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Abstract

This paper proposes a quantum multiple-input multiple-output orthogonal frequency
division multiplexing (MIMO-OFDM) framework for image transmission, which combines
quantum multi-qubit encoding with spatial and frequency diversity to enhance noise
resilience and image quality. The system utilizes joint photographic experts group (JPEG),
high efficiency image file format (HEIF), and uncompressed images, which are first source-
encoded (if applicable) and then processed using classical channel encoding. The channel-
encoded bitstream is mapped into quantum states via multi-qubit encoding and transmitted
through a 2 × 2 MIMO system with varied diversity schemes. The spatially mapped qubits
undergo the quantum Fourier transform (QFT) to form quantum OFDM subcarriers, with
a cyclic prefix added before transmission over fading quantum channels. At the receiver,
the cyclic prefix is removed, the inverse QFT is applied, and the quantum MIMO decoder
reconstructs spatially diverged quantum states. Then, quantum decoding reconstructs the
bitstreams, followed by channel decoding and source decoding to recover the final image.
Experimental results show that the proposed quantum MIMO-OFDM system outperforms
its classical counterpart across all evaluated diversity configurations. It achieves peak
signal-to-noise ratio (PSNR) values up to 58.48 dB, structural similarity index measure
(SSIM) up to 0.9993, and universal quality index (UQI) up to 0.9999 for JPEG; PSNR up to
70.04 dB, SSIM up to 0.9998, and UQI up to 0.9999 for HEIF; and near-perfect reconstruction
with infinite PSNR, SSIM of 1, and UQI of 1 for uncompressed images under high channel
noise. These findings establish quantum MIMO-OFDM as a promising architecture for
high-fidelity, bandwidth-efficient quantum multimedia communication.

Keywords: image transmission; MIMO; MIMO-OFDM; multi-qubit; OFDM; quantum
communication; quantum superposition

1. Introduction
The ever-increasing demand for high-resolution visual content in applications such

as autonomous driving, real-time remote diagnostics, unmanned aerial surveillance, and
immersive virtual [1] and augmented reality [2] imposes stringent requirements on modern
wireless communication systems, necessitating ultra-reliable, high-throughput image trans-
mission where even minor latency, distortion, or packet loss can critically impact safety,
diagnostic precision, or user experience. Traditional wireless systems, grounded in classical
Shannon-based information theory [3], face growing challenges in meeting these demands
due to inherent limitations, including susceptibility to noise, quantization and compression
artifacts, and sensitivity to multipath fading, all of which degrade image quality, especially
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in high-frequency and texture-rich regions, while performance is ultimately bounded by
the Shannon capacity limit. Compounding these issues, compressed image formats such
as joint photographic experts group (JPEG) and high efficiency image file format (HEIF)
exploit spatial and spectral redundancies to reduce file size, producing bitstreams with
high entropy and localized error sensitivity; thus, errors caused by noise, interference,
or packet loss can propagate nonlinearly, corrupting entire image blocks and severely
impacting visual fidelity. These vulnerabilities are further amplified by channel fading [4],
including time-varying Rayleigh fading, which introduces amplitude and phase fluctua-
tions, often generating burst errors that affect clustered bit sequences. Consequently, even
advanced error correction and equalization techniques struggle to maintain reliable high-
fidelity image transmission, highlighting the limitations of classical systems for real-time,
image-intensive applications.

To address these challenges, modern wireless communication frameworks have
adopted multiple-input multiple-output (MIMO) architectures [5], which exploit spatial
diversity [6] and multiplexing gains by employing multiple antennas at both the trans-
mitter and the receiver. MIMO systems significantly improve spectral efficiency and link
robustness, offering substantial throughput gains under favorable propagation conditions.
These features are particularly advantageous for image and video transmission scenarios,
where large volumes of data must be delivered with high fidelity and low latency. How-
ever, MIMO performance deteriorates in frequency-selective fading environments, where
variations across frequency bands introduce inter-symbol interference (ISI), which becomes
a major bottleneck that limits both reliability and throughput in broadband settings.

To combat ISI and ensure robust broadband performance, orthogonal frequency di-
vision multiplexing (OFDM) divides the available spectrum into multiple orthogonal
subcarriers, each experiencing flat fading, which simplifies equalization and allows high-
throughput, low-distortion image and video transmission [7]. However, OFDM is sus-
ceptible to synchronization errors, inter-carrier interference (ICI), high peak-to-average
power ratio (PAPR), Doppler-induced distortions in high-mobility scenarios, and imperfect
channel estimation [8], which collectively limit reliable, high-quality image transmission
under adverse or time-varying channel conditions.

In response, OFDM is often combined with MIMO technology, resulting in the widely
adopted MIMO-OFDM architecture [9]. This integration takes advantage of both spatial
and frequency diversity, offering improved spectral efficiency and better adaptability to
multipath effects. MIMO-OFDM forms the foundation of many current wireless standards
and provides a scalable and flexible framework for image transmission in dynamic channel
environments. However, despite its benefits, MIMO-OFDM still faces core physical-layer
limitations such as channel capacity saturation, synchronization complexity, and persis-
tent PAPR issues. These challenges are particularly significant when operating under
constrained bandwidth, severe fading, or high-noise conditions, where consistent image
quality and transmission reliability are difficult to maintain.

These constraints highlight the need to explore alternative physical-layer paradigms
capable of going beyond classical communication boundaries. In this context, quantum
communication [10] has emerged as a promising candidate. Using quantum mechanical
principles such as superposition [11] and entanglement [12], quantum communication
systems have the potential to redefine the limits of channel capacity and noise resistance.
When appropriately designed, quantum-enabled frameworks offer fundamentally new
degrees of freedom for encoding, transmitting, and processing image data, potentially
achieving higher fidelity and robustness under conditions where classical systems fail.

Building on these principles, quantum MIMO extends classical MIMO into the quan-
tum domain, enabling simultaneous transmission of quantum information streams with
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enhanced capacity, noise tolerance, and robustness against spatial fading through quantum
correlations. In addition, quantum OFDM (QOFDM) [13] can utilize quantum Fourier
transform (QFT) [14] to encode data into orthogonal quantum frequency subcarriers, pro-
viding enhanced resilience against frequency-selective fading. By combining this with
spatial diversity, the quantum MIMO-OFDM framework effectively merges both spatial
and frequency diversity, resulting in a scalable, adaptive, and noise-resilient system that
surpasses classical performance limits. This makes it an ideal solution for next-generation,
high-fidelity image transmission applications.

Although basic encoding and decoding techniques in quantum communication have
been extensively studied for media transmission [15,16], the application of quantum MIMO
is still considered a relatively new and emerging area, with its full potential to enhance
efficiency and robustness currently being explored. Similarly, QOFDM has received compar-
atively less attention, particularly with respect to practical applications for multimedia data.
In particular, the application of QOFDM techniques for high-fidelity image transmission
remains largely unexplored. Moreover, most existing communication frameworks focus on
single-qubit or simple encoding schemes, limiting their abilities to fully exploit the advan-
tages of multi-qubit encoding and advanced frequency-domain processing. Furthermore,
there is a lack of integrated approaches that combine quantum MIMO and OFDM to take
advantage of spatial and frequency diversity to improve data throughput and noise resis-
tance in quantum channels. These gaps indicate a clear need for a quantum communication
framework that leverages quantum encoding and quantum communication architectures
to overcome the limitations of current classical communication systems and enable reliable
high-quality image transmission in challenging wireless environments.

