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Abstract

Quantum communication enables high-fidelity image transmission but is vulnerable to
channel noise, and while advanced quantum error correction (QEC) can reduce such effects,
its complexity and time-domain dependence limit practical efficiency. This paper presents
a novel, low-complexity, and noise-resilient quantum image transmission framework that
operates in the frequency domain using the quantum Fourier transform (QFT) combined
with the three-qubit QEC code. In the proposed system, input images are first source-
encoded (JPEG/HEIF) and mapped to quantum states using single-qubit superposition
encoding. Three-qubit QEC is then applied for channel protection, effectively safeguard-
ing the encoded data against quantum errors. The channel-encoded quantum data are
subsequently transformed via QFT for transmission over noisy quantum channels. At
the receiver, the inverse QFT recovers the frequency-domain representation, after which
three-qubit error correction, quantum decoding, and corresponding source decoding are
performed to reconstruct the image. Results are analyzed using bit error rate (BER), peak
signal-to-noise ratio (PSNR), structural similarity index measure (SSIM), and universal qual-
ity index (UQI). Experimental results show that the proposed quantum frequency-domain
approach achieves up to 4 dB channel SNR gain over equivalent quantum time-domain
methods and up to 10 dB over an equivalent-bandwidth classical communication system,
regardless of the image format. These findings highlight the practical advantages of inte-
grating QFT-based transmission with lightweight QEC, offering an efficient, scalable, and
noise-tolerant solution for future quantum communication networks.

Keywords: quantum communication; quantum error correction; quantum Fourier transform;
quantum frequency domain; quantum superposition

1. Introduction
High-quality image transmission plays an essential role in a wide spectrum of mod-

ern applications, including remote sensing, medical diagnostics, surveillance, multime-
dia broadcasting, and emerging immersive technologies such as virtual and augmented
reality [1,2]. In these domains, the ability to transmit images with high fidelity is essential
not only for visual quality but also for enabling accurate decision-making in mission-critical
scenarios. As imaging and sensing technologies continue to advance, the size, resolution,
and complexity of images have increased substantially, leading to a growing demand
for transmission systems that can efficiently handle large volumes of data without com-
promising integrity. However, real-world communication channels are often constrained
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by bandwidth and affected by channel noise, making it challenging to preserve both the
structural integrity and perceptual quality of transmitted images.

To address bandwidth limitations, classical image compression standards such as
the joint photographic experts group (JPEG) [3] and the high-efficiency image file format
(HEIF) [4] have been widely adopted. These techniques reduce data size by eliminating
perceptually redundant information and applying quantization, which significantly de-
creases storage and transmission requirements. Despite these advantages, compressed
image bitstreams are inherently more vulnerable to transmission errors. Even a single bit
error in a highly compressed JPEG or HEIF file can result in noticeable artifacts, block distor-
tions, or complete decoding failures, since these formats lack intrinsic error resilience. This
vulnerability is particularly problematic in noisy channels, where retransmission-based
error recovery can be inefficient or infeasible.

Conventional communication systems have attempted to address these issues through
a combination of advanced modulation techniques, channel coding schemes, and retrans-
mission protocols. Error correction codes such as low-density parity check (LDPC) [5],
turbo codes [6], and polar codes [7] have achieved impressive error resilience in classical
networks, whereas higher-order modulation and adaptive transmission strategies have
further improved spectral efficiency. However, these classical solutions are fundamentally
limited by Shannon’s channel capacity theorem [8], which defines the maximum achievable
data rate for a given bandwidth and signal-to-noise ratio (SNR). For highly compressed
image data, achieving an optimal balance between efficiency, reliability, and computational
complexity remains a persistent challenge, especially in scenarios with unpredictable or
high-noise conditions.

To address these issues, quantum communication [9] offers a fundamentally differ-
ent approach by exploiting quantum-mechanical principles such as superposition and
entanglement [10]. These properties enable enhanced information capacity, new forms of
error resilience, efficiency, and theoretically unbreakable security. In the context of image
transmission, quantum communication holds promise in achieving high-fidelity delivery
under conditions where classical methods struggle. By encoding image data into quantum
states, it becomes possible to represent and transmit information in fundamentally different
ways, potentially allowing for improved performance in noisy channels.

However, quantum states are inherently fragile. Environmental interactions, imperfect
quantum operations, and decoherence can rapidly degrade the transmitted information.
This makes quantum error correction (QEC) [11] an indispensable component of any
practical quantum communication system. QEC techniques aim to detect and correct
errors in quantum states without directly measuring or disturbing encoded information,
according to the no-cloning theorem [12], which prohibits the creation of identical copies of
unknown quantum states. Several advanced QEC schemes have been developed, including
the Shor code [13], Steane code [14], five-qubit codes [15], three-qubit codes [16], surface
codes [17], and stabilizer codes [18]. These methods can protect against a variety of
quantum noise models, but often require large numbers of ancillary qubits, deep quantum
circuits, and complex entanglement operations. This complexity makes them impractical for
near-term quantum devices, often referred to as noisy intermediate-scale quantum (NISQ)
systems, which have limited qubit counts and short coherence times. The computational
and resource overheads also hinder their suitability for real-time applications such as
image transmission.

In contrast, the three-qubit QEC method offers the lowest complexity and foundational
alternative to protect against bit-flip errors. It encodes one logical qubit into three physical
qubits and applies a majority vote decoding strategy to recover from single-bit flips. Al-
though this scheme is limited in its ability to correct multiple errors, its simplicity makes it
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attractive for early-stage quantum hardware. The three-qubit code has been widely studied
in the time domain, where quantum states are processed sequentially over time. However,
time-domain operation can be susceptible to cumulative noise effects, as errors introduced
early in the transmission may propagate through subsequent operations.

Furthermore, most prior research on quantum image transmission has focused on
time-domain encoding schemes, often leveraging quantum superposition for compact rep-
resentation and entanglement for security. Although these approaches have demonstrated
feasibility, they do not fully exploit the advantages of frequency-domain processing in
quantum systems. The quantum Fourier transform (QFT) [19], i.e., the quantum analog of
the classical discrete Fourier transform (DFT), provides a powerful means of representing
quantum states in the frequency domain. QFT offers properties such as spectral distribution
of information and phase encoding, which can enhance robustness against certain types of
noise and enable more efficient processing for specific applications.

Despite its well-established theoretical advantages, the practical application of the
QFT for quantum image transmission remains largely underexplored. To date, only a single
study has investigated QFT-based frequency-domain encoding in the context of image
transmission [20]. However, to the best of our knowledge, no prior research has integrated
QEC with QFT as part of a unified transmission process aimed at improving robustness
against quantum channel noise while preserving high image quality. This gap is notable
because frequency-domain processing can disperse localized error energy across multiple
coefficients, reducing its impact, while lightweight QEC schemes provide protection with
minimal qubit resources and low computational overhead. Addressing this gap enables
a new research direction that combines the spectral representation power of QFT with
low-complexity QEC, yielding a practical, scalable, and noise-resilient quantum image
transmission framework for near-term quantum communication systems.

