit configurations. Binary strings were carefully
encoded into qubit states, and the resulting bit error rate (BER) was thoroughly ana-
lyzed to understand the influence of QFT-IQFT implementation and gate sequence
variability on error rates.

The quantum model maintains a significantly lower BER than the reference model
across all qubit counts, demonstrating the superior performance of the QFT-IQFT
process. The disparity between the 2 models remains substantial as the number of
qubits increases. For instance, at 8 qubits, the quantum model achieves a BER of
0.8%, compared to 9.3% in the reference model. As the qubit count rises, only the
quantum model shows a reduction in BER, with the quantum model exhibiting a
more substantial decline. This pattern highlights the robustness of QFT and IQFT in
mitigating errors.

Higher values of θ lead to increased BER in both models. Despite this, the quantum
model consistently outperforms the reference model due to error distribution and
correction mechanisms inherent in QFT and IQFT. The QFT distributes errors across
qubits, while IQFT partially corrects them, reducing the overall impact on system
performance. A wider range of θ values leads to greater noise amplification and error
distribution.

This research marks a significant advancement in the field of quantum communica-
tion by demonstrating the potential of Q-OFDM to enhance communication systems
through reduced error rates and increased security. The results indicate that the use
of QFT and IQFT stages is crucial for mitigating errors and improving the robustness
of quantum communication systems. Future research will focus on exploring sources
with varied codeword probabilities, which will further refine the Q-OFDMmodel and
enhance its practicality in real-world quantum communication contexts. Additionally,
investigating more complex noise models like the depolarizing noise model and the
amplitude damping noise model, as well as advanced error-correcting codes, will help
optimize the Q-OFDM system for future quantum networks. This work lays a solid
foundation for further exploration and development of secure and efficient quantum
communication networks.
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