Therefore, the integration of quantum MIMO and QOFDM into a quantum MIMO-
OFDM framework with multi-qubit encoding represents an extremely novel and pioneering
approach. This system uniquely leverages the combined strengths of spatial and frequency
domain quantum diversity, as enabled by MIMO and OFDM techniques, to enable efficient,
scalable, and robust transmission of complex image data. It addresses critical gaps in
existing quantum communication research and opens new pathways for next-generation
image communication technologies.

The proposed system begins by compressing images using JPEG and HEIF formats,
while uncompressed images are also included for performance analysis. All image bit-
streams are then channel encoded using polar codes for error correction. The resulting
bitstream is then mapped into quantum states using multi-qubit encoding. These en-
coded quantum states are processed through a 2 × 2 quantum MIMO encoder, which
spatially distributes the quantum information across different transmit and receive anten-
nas under various antenna configurations, namely single-input single-output (SISO, 1 × 1),
multiple-input single-output (MISO, 2 × 1), and single-input multiple-output (SIMO, 1 × 2).
The spatially mapped qubits are then transformed into orthogonal subcarriers using the
QFT, forming the QOFDM encoding. A cyclic prefix is added before transmission over
fading quantum channels, incorporating decoherence and environmental noise. At the
receiver, the cyclic prefix is removed and the inverse QFT (IQFT) is applied to recover the
frequency-domain quantum components. The signal then passes through the quantum
MIMO decoder, which reconstructs the received quantum states by combining information
across the receive antennas. This is followed by quantum-to-classical decoding, polar
decoding, and source decoding to retrieve the original image. The results show that the pro-
posed quantum MIMO-OFDM system consistently outperforms the classical MIMO-OFDM
system across all diversity configurations, including SISO, MISO, and SIMO, particularly
in preserving image quality under challenging channel conditions. By demonstrating
superior image quality, this study validates the potential of quantum MIMO-OFDM as a
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foundational architecture for advanced quantum communication systems, paving the way
for next-generation high-fidelity and bandwidth-efficient multimedia transmission.

The main novelties of this study are as follows:

1. Development of a quantum MIMO-OFDM system that combines spatial and frequency
diversity in the quantum domain for high-fidelity image transmission.

2. Design of a multi-qubit quantum encoding scheme integrated with quantum MIMO-
OFDM modulation to enhance spectral efficiency and robustness.

3. Introduction of a robust QOFDM system using QFT and IQFT to effectively mitigate
channel noise and fading in image transmission.

4. Empirical validation demonstrating significant improvements in image quality and
transmission reliability over classical MIMO-OFDM systems under realistic fading
channel conditions.

The remainder of the paper is organized as follows: Section 2 reviews related work on
classical and quantum communication systems. Section 3 describes the proposed quantum
MIMO-OFDM methodology in detail. Section 4 presents and analyzes the simulation
results, and Section 5 concludes the paper with a summary of the findings and potential
future directions.

2. Related Work
Quantum communication has steadily evolved over the past few decades, originating

from the foundational concept of using quantum states to transmit information [17]. Early
research explored how the core principles of quantum mechanics, particularly superposition
and entanglement [18], could overcome the limitations of classical communication systems.
The foundation of this paradigm is the qubit, a quantum unit of information capable of
existing in a superposition of both 0 and 1 simultaneously, unlike a classical bit. This unique
property enables innovative approaches to information encoding and transmission, paving
the way for the development of highly efficient and secure communication protocols. As
the field advances, increasingly sophisticated quantum communication technologies are
being built upon these fundamental principles, marking a shift from theoretical models
toward practical implementation.

2.1. Advantages of Quantum Communication

Quantum communication exploits fundamental principles of quantum mechanics [19],
including superposition, entanglement, and quantum measurement, to enable capabilities
beyond classical communication systems [20–23]. A primary advantage lies in encoding
and processing information using qubits. Unlike classical bits, which represent either
0 or 1, qubits can exist in a superposition of both states simultaneously [24], allowing
more compact and efficient data representation. Entanglement is another critical feature,
creating strong correlations between quantum particles regardless of their physical sepa-
ration [25]. This enables unique protocols for synchronization, coordination, and secure
communication that classical systems cannot achieve without additional latency or external
mechanisms. From a security perspective, entanglement underpins protocols such as quan-
tum key distribution (QKD) [26], allowing two parties to generate and share encryption
keys with unconditional security. In addition to security and efficiency, quantum systems
are inherently suitable for parallel processing and techniques in the frequency domain [27].
For example, quantum analogs of the Fourier transform allow operations on all components
of a quantum state simultaneously, leading to faster and more efficient processing in certain
tasks, such as signal transformation, compression, or spectral analysis.
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2.2. Efficient and Reliable Quantum Communication Systems

Although secure communication protocols such as QKD and quantum teleportation
are well-established [28–31], quantum communication systems that primarily exploit quan-
tum superposition to achieve efficient, high-throughput data transmission remain relatively
underexplored. Unlike entanglement-based secure communication methods, these ap-
proaches offer a potentially lower complexity and more scalable alternative for certain
communication scenarios. Several studies have explored the superposition property in the
context of analysis of the complexity of communication systems [32–34] and have imple-
mented quantum communication schemes in the time domain using single-qubit encoding
and decoding methods [15,35,36]. These methods typically rely on the representation of
classical information using superposition states, enabling parallelism and more compact
data representations.

However, multi-qubit encoding schemes [16,37] based on quantum superposition,
especially tailored for image transmission, are still in their infancy. Although single-qubit
systems offer simplicity, they often fall short in terms of capacity and robustness, particu-
larly under noisy conditions. Multi-qubit superposition encoding allows for the simultane-
ous processing of larger data segments, enabling higher throughput and improved error
tolerance. Despite its potential, this area remains underdeveloped due to the challenges
of quantum state preparation, decoherence, and decoding complexity. These emerging
approaches hold significant promise for enhancing the efficiency and noise resilience of
quantum communication systems, particularly in the presence of channel-induced distor-
tions and quantum noise. As research progresses, such techniques could play a pivotal role
in realizing practical and scalable quantum communication frameworks for high-fidelity
image and video transmission.

2.3. The Importance of MIMO Technology

Multipath propagation and fading in wireless environments degrade signal quality
and reliability, which classical MIMO systems address using multiple antennas to pro-
vide spatial diversity, multiplexing, and improved spectral efficiency, forming the basis
of modern standards like LTE, Wi-Fi, and 5G [38–40], while classical MIMO enhances
robustness and throughput, it faces hardware complexity, power consumption, antenna
spacing constraints, and spatial interference challenges. In contrast to the extensive progress
made in classical communication, quantum MIMO systems are still in their early stages
of development [41–43]. Furthermore, there have been initial investigations into quantum
superposition-based MIMO systems, aimed at analyzing the performance of transmit and
receive diversity under simplified and idealized conditions [44,45], particularly targeting
high-quality media transmission. These studies demonstrate the theoretical feasibility of
applying MIMO principles in the quantum domain with single-qubit encoding and suggest
potential performance benefits.

2.4. The Importance of OFDM Technology

OFDM is a well-established technique that divides bandwidth into orthogonal sub-
carriers, enabling high-rate data transmission with robustness against frequency-selective
fading and ISI, making it ideal for broadband communications. In classical systems, OFDM
underpins standards such as LTE, Wi-Fi, DVB-T, and 5G [46–49], with extensive research
optimizing adaptive modulation, channel estimation, synchronization, and PAPR reduction,
as well as enhancing media transmission under fading and noise [50–57]. Inspired by these
successes, QOFDM has emerged as a promising approach to extend frequency-domain
multiplexing to quantum channels, potentially improving quantum data throughput, spec-
tral efficiency, and noise resilience, which is critical for future quantum networks and the
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quantum internet [58–60]. However, QOFDM is still in early theoretical or low-dimensional
stages, facing challenges such as generating and controlling quantum subcarrier states,
maintaining orthogonality under decoherence, and implementing quantum-compatible
operations. Moreover, no QOFDM frameworks currently target image or multimedia
transmission, highlighting a significant gap and a promising research direction for practical,
high-fidelity quantum media communication.