Therefore, we propose a novel quantum communication system for image trans-
mission in the frequency domain, incorporating three-qubit error correction to enable
high-quality image delivery over error-prone quantum channels. First, the input images are
source-encoded using standard formats such as JPEG and HEIF, with varying quantization
parameters (QPs) to generate compressed bitstreams. These bitstreams are then mapped to
quantum states, channel-encoded using the three-qubit QEC code for channel protection,
and transformed into the frequency domain via the QFT for transmission. Inverse QFT
(IQFT) is applied at the receiver to convert the quantum states back to the time domain, fol-
lowed by quantum channel decoding, quantum state decoding, and final source decoding to
reconstruct the transmitted images. The system is evaluated using standard image quality
and transmission metrics, including bit error rate (BER), peak signal-to-noise ratio (PSNR),
structural similarity index measure (SSIM) [21], and universal quality index (UQI) [22].
Experimental results demonstrate that the proposed frequency-domain quantum system
consistently outperforms its time-domain counterpart and equivalent-bandwidth classical
communication system in terms of both robustness and reconstructed image quality.

The novel aspects and technical contributions of this study are as follows:

• A novel frequency-domain quantum image transmission framework that integrates QFT
with three-qubit QEC, providing enhanced robustness against channel-induced noise.

• Lightweight frequency domain QEC design for image transmission, employing single-
qubit superposition encoding and low-complex three-qubit QEC to achieve a practical
trade-off between noise resilience, low circuit depth, and minimal qubit overhead.

• Comprehensive comparative analysis of time-domain and frequency-domain quantum
image transmission with three-qubit QEC.

The remainder of this paper is organized as follows. Section 2 reviews related work in
quantum image transmission, QEC, and frequency-domain quantum processing. Section 3



Algorithms 2025, 18, 574 4 of 27

presents the proposed framework in detail, including the encoding, error correction,
and transformation processes. Section 4 describes the experimental setup and evalua-
tion methodology. Section 5 discusses results and performance comparisons, and Section 6
concludes the paper with remarks on future research directions.

2. Related Works
Quantum mechanics [23] provides the fundamental framework for quantum com-

munication and related technologies. Unlike classical communication systems, which
encode information in deterministic states, quantum communication systems exploit prin-
ciples such as superposition [24,25] and entanglement [26–28]. These properties enable
information to be represented in more expressive ways and manipulated through uni-
tary transformations, making quantum communication fundamentally different from its
classical counterparts. Building on these principles, quantum communication applies
superposition and entanglement to the reliable transfer of information across noisy or lossy
channels. Key milestones in this field include quantum key distribution (QKD), which
secures information by exploiting the no-cloning theorem and disturbance from eaves-
dropping [29], and quantum teleportation, which transmits arbitrary quantum states using
shared entanglement and classical communication [30,31]. Over the past two decades,
QKD and teleportation have been experimentally demonstrated in fiber, free-space, and
even satellite-based links [32–36], establishing them as benchmarks for secure quantum
communication. However, their objectives differ from high-fidelity media transmission in
noisy quantum channels, which is the focus of this work.

Beyond entanglement-based security protocols, the principle of superposition can
be harnessed for high-fidelity quantum image and video transmission. Unlike QKD and
teleportation, where the objective is the secure distribution of keys or transfer of arbitrary
quantum states, high-fidelity image transmission focuses on the preservation of visual
quality under noisy quantum channels. This problem is particularly challenging because
image and video data are highly structured and information-rich, making them more
sensitive to channel noise, decoherence, and photon loss than single-qubit typically used in
QKD experiments.

Early approaches propose time-domain single-qubit encoding and decoding
schemes [37,38], which validate the feasibility of transmitting image information over
quantum channels. However, these methods demonstrate limited noise resilience and
restricted scalability in long-distance or high-loss environments, since each qubit carried
only a minimal amount of information. To address these challenges, recent studies have
investigated multi-qubit encoding strategies [39] and quantum MIMO frameworks [40,41],
exploiting parallelism and spatial diversity. While some efforts have integrated classical
error correction codes, such as polar codes, their effectiveness in noise resilience remains
limited. Moreover, existing studies do not fully leverage the potential of QEC for robust
noise mitigation, nor do they adequately consider scalability to high-resolution images and
video streams, where error accumulation becomes increasingly significant. In addition,
prior work has been restricted to the time domain, with no exploration of frequency-domain
encoding techniques that could improve fidelity by distributing information across multiple
basis states.

To address channel-induced errors, QEC has long been regarded as essential. Founda-
tional schemes demonstrate that a single logical qubit could be preserved by distributing
its information across multiple physical qubits, thereby mitigating decoherence and noise.
Examples include the Shor code [13], which encodes one logical qubit into nine physical
qubits, and the Steane code [14], which achieves similar protection with seven qubits.
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Building on these, numerous other codes have been introduced, such as the three-qubit
code [16], the five-qubit code [42], the surface code [43], and various stabilizer codes [44,45].

Among these, the three-qubit QEC code is the simplest and most fundamental, of-
fering the ability to detect and correct a single bit-flip error with minimal resource re-
quirements. Its theoretical underpinnings have been studied extensively in quantum
computation [46,47], but its application in quantum communication, particularly for image
transmission, has received limited attention [48]. For video transmission, some studies
have investigated three, five, and seven-qubit codes in the time domain [49]. However, to
the best of our knowledge, no prior research has explored the integration of the three-qubit
QEC code with quantum frequency-domain transmission methods, leaving a significant
gap for high-fidelity multimedia communication in noisy quantum channels.

This gap motivates a closer look at the quantum frequency domain, a representation
of quantum information analogous to the frequency domain in classical signal processing.
In classical systems, transforming a signal into the frequency domain using tools such
as the Fourier transform allows its components to be analyzed and manipulated based
on their spectral characteristics, often enabling more efficient compression, filtering, and
noise mitigation. In the quantum setting, the quantum frequency domain refers to a
basis in which the amplitudes of quantum states are represented in terms of their spectral
components rather than their original computational (time-domain) basis. Accessing this
domain requires a unitary transformation, most commonly performed by QFT [50]. By
mapping a quantum state into its frequency-domain representation, the information is
spread across multiple spectral bins, potentially reducing the impact of localized noise or
channel errors on any single portion of the data.

However, existing uses of QFT in quantum information processing have largely fo-
cused on algorithmic subroutines or single-task signal processing operations such as quan-
tum data compression, phase estimation, and spectral analysis [51–53]. These applications
typically treat QFT as a supporting component within a larger quantum algorithm rather
than as the core encoding mechanism for transmitting data. In addition, several studies
have utilized QFT in QKD [54] and in teleportation protocols [55–57] to address security as-
pects. In the context of quantum image transmission, only one known study has employed
QFT as a direct encoding scheme for transmitting images over a quantum channel, and
even that work did not explore integrating QFT with QEC to enhance noise resilience [20].