2.5. The Importance of MIMO-OFDM Technology

The combination of MIMO and OFDM, commonly referred to as MIMO-OFDM,
represents a cornerstone of modern wireless communication systems. A large body of
research has investigated various aspects of MIMO-OFDM systems, including channel
estimation, adaptive modulation and coding, beamforming algorithms, synchronization
techniques, and interference suppression mechanisms in the classical domain [9,61–64].
These advancements have led to robust implementations that can dynamically adapt
to varying channel conditions, optimize resource allocation, and deliver high-quality
communication over diverse and challenging environments. Despite the proven success
of MIMO-OFDM in classical wireless networks, its potential within the quantum domain
remains vastly underexplored. Although preliminary research has addressed the theoretical
aspects of quantum MIMO and QOFDM independently, a significant research gap remains
in combining these technologies into a unified framework. In particular, the development
of quantum MIMO-OFDM systems for the transmission of high-dimensional data, such as
images and videos, has not yet been realized.

2.6. Research Gaps

In summary, the research gaps of this study are as follows.
Classical MIMO-OFDM systems are widely employed for wireless multimedia trans-

mission but are affected by fundamental limitations such as channel capacity saturation,
synchronization complexity, reduced noise resilience, and high PAPR. These limitations
become more pronounced with bandwidth limitations, severe fading, and noisy channel
conditions, resulting in poor image quality and unreliable transmission.

In response, quantum communication offers promising advantages to address these
issues. However, the practical application of quantum communication techniques to
multimedia transmission remains underexplored. In particular:

• The development of quantum MIMO systems for spatial diversity in quantum do-
mains is still in its infancy, with limited research exploring their potential to enhance
multimedia transmission using only single-qubit encoding.

• QOFDM leveraging QFT has been theoretically proposed using only single-qubit
encoding and without accounting for real-world quantum noise, but lacks practical
investigation for high-fidelity image transmission.

• Existing studies primarily address bit-level quantum communication performance
or security aspects, with minimal focus on the impact of quantum techniques on
perceptual image quality metrics under realistic wireless channel conditions.

• No integrated framework currently combines quantum MIMO and QOFDM tech-
niques to harness both spatial and frequency quantum diversity for robust and efficient
image transmission.

• No existing approach has developed or demonstrated a scalable multi-qubit encoding
scheme specifically tailored for media transmission, which is essential to fully exploit
the advantages of quantum parallelism and fidelity in practical applications.

These gaps indicate a clear need for a quantum communication framework that
leverages quantum encoding and quantum communication architectures to overcome the
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limitations of current classical communication systems and enable reliable high-quality
image transmission in challenging wireless environments.

3. Proposed Framework
The complete end-to-end workflow is illustrated in Figure 1 and operates through the

following core stages:

Input
Image

Source
Encoder

Channel
Encoder

Quantum
Encoder

MIMO
Encoder

QOFDM
Encoder MIMO

Decoder
Quantum
Decoder

Channel
Decoder

Source
Decoder

Final
ImageQOFDM

Encoder

QOFDM
Decoder

QOFDM
Decoder

Figure 1. Proposed quantum MIMO-OFDM communication system for image transmission.

• Input Images: For evaluation, we use 100 images (256 × 192 pixels) from the Microsoft
COCO dataset [65] and 20 high-resolution 4K images from the Kaggle dataset [66],
ensuring diverse spatial information and detail levels. The framework supports a
variety of image types, including grayscale and color, ensuring flexibility in various
visual content regardless of the color format, resolution, or compression method.

• Source Encoder: This step compresses the image data using standard formats (e.g.,
JPEG, HEIF) or passes it through uncompressed, producing a classical bitstream. This
stage evaluates the system’s adaptability to different compression standards and
uncompressed data.

• Channel Encoder: Next, this bitstream is channel encoded using polar codes [67] with
a code rate of 1/2 to improve robustness against channel impairments. Polar codes
are selected because they are the first class of error-correcting codes that provably
achieve the capacity of symmetric binary-input discrete memoryless channels with
low encoding and decoding complexity. Their excellent performance at moderate
code lengths and suitability for efficient hardware implementation make them highly
advantageous compared to other classical error correction codes, such as the low-
density parity check (LDPC) or Turbo codes. The code rate of 1/2 is chosen as a
balanced trade-off between error correction capability and transmission efficiency,
providing strong error resilience while maintaining reasonable data throughput.

• Quantum Encoder: The channel encoded bitstream is then segmented into bit blocks
based on qubit encoding sizes ranging from 1 to 8. These bit blocks are subsequently
quantum encoded into quantum superposition states using a multi-qubit encoding
scheme, where each block of classical bits is mapped to a corresponding quantum
state. Although the upper bound is not theoretically restricted and larger encodings
are possible, the system limits the encoding to 8 qubits, as this is sufficient to represent
the full range of pixel values (e.g., 28 = 256) required for image transmission.

• MIMO Encoder: To exploit spatial diversity, the quantum encoded data are processed
through a MIMO encoder in various antenna configurations, including SISO (1 × 1),
MISO (2 × 1), and SIMO (1 × 2). The MIMO encoder distributes the quantum encoded
symbols across multiple transmit antennas according to the chosen diversity scheme.

• QOFDM Encoder: Following the MIMO encoding stage, each transmit antenna ap-
plies an independent quantum-assisted OFDM modulation process. In this system,
conventional inverse fast Fourier transform (IFFT) is replaced by the QFT, which
operates on the quantum-encoded bitstream to generate orthogonal subcarriers in the
quantum domain. Prior to this, the quantum encoded states were rearranged from
serial to parallel form and input to the QFT. This transformation allows the data to be
distributed across orthogonal quantum subcarriers, enabling efficient transmission in
frequency-selective fading environments.

• Transmission: The resulting quantum subcarriers are then converted back to serial
form, and a cyclic prefix is appended to each, which helps to mitigate ISI caused
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by multipath delay spread. Each processed stream is transmitted through the noisy
quantum channel. In MIMO-OFDM systems, the channel is generally modeled to in-
corporate quantum noise effects along with frequency-selective fading, which reflects
the multipath propagation characteristics across different subcarriers. Depending on
the scenario, a flat fading model may be used for simplified simulations or narrow-
band cases, whereas frequency-selective fading models are applied in wideband and
more realistic channel conditions.

• QOFDM Decoder: First, the cyclic prefix is removed and the received signal is con-
verted from serial to parallel. The IQFT is then applied to recover the time-domain
quantum data from the frequency-domain quantum subcarriers.

• MIMO Decoder: MIMO decoding to extract the individual streams transmitted from
the received signals.

• Quantum Decoder: After spatial separation, quantum decoding is performed to
recover the classical bitstream from the quantum states.

• Channel Decoder: The bitstream is then passed through polar decoding (with a code
rate of 1/2) to correct any errors introduced by the channel.

• Source Decoder: Finally, source decoding is performed according to the original format
used during source encoding (e.g., JPEG or HEIF), or directly applied to uncompressed
data if no compression was used, to reconstruct the transmitted images.

To better explain the quantum system, each quantum block of the proposed framework
is described in detail below with proper indentation for clarity.

3.1. Proposed Quantum MIMO-OFDM Transmitter

As shown in Figure 2, the diagram illustrates the overall architecture of the quantum
MIMO-OFDM transmitter. The system comprises multiple encoding stages, including
quantum encoding, MIMO encoding, and QOFDM encoding. Each stage plays a vital
role in preparing the image data for robust and high-fidelity transmission over quantum
channels. The quantum encoder converts classical bits, obtained after channel encod-
ing, into quantum states using multi-qubit superposition encoding. The resulting quan-
tum states are then passed through the MIMO encoder, which applies spatial mapping
strategies to exploit spatial diversity. Finally, the QOFDM encoder performs a QFT on
the quantum-encoded symbols, enabling the use of orthogonal subchannels for efficient
frequency-domain multiplexing. These encoding techniques collectively aim to enhance
reliability, spectral efficiency, and resistance to noise and multipath effects in quantum
communication scenarios.

Classical
Bitstream

Bitstream
Segmentation

Quantum State
Vector 

Hadamard
Gate

Phase
Gate

Tx Rx

Tx Rx

Tx Rx

SISO
1×1

MISO
2×1

SIMO
1×2

Qubit Encoding
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MIMO
Transmitter

(Tx)

Inverse Phase
Gate

Inverse
Hadamard

Gate

QFTParallel-to-
Serial

Add Cyclic
Prefix

Quantum
Channel

Quantum Encoder

QOFDM Encoder

Serial-to-
Parallel

MIMO Encoder

Figure 2. Architecture of the proposed Quantum MIMO-OFDM transmitter.
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The following section explains these encoding techniques in detail.

3.1.1. Quantum Encoder

The quantum encoder converts the channel-encoded classical bitstream into quan-
tum states suitable for transmission over quantum channels. The classical bits are first
segmented into fixed-length blocks according to the selected qubit encoding size (n).

For single-qubit encoding (n = 1), each classical bit ci ∈ {0, 1} is mapped to a
computational basis state, as shown in Equation (1).

0 → |0⟩ =
(

1
0

)
, 1 → |1⟩ =

(
0
1

)
(1)

To enable quantum superposition, the Hadamard gate (H) is applied, as shown in
Equation (2).

H =
1√
2

(
1 1
1 −1

)
, H |0⟩ = 1√

2
(|0⟩+ |1⟩), H |1⟩ = 1√

2
(|0⟩ − |1⟩) (2)

For complex-valued modulation suitable for MIMO transmission, a phase gate (S) is
applied after the Hadamard gate, as shown in Equation (3).

S =

(
1 0
0 i

)
, ψ0 = SH |0⟩ = 1√

2
(|0⟩+ i |1⟩), ψ1 = SH |1⟩ = 1√

2
(|0⟩ − i |1⟩) (3)

For multi-qubit encoding (n > 1), the n-qubit basis states are generated using tensor
products of single-qubit states. For example, for n = 2, the state |01⟩ is constructed as
shown in Equation (4).

|01⟩ = |0⟩ ⊗ |1⟩ =
(

1
0

)
⊗
(

0
1

)
=


0
1
0
0

 (4)

All other two-qubit states |00⟩ , |10⟩ , |11⟩ can be constructed similarly. In addition,
required multi-qubit quantum gates (H⊗n and S⊗n) can be built from tensor products of
single-qubit gates [16]. A multi-qubit superposition state is then generated by applying
these gates, as shown in Equation (5).

|ψ′⟩ = H⊗n |ψ⟩ , |ψ′′⟩ = S⊗n |ψ′⟩ (5)

In general, for an n-qubit system, the quantum state vector has dimension 2n × 1, and
the corresponding quantum gates are 2n × 2n matrices constructed via tensor products of
the single-qubit gates. This approach ensures efficient encoding and modulation of classical
information for transmission over quantum channels.

3.1.2. MIMO Encoder

In the proposed quantum communication system, quantum symbols are transmitted
according to different configurations of spatial diversity to enhance signal reliability and
robustness against channel impairments. For this study, a 2 × 2 MIMO configuration
is employed, which corresponds directly to classical MIMO systems in terms of spatial
diversity. These approaches are adapted from classical MIMO diversity techniques to
suit quantum symbol transmission while maintaining similar principles of exploiting
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multiple antennas for improved performance [44].The three primary diversity scenarios
implemented are SISO, MISO, and SIMO.

• SISO (1 × 1, no diversity): A single quantum transmitter antenna sends the encoded
quantum symbol to a single receiver antenna. This represents the baseline transmission
scenario without spatial diversity.

• MISO (2 × 1, transmit diversity): Multiple transmitter antennas send the quantum
symbol to a single receiver antenna. Transmit diversity schemes such as Alamouti
coding [68] can be employed to exploit spatial diversity. For a 2-transmitter antenna
system using the Alamouti code, the transmitted symbol matrix over two time slots
can be represented as Equation (6).

R =

[
r1 −r∗2
r2 r∗1

]
(6)

where r1 and r2 are quantum symbols transmitted from the two antennas. The received
signals are combined at the receiver to recover r1 and r2 with improved robustness.

• SIMO (1 × 2, receive diversity): A single transmitter antenna sends the quantum
symbol to multiple receiver antennas. The received signals are combined using
maximal-ratio combining (MRC) to improve detection reliability.
The received signal vector y ∈ CNr×1 can be modeled as in Equation (7).

y = hr + n (7)

where

– y is the received signal vector with Nr receiver antennas,
– h ∈ CNr×1 is the channel vector representing the complex channel gains between

the transmitter and each of the Nr receiver antennas,
– r is the transmitted quantum symbol (scalar),
– n ∈ CNr×1 is the noise vector.

The combined signal after MRC is given by Equation (8).

r̂ = h†y (8)

where h† denotes the conjugate transpose (Hermitian transpose) of h.

This spatial allocation of quantum symbols according to SISO, MISO, and SIMO
configurations enhances the effective quality of the quantum channel and increases the
fidelity of the transmitted quantum information.

3.1.3. QOFDM Encoder

The quantum symbol streams from each diversity scenario are processed by applying
the corresponding inverse quantum gates to eliminate the complex-valued superposition
and phase shifts introduced during the MIMO encoding stage, as shown in Figure 2.
This inverse transformation is necessary because, in the QOFDM system, the input to
the OFDM encoding stage must be valid quantum states on the computational basis,
rather than superposed states. Therefore, inverse Hadamard and inverse phase gates are
applied to remove the complex-valued superposition. The single-qubit Hadamard gate H
is represented by Equation (2) and since it is Hermitian and unitary, its inverse is equal
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to itself, H† = H. In addition, the phase gate S is represented as in Equation (3) with its
inverse (conjugate transpose) given by Equation (9).

S† =

[
1 0
0 −i

]
(9)

For an n-qubit system, the inverse gates are applied as tensor products of the single-
qubit inverses, i.e., (H†)⊗n and (S†)⊗n. The application of these inverse gates transforms
the complex-valued superposition states back to quantum states without complex super-
position, simplifying them before the QFT is applied in the OFDM transmission process.
This step is necessary because the QOFDM system is designed to incorporate quantum
superposition states and complex baseband modulation using the QFT; if superposition
states existed before the QFT, they would collapse prematurely.