Therefore, this study introduces a novel quantum frequency-domain encoding frame-
work that integrates a three-qubit QEC code for high-quality image transmission. Unlike
previous approaches, in which QFT has been used solely as a direct encoding method and
QEC applied only in time-domain transmission, the proposed method unifies these two
techniques into a single coherent framework. In the proposed approach, quantum states are
first encoded with the three-qubit QEC to protect against bit-flip errors, and the resulting
error-protected states are subsequently transformed into the frequency domain using the
QFT. This integration leverages the inherent benefits of spectral-domain processing, such
as dispersing localized errors and improving robustness, before transmission over noisy
quantum channels. To the best of our knowledge, this is the first work to combine three-
qubit QEC with frequency-domain quantum encoding specifically for image transmission
applications. Beyond improving resilience in noisy channels, the proposed method can
potentially be extended to other quantum media delivery tasks, integrated into hybrid
quantum–classical communication networks, and adapted for near-term NISQ devices
where both resource efficiency and noise tolerance are critical.
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3. Methodology
The general end-to-end communication framework of the proposed system is illus-

trated in Figure 1. The design is flexible and capable of processing any input image,
regardless of its resolution, color format, file format (e.g., JPEG, HEIF), or level of com-
pression, making it suitable for a wide variety of image sources and applications. The
process begins with source encoding of the image, followed by quantum state preparation,
channel encoding, and transformation into the frequency domain. The encoded data are
then transmitted over a noisy quantum channel. At the receiver, the process begins with the
application of the IQFT to convert the data back to the time domain, followed by quantum
channel decoding, quantum state decoding, and the corresponding source decoding to
reconstruct the original image. In particular, each stage of this pipeline is carefully designed
to balance noise resilience, computational efficiency, and compatibility with near-term quan-
tum hardware. The detailed operation of each main block in the framework is described in
the following subsections.

Input
Image

Source
Encoder

Quantum
Encoder

Quantum
Channel
Encoder

Quantum
Channel
Decoder

Quantum
Decoder

Source
Decoder

Final
Image

Quantum 
Channel

QFT

IQFT

Figure 1. The proposed frequency domain quantum communication system with QEC.

3.1. Source Encoder and Decoder

Each image is first compressed using JPEG or HEIF, where transform coding is per-
formed using either the discrete cosine transform (DCT) in JPEG or high-efficiency video
coding (HEVC) intra-prediction in HEIF. This step is followed by quantization at quality
levels Q25, Q50, Q75, and Q100. Lower quantization levels (e.g., Q25) produce coarser
representations by discarding more high-frequency components, resulting in smaller bit-
streams but reduced fidelity. Conversely, higher levels (e.g., Q100) retain most transform
coefficients, yielding larger bitstreams with higher reconstruction quality.

3.2. Quantum Encoder

The purpose of the quantum encoder is to transform the source-encoded image bitstream
into quantum states that can be later exploited by the principles of quantum superposition.

First, each source bit ci ∈ {0, 1} is mapped to its corresponding computational basis
state, as shown in Equations (1) and (2).

ci = 0 ⇒ |0⟩ =
(

1
0

)
(1)

ci = 1 ⇒ |1⟩ =
(

0
1

)
(2)
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This initializes qubits in the computational basis, with no probability amplitude spread
across multiple states.

In practice, to achieve this, all qubits are initialized to the ground state |0⟩, and for
each bit ci = 1, a Pauli-X gate [58] is applied to flip the qubit to |1⟩, while bits with ci = 0
leave the qubit unchanged.

Second, quantum superposition is introduced by applying the Hadamard operator
H [59], defined in Equation (3).

H =
1√
2

(
1 1
1 −1

)
(3)

Its action on the computational basis transforms |0⟩ and |1⟩ into the superposition
states |+⟩ and |−⟩, as shown in Equations (4) and (5).

H |0⟩ = 1√
2

(
1 1
1 −1

)(
1
0

)
=

(
1
1

)
=

|0⟩+ |1⟩√
2

= |+⟩ (4)

H |1⟩ = 1√
2

(
1 1
1 −1

)(
0
1

)
=

(
1
−1

)
=

|0⟩ − |1⟩√
2

= |−⟩ (5)

The Hadamard gate is first applied to transform the computational basis states into
equal superposition states, thereby distributing information across both amplitude and
phase domains. This superposition is fundamental to QEC and continues to play a vital role
in the subsequent stages of the communication process, supporting the efficient utilization
of quantum resources.

3.3. Quantum Channel Encoder and Decoder

After quantum bit mapping and the creation of superposition states, the qubits pass
through a quantum channel encoding stage designed to protect them from transmission
errors, as shown in Figure 2. The three-qubit QEC code is selected as a lightweight and
representative model to illustrate the central contribution of this work: the integration
of frequency-domain processing via the QFT into quantum communication. While more
advanced codes (e.g., Steane, Shor, or surface codes) provide stronger protection, they
also introduce high circuit depth and resource overhead, making them impractical for
NISQ-era implementations. In contrast, the three-qubit code offers low complexity and
shallow depth [60–62], ensuring that observed performance improvements can be directly
attributed to the frequency-domain encoding rather than the strength of the QEC scheme
itself. Thus, the chosen code provides a practical balance between simplicity, demonstrative
clarity, and near-term feasibility, while the framework remains extendable to more advanced
codes in future work.

3.3.1. Three-Qubit State Preparation

Let the initial quantum state be denoted by |ψ⟩, which can be expressed as shown in
Equation (6). This state represents the quantum-encoded superposition states correspond-
ing to the |+⟩ or |−⟩ basis states.

|ψ⟩ = 1√
2
|0⟩ ± 1√

2
|1⟩ (6)

This state, which is already in a superposition due to the preceding Hadamard opera-
tion, is augmented by introducing two additional ancillary qubits, both prepared in the |0⟩
state. This results in a composite three-qubit state, as shown in Equation (7).
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1√
2
|000⟩ ± 1√

2
|100⟩ (7)

x

|Ѱ〉 |Ѱ〉

Quantum Channel
Encoder Correction

Quantum Channel
Decoder

F

F

I

I

I

Quantum Channel 

- |0〉 Ancilla  Qubit

F

F - QFT I - IQFT

- CNOT

- Ancilla Outputs for Error
Detection

x - Error Correction 

Figure 2. Quantum circuit for the three-qubit QEC encoder and decoder.

This transition from a single-qubit superposition to a three-qubit configuration high-
lights the motivation for redundancy: while a superposition allows quantum parallelism, it
is inherently fragile under noise. By distributing the logical qubit across multiple physi-
cal qubits, the system gains protection against errors that may arise during transmission.
This redundancy is the cornerstone of quantum error correction, ensuring that quantum
information is not irreversibly lost to the environment.

3.3.2. Applying CNOT Gates

To establish correlations between qubits, the controlled-NOT (CNOT) gates are applied
in a specific sequence. The first qubit acts as the control, targeting the second qubit in the
first CNOT operation. The same control qubit is then used to target the third qubit in a
second CNOT operation.

Mathematically, the CNOT gate applies an X (bit-flip) operation to the target qubit
only when the control qubit is in the |1⟩ state. This behavior can be expressed as shown in
Equation (8).

CNOTcontrol,target = Icontrol ⊗ Xtarget (8)

Therefore, applying both CNOT gates transforms the state in Equation (7) into the
state shown in Equation (9).

1√
2
|000⟩ ± 1√

2
|111⟩ (9)

This transformation effectively creates entanglement between the qubits, ensuring
that any bit-flip error affecting one qubit can be detected and potentially corrected.