Once the inverse gates have simplified the quantum states, they are arranged in
parallel form, preparing them for application of the QFT. This transformation organizes
quantum information across orthogonal subcarriers, establishing the core mechanism of
the QOFDM system. In classical OFDM systems, orthogonality is achieved by applying
the IFFT to modulated complex symbols, effectively mapping frequency-domain data onto
time-domain orthogonal sinusoids. In contrast, QOFDM operates on computational-basis
quantum states rather than numerical symbols, meaning that conventional techniques such
as the IFFT or the IQFT cannot be directly applied. Instead, the forward QFT is applied
at the transmitter to encode the frequency components within the quantum framework.
This operation transforms each computational-basis state into a superposition of all basis
states, with carefully assigned phase factors, creating a set of mutually orthogonal quantum
subcarriers. By leveraging quantum parallelism and superposition, the QFT distributes the
encoded information across multiple qubits and subcarriers simultaneously, preserving
the total energy of the quantum state and maintaining orthogonality. This design ensures
interference-free transmission, enables multi-qubit diversity, and allows the inverse QFT at
the receiver to perfectly reconstruct the original computational-basis states, providing a
natural and necessary analog to classical OFDM orthogonality within the quantum domain.

In summary, IQFT also generates an orthogonal set of states similar to the QFT but is
primarily intended to reverse the QFT operation at the receiver. If applied at the transmitter,
the receiver would instead need to perform the QFT, reversing the intended commu-
nication flow. Moreover, the IQFT is incompatible with transmitter input states, as it
transforms frequency-like superpositions into computational-basis states. At the transmit-
ter, distributed superposition states are required to form quantum subcarriers, preserve
orthogonality, and enable multi-qubit diversity. Applying the IQFT would collapse these
amplitudes, disrupting subcarrier formation and removing advantages such as constant-
envelope transmission and interference-free MIMO operation. Hence, the QFT is applied
at the transmitter to generate suitable superposition states for transmission, while the IQFT
is reserved for the receiver to reconstruct the original computational-basis information [13].

For the transformation to function correctly, the QFT matrix must be dimensionally
compatible with the input quantum state vector. In particular, when operating on an
n-qubit state, represented by a vector of size 2n × 1, the QFT matrix must have dimension
2n × 2n to facilitate proper unitary evolution.
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The QFT matrix FN is defined as in Equation (10).

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)

 (10)

where ω denotes the primitive root of unity Nth, calculated as in Equation (11).

ω = e2πi/N (11)

Here, N = 2n, ensuring that the transformation spans the complete quantum basis
space for n qubits. This matrix form is rooted in the standard formulation of QFT as
described in the quantum computing literature [69], and is mathematically expressed as in
Equation (12).

FN |x⟩ = 1√
N

N−1

∑
k=0

e
2πixk

N |k⟩ (12)

This representation shows how each input basis state |x⟩ is transformed into a
weighted superposition over all computational basis states |k⟩, the weights being de-
termined by the exponential phase terms. To illustrate QFT for a simple two-qubit system
where N = 4, the transformation matrix F4 is defined in Equation (13).

F4 =
1
2


1 1 1 1
1 i −1 −i
1 −1 1 −1
1 −i −1 i

 (13)

As an example, when the QFT matrix F4 is applied to the standard computational
basis states of the two-qubit system, the output quantum states are transformed as follows
from Equations (14)–(17).

v1 = F4 |00⟩ = 1
2

(
1 1 1 1

)T
(14)

v2 = F4 |01⟩ = 1
2

(
1 i −1 −i

)T
(15)

v3 = F4 |10⟩ = 1
2

(
1 −1 1 −1

)T
(16)

v4 = F4 |11⟩ = 1
2

(
1 −i −1 i

)T
(17)

Each vector v1 through v4 represents the QFT output corresponding to one of the basis
states and can be interpreted as orthogonal quantum subcarriers. In addition, these vectors
represent the columns of the QFT matrix. The column vectors of F4 form an orthonormal
basis, which is essential for QOFDM to ensure non-interfering subchannels.

To verify orthogonality, the Hermitian inner product is evaluated between the trans-
formed vectors. For example, the inner product between v1 and v2 is calculated in
Equation (18). Due to the inner product being zero, the vectors are mutually orthogonal.
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⟨T1|T2⟩ =
(

1
2

(
1 1 1 1

))1
2


1
i
−1
−i




=
1
4
(1 + i − 1 − i)

= 0 (18)

Other pairs also yield zero inner products, confirming the mutual orthogonality of
the transformed vectors. This orthogonality is fundamental to the QOFDM design, as it
guarantees that subcarriers do not interfere with each other, mirroring the principle used in
classical OFDM. Therefore, the quantum states resulting from the MIMO diversity schemes,
after the application of inverse phase shifts and Hadamard transformations, exhibit a
similar structural pattern characterized by mutual orthogonality.

Moreover, QFT output can be interpreted as linear combinations of encoded quantum
information symbols, showing how data are spread across orthogonal subcarriers as in
Equations (19)–(22).

v1 = |00⟩+ |01⟩+ |10⟩+ |11⟩ (19)

v2 = |00⟩+ i |01⟩ − |10⟩ − i |11⟩ (20)

v3 = |00⟩ − |01⟩+ |10⟩ − |11⟩ (21)

v4 = |00⟩ − i |01⟩ − |10⟩+ i |11⟩ (22)

These relationships demonstrate how each transformed quantum state vj contains con-
tributions from all four input symbols, modulated by complex phase factors in a structured
and interference-free manner, fulfilling the role of OFDM in the quantum domain.

In the proposed QOFDM system, the number of quantum subcarriers N directly
influences how the total available bandwidth B is divided among them. Each subcarrier is
spaced by a frequency interval ∆ f , calculated as in Equation (23).

∆ f =
B
N

(23)

To ensure orthogonality and computational efficiency, N is typically selected as a
power of two. Specifically, in this framework, N = 2n, where n corresponds to the number
of qubits encoded in each transmission unit. This choice strikes a balance between spectral
granularity and algorithmic simplicity, while minimizing ISI.

The OFDM-modulated quantum states are then converted from parallel to serial
format to prepare them for transmission. To minimize ISI caused by channel dispersion,
a cyclic prefix (CP) is then appended. This involves copying the last samples (LCP) of the
QFT output and inserting them at the beginning of the serialized symbol. The process
extends the total duration of the transmitted symbol, as described by Equation (24).

Tsymbol = N + LCP (24)

In addition, the cyclic prefix serves a critical role in preserving the orthogonality of
quantum subcarriers, effectively absorbing delays introduced by the channel and prevent-
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ing overlap between successive symbols. In this system, the CP length is chosen as 25% of
the subcarrier count for each qubit encoding size, which is determined using Equation (25).

LCP = round(N × 0.25) (25)

3.2. Quantum Channel

In this study, we employ an extended Rayleigh fading model [70] to represent the
realistic transmission of quantum symbols through optical or wireless channels. Rayleigh
fading naturally emerges from the linear superposition of multiple independent propagation
paths, resulting in stochastic amplitude and phase variations that affect both classical
and quantum signals [13,71]. This approach captures extrinsic environmental effects such
as multipath interference, diffraction, scattering, and atmospheric turbulence, which are
inherent in practical quantum communication systems. Intrinsic quantum noise, including
decoherence and energy loss, is modeled independently using Kraus operators, allowing a
clear separation between propagation-induced variations and fundamental quantum effects.

3.2.1. Intrinsic Quantum Noise

Within the simulation framework, quantum states transmitted in the frequency domain
are subjected to multiple types of quantum noise to replicate realistic communication
scenarios [69]. The considered noise channels include bit-flip, phase-flip, depolarizing,
amplitude damping, and phase damping errors, which are generally represented by the
operator N .

The bit-flip noise randomly flips the state of a qubit from |0⟩ to |1⟩ or vice versa, with
an associated probability α. The action of this channel on a density matrix ρ is given by
Equation (26).

Nbf(ρ) = (1 − α) ρ + α XρX† (26)

where X denotes the Pauli-X operator.
Similarly, phase-flip noise, occurring with probability β, introduces a relative phase

change between the basis states, as shown in Equation (27), where Z denotes the
Pauli-Z operator.

Npf(ρ) = (1 − β) ρ + β ZρZ† (27)

Depolarizing noise models complete randomization of the qubit, replacing the state
partially with the maximally mixed state with probability γ, as shown in Equation (28).

Ndp(ρ) = (1 − γ) ρ +
γ

3

(
XρX† + YρY† + ZρZ†

)
(28)

where Y is the Pauli-Y operator.
Amplitude damping, characterized by a damping probability δ, models energy loss

mechanisms such as spontaneous emission, as shown in Equation (29), while the corre-
sponding Kraus operators E0 and E1 are defined in Equation (30).

Nad(ρ) = E0ρE†
0 + E1ρE†

1 (29)

E0 =

(
1 0
0

√
1 − δ

)
, E1 =

(
0

√
δ

0 0

)
(30)

Phase damping, characterized by probability θ, introduces decoherence in the relative
phase without affecting the population of basis states, as shown in Equation (31), and
corresponding Kraus operators are defined in Equation (32).

Npd(ρ) = F0ρF†
0 + F1ρF†

1 (31)
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F0 =

(
1 0
0

√
1 − θ

)
, F1 =

(
0 0
0

√
θ

)
(32)

To evaluate the combined effect of all noise sources, the total channel acting on a qubit
is defined as in Equation (33).

Ntotal(ρ) = αNbf(ρ) + βNpf(ρ) + γNdp(ρ) + δNad(ρ) + θ Npd(ρ) (33)

where ρ is the MIMO-OFDM encoded quantum state. The symbol † represents the Hermi-
tian conjugate.

The overall error probability is linked to the signal-to-noise ratio (SNR), as shown in
Equation (34), with the total noise probability decreasing as SNR increases, as shown in
Equation (35).

SNR (dB) = 10 log10

(Psignal

Pnoise

)
(34)

ptotal = min
(

1,
1

1 + 10SNR/10

)
(35)

where Psignal is fixed and Pnoise is varied during simulations.
The total noise probability is then distributed dynamically among the five noise types

using independent random weighting factors, as shown in Equation (36).

r1, r2, r3, r4, r5 ∼ U (0, 1) (36)

These random factors are adjusted and rescaled so that each individual noise channel
contributes a fraction of the overall noise probability, as expressed in Equation (37).

[α, β, γ, δ, θ] =
[r1, r2, r3, r4, r5]

∑5
j=1 rj

· ptotal (37)

which ensures the total probability constraint, as shown in Equation (38).

α + β + γ + δ + θ = ptotal (38)

This method allows the simulation to reflect practical quantum communication chan-
nels, where noise is both dependent on the signal quality and heterogeneous across different
error mechanisms [35,37]. By dynamically varying the contribution of each error type, the
framework captures a realistic and versatile model for benchmarking system performance
under diverse quantum noise conditions.

3.2.2. Layered Channel Representation

By combining Rayleigh fading for environmental propagation effects with quantum
decoherence, the channel model allows realistic evaluation of quantum communication
systems. The two layers are:

• Rayleigh fading: models amplitude and phase variations due to environmental propa-
gation. This Rayleigh fading model effectively characterizes multipath propagation
in urban environments. In our simulations, the urban Rayleigh channel is defined
by four distinct path delays of (0, 0.2, 0.5, 1.0) µs, with corresponding path gains of
(0, −3, −10, −15) dB. A Doppler shift of 100 Hz is included to account for the relative
motion between the transmitter and receiver, capturing the time-varying nature of the
wireless channel typical in urban scenarios.

• Quantum decoherence: models intrinsic quantum processes such as bit-flip, phase-flip,
depolarizing, amplitude damping, and phase damping using Kraus operators.
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This layered approach captures both environmental fading effects and intrinsic quan-
tum noise, providing a comprehensive framework for simulating realistic quantum com-
munication channels [13,44,45].

In the simulation, Rayleigh fading is modeled by generating complex Gaussian coeffi-
cients for each OFDM subcarrier and MIMO path, which scale the transmitted quantum
amplitudes prior to forming their corresponding density matrices. Intrinsic quantum
noise is then applied using standard Kraus operators for bit-flip, phase-flip, depolarizing,
amplitude-damping, and phase-damping channels. The overall noise level is controlled by
the SNR according to Equation (35) and this total probability is proportionally distributed
among the five noise types.

In addition, this study assumes ideal quantum gates and noiseless state preparation to
isolate the effects of compression, transmission, and channel noise. This idealized setup
enables rigorous validation of the proposed quantum MIMO-OFDM framework and estab-
lishes baseline performance benchmarks. Such an approach aligns with standard practice
in early-stage communication research, where hardware imperfections are introduced only
after the theoretical foundations have been validated.

3.3. Proposed Quantum MIMO-OFDM Receiver

As shown in Figure 3, the quantum MIMO-OFDM receiver consists of several decod-
ing stages similar to those of the transmitter. The following subsection briefly explains
these stages.

Remove Cyclic
Prefix

Serial-to-
Parallel IQFT Parallel-to-

Serial
 Hadamard

Gate  Phase Gate
MIMO

Receiver
(Rx)

Quantum
State Vector

Quantum
Measurements

Classical
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MIMO Decoder

Figure 3. Architecture of the proposed quantum MIMO-OFDM receiver.

3.3.1. QOFDM Decoder

The first step at the receiver involves removing the cyclic prefix that was appended
to the transmitter. The resulting sequence is then converted from serial to parallel form to
restore the original structure of the quantum subcarriers. Subsequently, these are passed
through the IQFT gate, which reverses the effect of the QFT applied during QOFDM
encoding. The IQFT maps the received quantum states from the frequency domain back
into the time domain, enabling the reconstruction of the initial QOFDM-encoded quantum
information. Functionally, this is similar to how the FFT operates in classical OFDM
systems, serving as a key operation before quantum decoding takes place.

Mathematically, the IQFT is defined as the Hermitian adjoint (denoted by †) of the
QFT operator, as shown in Equation (39).

IQFT = QFT† (39)
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For an N-dimensional quantum register, the action of the IQFT on a computational
basis state |k⟩ can be expressed by Equation (40).

F−1
N |k⟩ = 1√

N

N−1

∑
x=0

e−2πixk/N |x⟩ (40)

This transformation recovers the time-domain quantum state from its frequency-
domain representation, enabling proper interpretation and decoding of the transmitted
qubits. The IQFT is therefore an essential component in QOFDM systems, as it facilitates
accurate demodulation of the quantum subcarrier superposition states into a time-domain
quantum state. After transforming the frequency domain superposition states back into
computational basis quantum states using the IQFT, the data are converted from parallel to
serial form.

3.3.2. MIMO Decoder

Each quantum state is then processed through a series of Hadamard and phase gates
to prepare it for MIMO reception, since the MIMO receiver expects complex-valued su-
perposition states, similar to those used at the MIMO transmitter. Each diversity scheme
corresponding to the MIMO configuration is then decoded, yielding the received quantum
state after the complete MIMO decoding process.