In intuitive terms, the two CNOT gates act to “spread” the logical information of
the first qubit across all three qubits. If the first qubit is in the |0⟩ state, the ancillary
qubits remain unchanged, producing |000⟩. If the first qubit is in the |1⟩ state, both targets
are flipped, resulting in |111⟩. Because the input is a superposition, the output is an
entangled superposition of these possibilities. This process is often referred to as the
three-qubit repetition code, where redundancy is introduced not by duplicating the qubit,
but by establishing strong correlations among the qubits. Such correlations form the
foundation of quantum error correction, ensuring that the encoded information can survive
the disturbance of a noisy channel.
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3.3.3. Impact of Noisy Channels

When this encoded state propagates through a quantum channel, it may encounter
bit-flip, phase-flip, or combined errors due to environmental interactions. For example,
a single bit-flip in the first qubit can change |0⟩ to |1⟩ or vice versa. Since the encoding
spreads the logical information over three qubits, the system is resilient to single-qubit
errors, provided that they can be identified.

3.3.4. Error Detection and Error Correction

To detect such errors, two additional ancilla qubits are appended, each initialized to
|0⟩, as shown in Figure 2. These ancillas interact with the data qubits through additional
CNOT gates, allowing the error information (syndrome) to be imprinted on them. The
ancilla qubits serve as noninvasive ‘error flags’. Importantly, they do not carry logical
information themselves; instead, they serve as diagnostic tools that indirectly reveal which
qubit, if any, has been corrupted. Because the interaction is carefully designed, the ancilla
measurement does not disturb the logical state but merely extracts the error syndrome.

The resulting ancilla state after this interaction depends on the error pattern, as
summarized in Table 1.

Table 1. Mapping between received quantum states, error locations, and corresponding ancilla
measurements.

Post-Channel State Error Location Ancilla Outcome
1√
2
|000⟩ ± 1√

2
|111⟩ No error detected |00⟩

1√
2
|100⟩ ± 1√

2
|011⟩ Error on the first qubit |11⟩

1√
2
|010⟩ ± 1√

2
|101⟩ Error on the second qubit |10⟩

1√
2
|001⟩ ± 1√

2
|110⟩ Error on the third qubit |01⟩

1√
2
|110⟩ ± 1√

2
|001⟩ Errors on the first and second qubits |01⟩

1√
2
|101⟩ ± 1√

2
|010⟩ Errors on the first and third qubits |10⟩

1√
2
|011⟩ ± 1√

2
|100⟩ Errors on the second and third qubits |11⟩

1√
2
|111⟩ ± 1√

2
|000⟩ Errors on all three qubits |00⟩

Each syndrome output (ancilla output) corresponds to a specific corrective operation,
typically a Pauli-X gate applied to the erroneous qubit, as summarized in Table 2. In
practice, this means that the ancillas serve as diagnostic markers: their measurement
indicates exactly which qubit has been affected by an error and prescribes the appropriate
recovery step. By following this mapping, the system can restore the encoded state to
a valid form, ensuring that the original quantum information remains intact despite the
presence of noise.

Table 2. Syndrome actions and corresponding corrective operations.

Syndrome Corrective Operation

00 No operation applied
01 Apply Pauli X on the third qubit
10 Apply Pauli X on the second qubit
11 Apply Pauli X on the first qubit

3.3.5. Three-Qubit Decoder

Decoding reverses the encoding process. The two CNOT gates from the encoding
stage are applied in reverse order: first between the first and third qubits, then between the
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first and second qubits. This process disentangles the qubits and restores the logical qubit
to its original form, as in Equation (7). The additional |0⟩ ancilla qubits, having served
their role in detecting errors, collapse deterministically to |0⟩ and can be safely discarded,
leaving only the recovered quantum superposition state.

3.4. Quantum Decoder

After the three-qubit quantum decoding processes, the resulting noisy superposition
states of the qubits are directed to the quantum measurement stage. At this stage, projective
measurement operators are applied to retrieve the classical bit values from the received
superposition states. Once measurement is performed, the post-measurement quantum
state |ψ′⟩ is obtained by normalizing the projected state, as expressed in Equation (10).

|ψ′⟩ = Mm|ψ⟩√
⟨ψ|M†

m Mm|ψ⟩
(10)

In this expression, Mm denotes the measurement operators, for example, M0 = |0⟩⟨0|
and M1 = |1⟩⟨1|, which project a qubit state onto the corresponding computational basis
state, with M†

m representing the adjoint of Mm. The decoding procedure can be illustrated
using M0, as shown in Equation (11).

|ψ′⟩ =
|0⟩⟨0|

(
1√
2
|0⟩+ 1√

2
|1⟩
)

√(
1√
2
⟨0|+ 1√

2
⟨1|
)
(|0⟩⟨0|)

(
1√
2
|0⟩+ 1√

2
|1⟩
) = |0⟩ (11)

The same procedure with M1 can be applied to extract the corresponding information
for the |1⟩ state. Using this method, the corresponding classical bits can be extracted.

3.5. Transmission Process

After the three-qubit channel-encoded states are prepared, they are mapped from the
time-domain representation into the frequency-domain representation using the QFT.

3.5.1. QFT

The QFT is the quantum analog of the classical DFT, acting on the amplitudes of
quantum states in a reversible and unitary manner.

For an n-qubit system, the Hilbert space dimension is given by Equation (12).

N = 2n (12)

The QFT is then defined as the transformation shown in Equation (13).

FN |x⟩ = 1√
N

N−1

∑
k=0

e2πi xk
N |k⟩ (13)

where |x⟩ is a computational basis state and |k⟩ are the basis states in the frequency domain.
The exponential term e2πi xk

N introduces a phase shift proportional to the product of the
input and output indices, and the factor 1/

√
N ensures unitarity.

From Equation (13), the general QFT matrix FN of size N × N can be expressed as
Equation (14).

FN =
1√
N


1 1 1 · · · 1
1 ω ω2 · · · ωN−1

1 ω2 ω4 · · · ω2(N−1)

...
...

...
. . .

...
1 ωN−1 ω2(N−1) · · · ω(N−1)(N−1)

 (14)
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where ω = e2πi/N is the primitive Nth root of unity.
For three-qubit-encoded states, where n = 3 qubits are used and N = 8, the QFT is

represented by the 8 × 8 matrix given in Equation (15).

F8 =
1√
8



1 1 1 1 1 1 1 1
1 ω ω2 ω3 ω4 ω5 ω6 ω7

1 ω2 ω4 ω6 1 ω2 ω4 ω6

1 ω3 ω6 ω ω4 ω7 ω2 ω5

1 ω4 1 ω4 1 ω4 1 ω4

1 ω5 ω2 ω7 ω4 ω ω6 ω3

1 ω6 ω4 ω2 1 ω6 ω4 ω2

1 ω7 ω6 ω5 ω4 ω3 ω2 ω


(15)

where

ω = e2πi/8 = cos
(π

4

)
+ i sin

(π

4

)
=

√
2

2
+ i

√
2

2
.

When QFT (F8) is applied to the quantum-encoded state of three qubits, the result is
given by Equation (16).

|ψqft⟩ =
1√
2

F8 |000⟩ ± 1√
2

F8 |111⟩ (16)

Due to the unique properties of the QFT matrix, the application of the QFT to each
computational basis state produces the corresponding unique column of the QFT matrix.
This correspondence is determined by the value of the quantum state: if the basis state is
|000⟩, the output is the first column of F8; if it is |001⟩, the output is the second column of
F8; if it is |010⟩, the output is the third column, and so on. This property can be verified
directly through matrix multiplication, as demonstrated in Equations (17) and (18).

F8 |000⟩ = F8

(
1
0

)
⊗
(

1
0

)
⊗
(

1
0

)
= F8



1
0
0
0
0
0
0
0


=

1√
8



1
1
1
1
1
1
1
1


(17)

F8 |111⟩ = F8

(
0
1

)
⊗
(

0
1

)
⊗
(

0
1

)
= F8



0
0
0
0
0
0
0
1


=

1√
8



1
ω7

ω6

ω5

ω4

ω3

ω2

ω


(18)

Using this mapping, the state in Equation (16) can be represented in the frequency
domain and transmitted through the quantum channel. However, this transformation does
not directly benefit the error-correction process, because after transmission, the inverse
QFT must be applied before error correction. Nevertheless, representing the state in
the frequency domain can offer advantages during the transmission process itself, such
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as improved efficiency and error resilience by leveraging the inherent benefits of the
frequency domain.

3.5.2. IQFT

The IQFT is the inverse operation of the QFT and is used to map quantum states from
the frequency domain back to the time domain. Mathematically, the IQFT is expressed in
Equation (19) and is identical to the QFT, except that the sign of the exponent is reversed.

F−1
N |x⟩ = 1√

N

N−1

∑
k=0

e−2πi xk
N |k⟩ (19)

Since the QFT is a unitary transformation, its inverse is given by Equation (20).

F−1
N = F†

N (20)

where F†
N denotes the conjugate transpose of FN .

For an n-qubit system (N = 2n), the IQFT matrix is obtained by taking the Hermitian
adjoint of FN , which involves transposing the matrix and replacing each root of unity
ω = e2πi/N with its complex conjugate ω∗ = e−2πi/N . Therefore, applying the IQFT
to the received frequency-domain state after transmission restores it to the time-domain
representation, enabling subsequent quantum error correction.

3.5.3. Quantum Channel

To emulate realistic quantum communication conditions, the proposed system is
tested under the following types of quantum noise [62]. Five canonical noise channels are
considered: bit-flip, phase-flip, depolarizing, amplitude damping, and phase damping.
Each channel is parameterized by a probability value that controls the likelihood of the
corresponding error process. Hardware imperfections are not modeled in this study, as
these general noise models are commonly used to evaluate the performance of an early-
stage quantum communication system.

The overall effect of noise is represented using a composite quantum channel, which
combines all error processes into a single probabilistic model, as defined in Equation (21) [20].

E(ρ) = pXEX(ρ) + pZEZ(ρ) + pDED(ρ) + pAEA(ρ) + pPEP(ρ) (21)

where pX , pZ, pD, pA, and pP denote the respective error probabilities. These probabilities
are adjusted according to the SNR to simulate different channel conditions, with the signal
power normalized and the noise power varied across simulations.

This total noise probability is then distributed among five types of quantum noise:
bit-flip (pX), phase-flip (pZ), depolarizing (pD), amplitude damping (pA), and phase
damping (pP). To assign these probabilities dynamically and non-deterministically, five
independent random values are generated, as shown in Equation (22), which act as
weighting coefficients.

r1, r2, r3, r4, r5 ∼ U (0, 1) (22)

These values are normalized and scaled to ensure that each noise type receives a
proportion of the total noise, as shown in Equation (23).

[pX , pZ, pD, pA, pP] =

(
ri

∑5
j=1 rj

)
· ptotal (23)

This assignment satisfies the total noise constraint in Equation (24).

pX + pZ + pD + pA + pP = ptotal (24)
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The corresponding individual noise channels are modeled according to
Equations (25)–(29). In all these equations, ρ represents the density matrix of the
quantum state; X, Y, and Z denote the Pauli operators; and the symbol † indicates
the conjugate transpose (Hermitian adjoint).

• Bit-flip channel (X-noise):

EX(ρ) = (1 − pX)ρ + pXXρX† (25)

• Phase-flip channel (Z-noise):

EZ(ρ) = (1 − pZ)ρ + pZZρZ† (26)

• Depolarizing channel:

ED(ρ) = (1 − pD)ρ + pD
3

(
XρX† + YρY† + ZρZ†

)
(27)

• Amplitude damping channel:

EA(ρ) = E0ρE†
0 + E1ρE†

1 ,

E0 =

(
1 0
0
√

1 − pA

)
, E1 =

(
0

√
pA

0 0

)
(28)

• Phase damping channel:

EP(ρ) = F0ρF†
0 + F1ρF†

1 ,

F0 =

(
1 0
0
√

1 − pP

)
, F1 =

(
0 0
0

√
pP

)
(29)

These noise models correspond to realistic error sources encountered in optical, su-
perconducting, and ion-trap platforms. Rather than assuming a single dominant error
process, the adopted probabilistic mixing strategy captures the heterogeneous nature of
practical quantum communication environments. In addition, the SNR mapping links
channel quality to error dynamics by inversely scaling the total noise probability with
SNR and allocating it stochastically across the five noise types. Although simplified, this
abstraction achieves a balance between physical realism and analytical tractability, making
it a robust framework for benchmarking quantum communication systems under diverse
channel conditions.

4. Experimental Setup
In this evaluation, 100 images are randomly selected from the Microsoft COCO

dataset [63], ensuring a broad range of real-world content with diverse textures, object
densities, and color distributions. Such diversity guarantees that the test set contains
images with varying spatial complexity and structural characteristics.

Each image is pre-processed using two widely adopted source coding standards: JPEG,
which applies the DCT to represent image data in the frequency domain for efficient lossy
compression [3], and HEIF, which is based on the HEVC standard and achieves higher
compression efficiency through advanced block-based prediction and transform coding [4].
Four QP values are evaluated, QP ∈ {25, 50, 75, 100}, covering a range from low visual
quality (high compression) to high visual quality (low compression).
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The complete process for each configuration is simulated entirely in Python 3 using a
modeled program derived from the mathematical framework of the proposed quantum
communication system and the time-domain quantum baseline. A generalized quantum
noise model is applied to emulate channel impairments, and all encoding, decoding, and
transformation operations (including QFT/IQFT when applicable) are executed through
software simulation rather than hardware implementation. Furthermore, all experiments
are conducted on a computing system equipped with an Intel Core i5-1345U CPU (1.60 GHz,
Intel Corporation, Santa Clara, CA, USA) and 16 GB of RAM. For each of the 100 images,
1000 independent trials are conducted under each test image to reduce random variability
and obtain statistically reliable results, and the average values are reported.