3.3.3. Quantum Decoder

At the receiver, each quantum state composed of n qubits arrives in a noisy super-
position due to channel imperfections. To decode this state, the system first applies the
Hadamard transform H⊗n, which reverses the superposition and brings the quantum state
back into the computational basis. A quantum measurement is then performed, causing the
state to collapse into a specific basis state and outputting a classical bitstring. Since noise
may alter the state during transmission, the measured bitstring might not exactly match
the original. To address this, the decoder compares the measured output to a predefined
set of valid bit patterns and selects the one with the smallest Euclidean distance. This
process enables accurate recovery of the transmitted classical information from the noisy
quantum state.

It is important to highlight that the system operates under the assumption of perfect
channel state information (CSI) at the receiver, which allows for ideal equalization and
accurate signal recovery.

3.3.4. Coherent Processing and Hardware Requirements

The proposed receiver architecture is explicitly designed to maintain quantum coher-
ence through unitary transformations. Each stage, from cyclic prefix removal to quantum
measurement, can be implemented using unitary gate operations within standard gate-
based quantum computing frameworks, including superconducting qubits, trapped ions,
or spin qubits.

• Overview of the quantum hardware model: The overall receiver can be expressed as a
sequence of unitary operators acting on the received quantum state ρrx, as shown in
Equation (41).

ρout = UencUMIMOUQFT ρrx U†
QFTU†

MIMOU†
enc (41)

where UQFT represents the QFT, UMIMO is the quantum MIMO operator, and Uenc is
the quantum encoding operator. All transformations before measurement are strictly
unitary to preserve coherence.
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• Implementation of receiver stages: The cyclic prefix removal and serial-to-parallel
conversion can be implemented as reversible data reordering operations using SWAP
gates. Equivalently, these steps can be represented as a partial trace operation, as
illustrated in Equation (42).

ρpost-CP = Trprefix(ρinput) (42)

Here, ρpost-CP represents the remaining data qubits, and Trprefix(·) traces out the
prefix qubits.
Next, the IQFT maps frequency-domain superpositions to the computational basis and
is implemented via Hadamard and controlled-phase gates, as shown in Equation (43).

F†
N =

n−1

∏
j=0

(
Hj

n−1

∏
k=j+1

CPjk

(
− π

2k−j

))
(43)

where Hj is the Hadamard gate applied to qubit j and CPjk(ϕ) denotes a controlled-
phase rotation between qubits j and k.
The quantum MIMO decoder U†

MIMO implements the inverse channel unitary U†
H , as

shown in Equation (44), and acts on the quantum state ρIQFT following the application
of the IQFT.

ρdecoded = UMIMO ρIQFT U†
MIMO, with UMIMO = UH (44)

This operation can be decomposed into standard gates (Hadamard, CNOT, and phase
gates) to maintain full coherence.
In the quantum OFDM-MIMO framework, all unitary operations, including cyclic
prefix removal, IQFT, and MIMO decoding, are applied prior to any measurement.
Measurement irreversibly collapses the quantum state; performing it earlier would
destroy superposition and entanglement, making further processing impossible.
The final projective measurement is performed on the fully processed state, as shown
in Equation (45).

ρmeasured = M(ρdecoded) (45)

where M(·) denotes the measurement superoperator. This procedure ensures that
quantum collapse occurs only at the final stage, preserving superposition and enabling
full exploitation of quantum parallelism and interference effects [13,44].

All operations are compatible with future quantum hardware:

• CP removal/serial-to-parallel conversion: Reversible qubit reordering using SWAP
gates or partial trace.

• IQFT: Implemented via cascaded Hadamard and controlled-phase rotations.
• MIMO decoding: Implemented as inverse unitary using standard quantum gates.
• Measurement: Standard projective measurement readout on qubits.

Therefore, this receiver is a fully quantum-consistent analog of classical MIMO-
OFDM [13,44,45]. All intermediate steps are unitary, preserving coherence, and mea-
surement occurs only at the end, while the system is forward-looking and conceptual,
it provides a scalable blueprint for performance analysis, algorithmic optimization, and
future experimental deployment.

3.3.5. Classical MIMO-OFDM System

To provide a comparison, a classical MIMO-OFDM system is designed to match the
bandwidth and operational parameters of the quantum MIMO-OFDM setup. This classical
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system utilizes several common digital modulation techniques, such as binary phase-
shift keying (BPSK), quadrature phase-shift keying (QPSK), and 16-quadrature amplitude
modulation (16-QAM). The subcarrier count is fixed at N = 256, corresponding to the
maximum number of subcarriers used in the quantum system, ensuring a consistent and
balanced performance comparison. Furthermore, the equalization stage assumes ideal
channel knowledge, with the perfect CSI available to the receiver. To ensure consistency in
source encoding, the same image compression methods are applied to both systems. All
evaluations are conducted under identical SNR conditions, enabling a fair and meaningful
evaluation of transmission quality across both classical and quantum communication
frameworks. Therefore, this configuration serves as the fair and equivalent classical MIMO-
OFDM benchmark, designed to match the proposed quantum MIMO-OFDM system in all
operational parameters and evaluation settings.

4. Results and Discussion
This section analyzes the performance of the proposed quantum MIMO-OFDM system

and compares it against a classical MIMO-OFDM system under various source coding
formats. Specifically, we evaluate three types of image input: JPEG and HEIF compressed
images at a quantization parameter (QP) value of 100, as well as uncompressed images.
Comparative analysis is conducted under identical transmission conditions to ensure
fairness. A total of 100 images are used for testing, and the results are reported as average
values across these dataset. Performance metrics used for evaluation include the peak
signal-to-noise ratio (PSNR), the structural similarity index measure (SSIM) [72], and the
universal quality index (UQI) [73], providing a comprehensive assessment of image quality
and system robustness. Performance assessments are conducted using Python 3 on a
machine equipped with a 13th Gen Intel® Core™ i5-1345U processor with 1.60 GHz and
16 GB of RAM.

The following subsections present detailed results and a discussion on the effectiveness
of the systems with respect to these metrics.

4.1. Performance Comparison of JPEG Image Transmission Using Quantum MIMO-OFDM and
Classical MIMO-OFDM Systems

The performance of JPEG image transmission is evaluated across three diversity
scenarios: SISO (1 × 1), as shown in Figure 4; MISO (2 × 1), as shown in Figure 5; and
SIMO (1 × 2), as shown in Figure 6, for both quantum and classical MIMO-OFDM systems.
The quantum system utilizes Hadamard-based superposition encoding combined with
phase encoding for quantum MIMO, and employs QFT-based QOFDM encoding with
qubit encoding sizes ranging from 1 to 8. In contrast, the classical system uses conventional
modulation schemes such as BPSK, QPSK, and 16-QAM. Image quality is assessed using
PSNR, SSIM, and UQI metrics over a range of channel conditions with SNR values ranging
from −20 dB to 32 dB.