To provide further clarity in implementation, we detail the intermediate processing
pipeline step by step. Each input image is first source-coded with different QP values and
converted to a binary bitstream. These bitstreams are mapped into quantum states through
basis preparation, followed by superposition via Hadamard gates, and subsequently pro-
tected using the three-qubit QEC code. Since the system operates in the frequency domain,
a QFT is applied after encoding and before transmission. Noise is introduced according to
the generalized quantum noise models adopted in order to emulate realistic transmission
impairments during the transmission process. On the receiver, an inverse sequence of oper-
ations is performed, including IQFT, QEC decoding, basis measurement, and reassembly
of the recovered image data. This step-by-step specification bridges the theoretical blocks
presented in Figure 1 with their explicit operational roles, ensuring that the system descrip-
tion captures not only the conceptual design but also the practical simulation workflow.
Furthermore, a time-domain system is modeled using the same architecture, excluding the
QFT and IQFT operations. In addition, a classical communication system is implemented
using binary phase-shift keying (BPSK) modulation and polar codes with a 1/3 code rate,
with bandwidth matched to that of the proposed system for comparison.

5. Results and Discussion
This section presents a detailed performance evaluation of the proposed system

using four key metrics: BER, PSNR, SSIM, and UQI. The results are analyzed to highlight
performance trends, with particular attention to how compression format and quality
affect error resilience and visual fidelity. In addition, the discussion emphasizes the trade-
offs observed between compression efficiency and reconstructed image quality across the
tested scenarios.

5.1. Comparative Analysis of Quantum Frequency-Domain, Quantum Time-Domain, and Classical
Schemes for JPEG Image Transmission

Performance comparison between Q-Frequency (quantum three-qubit error correction
with transmission in the frequency domain), Q-Time (quantum three-qubit error correction
with transmission in the time domain), and C-Polar (classical communication system with
polar codes at a code rate of 1/3), as illustrated in Figure 3, reveals a consistent performance
across all tested QP values of 25, 50, 75, and 100 for JPEG images. In every case, Q-Frequency
achieves the lowest BER, indicating superior robustness to channel noise. While Q-Time
exhibits higher BER than Q-Frequency, it still maintains a clear advantage over the classical
polar-coded system (C-Polar) in error resilience. The C-Polar scheme generally exhibits the
highest BER, especially at low SNR. The stability of relative performance across varying QP
values indicates that BER is primarily influenced by the underlying transmission domain
and communication method, rather than the applied image compression level. The results
highlight a distinct frequency-domain advantage relative to the time-domain approach,
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with both quantum-domain schemes exhibiting superior performance compared to the
classical communication system.

A similar performance trend is observed when evaluating image quality in terms of
PSNR for JPEG images at QP values of 25, 50, 75, and 100, as shown in Figure 4. Across
all compression levels, Q-Frequency consistently achieves the highest PSNR, with a clear
performance gain over Q-Time. In many cases, this SNR gain reaches 3–4 dB at low-to-
moderate SNR values, representing a substantial improvement in perceived image quality
compared to Q-Time. This advantage reflects the effectiveness of quantum frequency-
domain transmission in mitigating noise-induced distortions compared to the quantum
time-domain approach. Q-Time follows as the second-best performer, whereas C-Polar
yields the lowest PSNR, particularly at low SNR values. Across all QP values, the gap
between Q-Frequency and Q-Time remains largely unchanged. However, the performance
of the classical communication system lags behind, with an approximate 8 dB deficit in
channel SNR compared to the Q-Time.

When SSIM is considered, the performance trend for JPEG images at QP values of 25, 50,
75, and 100, as shown in Figure 5, mirrors the PSNR results, with Q-Frequency consistently
outperforming the other schemes. Across all compression levels, Q-Frequency achieves SSIM
values that are significantly higher than Q-Time at low-to-moderate SNR, representing a
notable improvement in the preservation of perceptual image quality. This advantage is
especially evident at lower SNR values, where frequency-domain encoding helps maintain
structural details more effectively than the time-domain approach. Q-Time consistently ranks
second, while C-Polar produces the lowest SSIM, particularly under noisy conditions.

For the UQI, the results for JPEG images at QP values of 25, 50, 75, and 100, as shown
in Figure 6, show the same consistent ranking as the other metrics, with Q-Frequency
outperforming Q-Time and C-Polar across all SNR levels. The Q-Frequency outperforms
Q-Time at low-to-moderate SNR values, reflecting its stronger ability to preserve both lumi-
nance and contrast information during transmission over noisy channels. This advantage
is most prominent under lower SNR conditions, where frequency-domain encoding helps
mitigate the effects of noise on structural and contrast fidelity.

The consistent superiority of Q-Frequency over Q-Time across all evaluated metrics
arises from the enhanced robustness provided by its frequency-domain representation. In
Q-Frequency, the quantum three-qubit channel-encoded bitstream is transformed into the
frequency domain, where each qubit is represented as a superposition of multiple basis
states with additional phase encoding. This combination not only distributes the energy
of the signal across spectral components but also embeds additional phase information
that improves resilience to both amplitude and phase distortions introduced by channel
noise. The spectral redundancy and phase diversity allow for the partial recovery of
degraded components during the inverse transform, reducing the impact of localized
frequency losses.

In contrast, Q-Time transmits the quantum channel-encoded bitstream directly in
the time domain, without the benefits of frequency-domain processing, which combines
superposition and phase encoding. As a result, instantaneous noise fluctuations translate
more directly into pixel-level errors, limiting the recovery potential. Although both schemes
benefit from three-qubit QEC, the combination of frequency-domain mapping in the Q-
Frequency scheme explains its consistently better BER, PSNR, SSIM, and UQI results,
particularly at low-to-moderate SNR levels where noise effects are most pronounced.
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Figure 3. BER comparison of the three-qubit quantum frequency-domain system (Q-Frequency), the
three-qubit quantum time-domain system (Q-Time), and the polar-coded classical system (C-Polar),
evaluated under identical bandwidth and channel conditions using JPEG compression: (a) Q25,
(b) Q50, (c) Q75, and (d) Q100.
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Figure 4. PSNR comparison of the three-qubit quantum frequency-domain system (Q-Frequency), the
three-qubit quantum time-domain system (Q-Time), and the polar-coded classical system (C-Polar),
evaluated under identical bandwidth and channel conditions using JPEG compression: (a) Q25,
(b) Q50, (c) Q75, and (d) Q100.
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Figure 5. SSIM comparison of the three-qubit quantum frequency-domain system (Q-Frequency), the
three-qubit quantum time-domain system (Q-Time), and the polar-coded classical system (C-Polar),
evaluated under identical bandwidth and channel conditions using JPEG compression: (a) Q25,
(b) Q50, (c) Q75, and (d) Q100.
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Figure 6. UQI comparison of the three-qubit quantum frequency-domain system (Q-Frequency), the
three-qubit quantum time-domain system (Q-Time), and the polar-coded classical system (C-Polar),
evaluated under identical bandwidth and channel conditions using JPEG compression: (a) Q25,
(b) Q50, (c) Q75, and (d) Q100.
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5.2. Comparative Analysis of Quantum Frequency-Domain, Quantum Time-Domain, and Classical
Schemes for HEIF Image Transmission

For HEIF images at QP values of 25, 50, 75, and 100, the BER results follow the
same consistent performance ordering observed in the JPEG experiments, as shown in
Figure 7. Across all compression levels, Q-Frequency delivers the lowest BER, followed
by Q-Time, with C-Polar performing worst at low SNR. The performance advantage of
Q-Frequency over Q-Time is evident across the entire SNR range, particularly at low-to-
moderate SNR values where the spectral redundancy and phase diversity of the frequency-
domain approach help mitigate noise-induced errors more effectively. The similarity in
trends between HEIF and JPEG results suggests that the observed performance hierarchy
is robust to changes in source image format, with Q-Frequency consistently providing the
highest noise resilience regardless of compression level or image coding standard.

As shown in Figure 8, the evaluation of HEIF images in terms of PSNR at QP values
of 25, 50, 75, and 100 reveals the same consistent performance hierarchy previously ob-
served for JPEG images. Q-Frequency achieves the highest PSNR across all compression
levels, with a clear gain over Q-Time. This improvement reflects the benefits of combining
frequency-domain transmission, which incorporates superposition along with additional
phase encoding, with QEC, thereby enhancing resistance to both amplitude and phase
distortions. In addition, the advanced source coding efficiency of HEIF results in a higher
maximum PSNR compared to JPEG. This improvement is primarily due to HEIF’s use of
modern compression tools, such as more efficient intra-prediction, improved transform
coding, and advanced entropy coding, which collectively reduce quantization errors and
preserve more image detail at a given bitrate.

At QP values of 25, 50, 75, and 100, the SSIM results for HEIF images, as shown
in Figure 9, follow the same performance hierarchy observed for JPEG images, with
Q-Frequency consistently attaining the highest values and retaining a clear margin over
Q-Time at low to moderate SNR levels. Similarly, the UQI results, as shown in Figure 10,
mirror the trends from the JPEG experiments. Q-Frequency outperforms Q-Time with an
approximate maximum channel SNR gain of 4 dB. Q-Time ranks second, while C-Polar
records the lowest UQI, particularly in low-SNR scenarios.

5.3. Comprehensive Performance Analysis: Objective Metrics and Subjective Assessments

Based on the BER, PSNR, SSIM, and UQI results for both JPEG and HEIF images across
QP values of 25, 50, 75, and 100, the performance of the proposed system is shown to be
largely independent of the image format and compression level. In all tested scenarios,
Q-frequency consistently outperforms Q-time and the classical C-Polar scheme. This supe-
riority stems from the dual encoding mechanism of Q-Frequency, in which superposition is
combined with phase encoding in the frequency domain. The incorporation of the QFT
in our framework enhances robustness to localized errors by enabling efficient frequency-
domain encoding. By transforming computational basis states into distributed frequency
components, the QFT disperses the effect of localized bit-flip or phase-flip errors across
the entire spectrum, reducing their concentration on any single qubit. This dispersion is
particularly beneficial under independent error models such as depolarizing and dephas-
ing noise, where error energy becomes less dominant after spreading into phase rotations
across multiple amplitudes. While correlated noise channels limit the QFT’s ability to fully
decorrelate multi-qubit disturbances, the frequency-domain representation still provides
resilience through interference effects and redundancy inherent in phase encoding. The
results show that Q-Frequency delivers next-level efficiency and performance compared to
the time-domain method, achieving higher fidelity and structural preservation regardless
of source format or QP setting. These findings confirm that the choice of transmission



Algorithms 2025, 18, 574 19 of 27

domain and quantum encoding strategy has a greater impact on overall system robustness
than variations in image coding parameters. However, the Q-Time domain scheme al-
ready outperforms the classical communication system under equal bandwidth conditions,
demonstrating the superiority of quantum communication over its classical counterpart.
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Figure 7. BER comparison of the three-qubit quantum frequency-domain system (Q-Frequency), the
three-qubit quantum time-domain system (Q-Time), and the polar-coded classical system (C-Polar),
evaluated under identical bandwidth and channel conditions using HEIF compression: (a) Q25,
(b) Q50, (c) Q75, and (d) Q100.

As a representative example to illustrate the visual differences, Figure 11 presents
sample decoded images obtained from the Q-Frequency and Q-Time schemes for JPEG
inputs with QP 25 and QP 100 at an SNR of 2 dB. The reconstructed images from the
Q-Frequency approach consistently demonstrate superior visual quality compared to
those obtained from the time-domain method. These perceptual differences correspond
to the measured trends in PSNR, SSIM and UQI, confirming that the higher objective
scores of Q-Frequency are manifested in observable improvements in the quality of the
reconstructed image.

In addition, a subjective visual quality assessment is carried out following the double
stimulus procedure [64], with 80 participants of varying age from 15 to 60 years. The
evaluation considered JPEG image transmission at QP values of 25 and 100 for both
frequency-domain and time-domain configurations as a representative example. For each
SNR level, the images generated by the quantum systems are presented to the participants,
who rated their visual quality using the mean opinion score (MOS) scale of 0 to 100,
where 0 to 20 indicates ‘bad’, 21 to 40 ‘poor’, 41 to 60 ‘fair’, 61 to 80 ‘good’ and 81 to 100
‘excellent’. The final MOS for each configuration are calculated as the average score across
all participants. The results, shown in Figures 12 and 13, closely follow the trends observed
in objective quality metrics (PSNR, SSIM, UQI), confirming that the frequency domain
approach not only achieves higher numerical scores, but also delivers perceptually superior
image quality.
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Figure 8. PSNR comparison of the three-qubit quantum frequency-domain system (Q-Frequency), the
three-qubit quantum time-domain system (Q-Time), and the polar-coded classical system (C-Polar),
evaluated under identical bandwidth and channel conditions using HEIF compression: (a) Q25,
(b) Q50, (c) Q75, and (d) Q100.
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Figure 9. SSIM comparison of the three-qubit quantum frequency-domain system (Q-Frequency), the
three-qubit quantum time-domain system (Q-Time), and the polar-coded classical system (C-Polar),
evaluated under identical bandwidth and channel conditions using HEIF compression : (a) Q25,
(b) Q50, (c) Q75, and (d) Q100.
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Figure 10. UQI comparison of the three-qubit quantum frequency-domain system (Q-Frequency), the
three-qubit quantum time-domain system (Q-Time), and the polar-coded classical system (C-Polar),
evaluated under identical bandwidth and channel conditions using HEIF compression: (a) Q25,
(b) Q50, (c) Q75, and (d) Q100.
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Figure 11. Sample decoded images for JPEG inputs with QP values of 25 and 100, comparing the
Q-Frequency and Q-Time transmission systems at an SNR of 2 dB: (a) Q-Frequency QP 25, (b) Q-Time
QP 25, (c) Q-Frequency QP 100, and (d) Q-Time QP 100.
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Figure 12. Subjective quality assessment results for JPEG image transmission using frequency-domain
(Q-Frequency) and time-domain systems (Q-Time) at QP 25.

Figure 13. Subjective quality assessment results for JPEG image transmission using frequency-domain
(Q-Frequency) and time-domain systems (Q-Time) at QP 100.

5.4. Computational Cost and Scalability of the Proposed System

In terms of complexity, both Q-Frequency and Q-Time rely on a three-qubit QEC
framework; however, Q-Frequency introduces an additional frequency-domain transfor-
mation stage through the QFT. This alters the complexity scaling behavior from O(n) in
the time-domain case to O(n2) for Q-Frequency, since the QFT requires n(n+1)

2 gates with
circuit depth n, compared to n gates and a depth of 1 for the time-domain approach. In the
specific setting considered here with n = 3, Q-Frequency requires six gates and a depth of
three, while the time-domain system needs only three gates with depth one.

Although this analysis highlights that the QFT circuit is inherently more demanding
than its time-domain counterpart, the increase in overhead remains modest due to the
deliberate choice of small encoding blocks. The use of three-qubit registers ensures that
the quadratic scaling does not translate into prohibitive complexity, making the scheme
well within the capabilities of near-term quantum devices. Furthermore, the controlled-
rotation gates required for QFT are already supported by leading hardware platforms
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such as superconducting and photonic systems, and the shallow circuit depth minimizes
vulnerability to decoherence, ensuring compatibility with NISQ constraints.

Beyond practical implementability, the inclusion of the frequency-domain stage pro-
vides a significant advantage. Unlike the time-domain approach, which conveys informa-
tion only through qubit population states, Q-Frequency exploits both amplitude and phase
degrees of freedom. This enhanced representation improves robustness against channel
noise and contributes to better preservation of image fidelity, as reflected in metrics such as
PSNR, SSIM, and UQI. Thus, while Q-Frequency introduces additional circuit resources
compared to Q-Time, the trade-off is favorable: a moderate increase in gate count and circuit
depth yields significant improvements in resilience and quality of reconstructed images.

Finally, the proposed framework represents the lowest-complexity frequency-domain
transmission scheme with integrated error correction. This is achieved by combining
two of the simplest available primitives, single-qubit superposition encoding and the
three-qubit QEC code, while limiting the QFT/IQFT to lightweight transforms applied
once per transmission cycle. In this way, the design balances theoretical rigor with practical
feasibility, ensuring that the benefits of frequency-domain encoding can be realized without
imposing prohibitive overhead.

The framework also remains scalable, as higher-order QEC codes with 5, 7, or 9 qubits
can be supported without altering the asymptotic complexity, although the runtime and
gate overhead increase proportionally with qubit count. Importantly, the modular design
of the system allows the QFT/IQFT stage to operate independently of the specific QEC
code employed, which means that the same encoder, channel, and decoder pipeline can
be maintained as hardware resources grow. In practice, this ensures that improvements
in quantum hardware or the adoption of more powerful codes, such as Steane or surface
codes, can be seamlessly integrated into the framework without changing its fundamental
structure. Furthermore, the QFT-based frequency-domain representation offers additional
advantages in multi-user and multiplexed transmission scenarios, since orthogonalization
across qubit streams can be naturally supported. Thus, while the present work focuses on a
three-qubit baseline for NISQ feasibility, the design provides a clear pathway toward larger,
more robust, and more versatile quantum communication systems.

5.5. Insights from Simulation: Strengths, Limitations, and Future Prospects

In this study, simulations are used as the primary method for evaluating the proposed
quantum communication framework during its early development stages, when large-scale
and fault-tolerant quantum hardware is not yet widely available. This simulation-based
approach makes it possible to systematically explore the effects of channel conditions,
noise models, compression levels, and qubit configurations in a controlled and repeatable
environment. It also allows for stress-testing the system beyond the limitations of current
experimental setups, revealing how it might perform in real-world deployments. By
replicating a wide range of scenarios, including extreme noise levels and different source
formats, simulations provide a comprehensive understanding of the strengths, limitations,
and scalability of the system. Most importantly, this methodology offers a reliable means to
demonstrate the potential of the proposed quantum communication system, showcasing
its efficiency, robustness, and adaptability before committing to the costly and resource-
intensive process of physical hardware implementation.

Furthermore, given its scalability to higher qubit counts and its manageable com-
putational complexity for near-term quantum devices, the system holds strong potential
for applications in domains where data integrity and visual fidelity are critical. These
include high-quality multimedia transmission, high-definition remote sensing, space-based
imaging, and long-distance quantum networking, where channel conditions are inherently
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noisy and bandwidth is limited. By demonstrating its effectiveness through detailed simula-
tions, this study provides a foundation for future hardware implementations, highlighting
the adaptability, efficiency, and suitability of the system for next-generation quantum
communication infrastructures.

Moreover, the three-qubit code protects against a single bit-flip (or phase-flip) error by
encoding one logical qubit into three physical qubits. If the single-qubit error probability
is p, then the code successfully corrects any single error with the probability given in
Equation (30).

Psuccess = (1 − p)3 + 3p(1 − p)2 (30)

where the first term corresponds to the case of no error, and the second term corresponds to
the case of exactly one error, which can be corrected by majority voting. Failure occurs only
when two or more errors occur simultaneously, with probability given in Equation (31).

Pfail = 3p2(1 − p) + p3 (31)

While this level of protection is sufficient to demonstrate measurable gains and to
outperform comparable classical schemes under diverse channel conditions, its scope remains
restricted. In particular, the three-qubit model does not address multi-qubit errors or mixed-
state noise effects such as depolarization, amplitude-damping, and phase-damping. The
simulated performance highlights that incorporating frequency-domain processing enables
high image quality even under these conditions, but also emphasizes the need for more
advanced error-correction strategies to achieve robust and scalable quantum communication.

6. Conclusions and Future Works
This study proposes a novel quantum communication framework that integrates QFT

with a three-qubit QEC code to enable high-quality image transmission over noisy channels.
The proposed frequency-domain quantum scheme (Q-Frequency) is rigorously evaluated
against an equivalent time-domain quantum scheme (Q-Time) and a classical polar-coded
baseline (C-Polar) using JPEG and HEIF images at four QP values: 25, 50, 75, and 100. The
results show that Q-Frequency is consistently found to outperform both Q-Time and C-Polar,
with maximum channel SNR gains of up to approximately 4 dB over Q-Time and up to 10 dB
over C-Polar. In addition, Q-Time is observed to achieve SNR gains of approximately 8 dB
over the classical polar-coded system. These gains are maintained across all compression
levels and image formats, indicating that the performance advantage is independent of
source coding characteristics. This consistent improvement is attributed to the use of
frequency-domain encoding, in which superposition is combined with phase encoding via
the QFT and its inverse. This approach introduces both spectral redundancy and phase
diversity, allowing amplitude and phase distortions to be mitigated more effectively than
with time-domain superposition alone. Overall, the proposed Q-Frequency framework
demonstrates strong potential for high-fidelity and resilient quantum image transmission
in challenging scenarios such as high-quality multimedia delivery, space-based imaging,
and distributed quantum sensing.

Future works will focus on extending the framework to video transmission, exploit-
ing temporal correlation between frames to further improve bandwidth efficiency and
robustness. Another direction will be the adoption of more advanced QEC codes to pro-
tect against multi-qubit and burst errors without incurring prohibitive complexity. The
approach will also be integrated with quantum wavelet-based transmission, enabling multi-
resolution encoding and adaptive quality adjustment to match channel capacity. Finally,
real-hardware experiments on available quantum processors will be conducted to validate
simulation results, refine QFT and inverse QFT implementations, and address hardware-
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specific noise characteristics, paving the way for practical deployment in next-generation
quantum communication systems.
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IQFT Inverse Quantum Fourier Transform
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NISQ Noisy Intermediate Scale Quantum
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QEC Quantum Error Correction
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