Across all diversity modes, the number of encoded qubits in the quantum system plays
a crucial role in enhancing noise resilience. In the SISO configuration, quantum systems
using 1 to 3 qubits experience a steep decline in image quality below 0 dB SNR. However,
increasing the qubit encoding size to 6, 7, or 8 significantly improves the robustness
against noise. For example, the eight-qubit SISO configuration maintains maximum PSNR,
SSIM, and UQI values down to −6 dB SNR without noticeable degradation. In contrast,
quantum encodings with fewer qubits degrade much earlier, while classical systems show
substantially reduced image quality below 12 dB channel SNR. A consistent observation
across SISO configurations is the presence of a performance crossover point near 8 dB SNR,
where all classical systems exhibit PSNR, SSIM, and UQI values approaching zero. At
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this threshold, the quantum system, even when using single-qubit encoding, achieves
the highest values for all three metrics, clearly outperforming its classical counterparts.
Additionally, increasing the qubit encoding size improves performance, with the eight-qubit
configuration showing the best results. Among the classical modulation schemes, BPSK
shows the best performance, outperforming both QPSK and 16-QAM in noisy conditions.
This trend continues in SIMO and MISO configurations, where spatial diversity leads to
overall better performance for both quantum and classical systems compared to that of
SISO. However, quantum systems still maintain a distinct advantage in noise resilience
and image quality due to their advanced encoding schemes and the use of larger qubit
encoding sizes.
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Figure 4. PSNR, SSIM, and UQI variation for JPEG images over quantum MIMO-OFDM system and
classical MIMO-OFDM communication system, 1 × 1 (SISO).
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In the SIMO (1 × 2) configuration as shown in Figure 6a–c, quantum systems benefit
from multiple receive antennas, which enhance state recovery after measurement compared
to SISO. Consequently, even lower-qubit systems demonstrate relatively stable performance
under noisy conditions. In contrast, MISO (2 × 1) configurations as shown in Figure 5a–c,
consistently exhibit a performance drop of approximately 3 dB compared to SIMO. This is
attributed to equal power allocation on the transmitter side in both setups. However, if the
transmitted power is adjusted such that the received signal power is equalized across both
cases, their performance would converge.

20 16 12 8 4 0 4 8 12 16 20 24 28 32
Channel SNR (dB)

0

20

40

60

80

INF

PS
N

R
 (d

B)

1 Qubit
2 Qubits
3 Qubits 
4 Qubits
5 Qubits
6 Qubits
7 Qubits
8 Qubits
BPSK
QPSK
QAM-16

(a) PSNR

20 16 12 8 4 0 4 8 12 16 20 24 28 32
Channel SNR (dB)

0.0

0.2

0.4

0.6

0.8

1.0

SS
IM

1 Qubit
2 Qubits
3 Qubits 
4 Qubits
5 Qubits
6 Qubits
7 Qubits
8 Qubits
BPSK
QPSK
QAM-16

(b) SSIM

20 16 12 8 4 0 4 8 12 16 20 24 28 32
Channel SNR (dB)

0.0

0.2

0.4

0.6

0.8

1.0

U
Q

I

1 Qubit
2 Qubits
3 Qubits 
4 Qubits
5 Qubits
6 Qubits
7 Qubits
8 Qubits
BPSK
QPSK
QAM-16

(c) UQI

Figure 5. PSNR, SSIM, and UQI variation for JPEG images over quantum MIMO-OFDM system and
classical MIMO-OFDM communication system, 2 × 1 (MISO).
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Finally, these results demonstrate the suitability of quantum MIMO-OFDM systems
for low-SNR, high-interference environments, such as urban or long-distance wireless
transmission, while classical systems remain preferable in short-range, high-SNR scenarios.
Overall, the JPEG image transmission results confirm that quantum systems scale well
with the qubit encoding size and benefit significantly from spatial diversity (especially
SIMO and MISO), making them a promising alternative to classical methods in challenging
channel conditions.
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Figure 6. PSNR, SSIM, and UQI variation for JPEG images over quantum MIMO-OFDM system and
classical MIMO-OFDM communication system, 1 × 2 (SIMO).
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4.2. Performance Comparison of HEIF Image Transmission Using Quantum MIMO-OFDM and
Classical MIMO-OFDM Systems

The experimental results shown in Figures 7–9 demonstrate that quantum commu-
nication systems consistently outperform classical schemes in HEIF image transmission
below a critical noise threshold across all diversity configurations, including SISO, MISO,
and SIMO setups. Classical SISO configurations, as shown in Figure 7, exhibit the weakest
performance due to the absence of spatial diversity and the lack of any quantum processing
advantages. Consequently, the resulting image quality metrics, PSNR, SSIM, and UQI, are
significantly lower compared to the diversity-enhanced and quantum-assisted scenarios.
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Figure 7. PSNR, SSIM, and UQI variation for HEIF images over quantum MIMO-OFDM system and
classical MIMO-OFDM communication system, 1 × 1 (SISO).
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Incorporating diversity schemes such as SIMO, as shown in Figure 9, and MISO,
as shown in Figure 8, yields noticeable performance improvements in classical systems
by exploiting spatial diversity to mitigate channel fading and interference. This leads to
better robustness and enhanced image fidelity compared to SISO configurations. However,
classical systems still show limitations in fully overcoming channel impairments, especially
in low SNR scenarios.
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Figure 8. PSNR, SSIM, and UQI variation for HEIF images over quantum MIMO-OFDM system and
classical MIMO-OFDM communication system, 2 × 1 (MISO).

In contrast, quantum systems not only benefit from similar diversity gains but also
offer additional advantages through multi-qubit encoding combined with MIMO-OFDM
quantum transmission. This quantum diversity enhances noise resilience and strengthens
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error-correction capabilities. As the size of the qubit increases, the ability of the sys-
tem to preserve image integrity improves significantly. Among all tested configurations,
the eight-qubit setup achieves the highest PSNR, SSIM, and UQI values, demonstrating
superior performance.
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Figure 9. PSNR, SSIM, and UQI variation for HEIF images over quantum MIMO-OFDM system and
classical MIMO-OFDM communication system, 1 × 2 (SIMO).

Compared to JPEG transmission under equivalent channel conditions, HEIF images
transmitted via quantum systems achieve higher peak image quality metrics. This is
attributed to the advanced source coding efficiency of HEIF, coupled with the inherent ro-
bustness of quantum encoding and decoding processes. The synergy between the quantum



Telecom 2025, 6, 96 26 of 39

diversity gains and the HEIF compression mechanisms enables reliable and high-fidelity
image transmission, even in challenging noisy environments.

In general, the proposed quantum MIMO-OFDM system interacts with classical image
formats in a manner that fundamentally depends on their compression structure. JPEG
images employ block-based DCT compression, which localizes most of the image energy
in low-frequency coefficients. When converting JPEG images into classical bitstreams
for quantum encoding, the resulting qubit states naturally reflect this frequency distribu-
tion, allowing the QFT to concentrate information efficiently and preserve high-fidelity
reconstruction. In contrast, HEIF images, which use more flexible intra-frame coding and
advanced predictive schemes, distribute pixel correlations across larger blocks and more
varied frequency components. Consequently, the quantum encoding captures a wider
range of information per qubit block, and the QFT effectively transforms these correla-
tions into the frequency domain, enabling resilient transmission of the most significant
information. This difference explains the variations observed results: JPEG-based images
retain low-frequency structures strongly with fewer qubits, while HEIF images benefit
from multi-qubit QFT processing to maintain high fidelity across more complex intra-frame
correlations. Overall, the protocol leverages the inherent frequency-domain representation
provided by the QFT in the quantum MIMO-OFDM framework to efficiently map and
transmit diverse image formats, achieving robustness and fidelity levels unattainable with
classical MIMO-OFDM alone.

4.3. Performance Comparison of Uncompressed Image Transmission Using Quantum
MIMO-OFDM and Classical MIMO-OFDM Systems

While the previous discussions focused on compressed images, it is also important to
evaluate the performance of quantum communication systems for uncompressed image
transmission, as shown in Figures 10–12. Uncompressed images contain significantly larger
amounts of data and lack the compression efficiency provided by advanced source coding,
resulting in increased bandwidth demands and increased susceptibility to channel noise.

In all channel configurations, including SISO as shown in Figure 10, MISO as shown in
Figure 11, and SIMO as shown in Figure 12, quantum systems maintain a notable advantage
over classical schemes when transmitting uncompressed images, as is also observed with
compressed images. The multi-qubit encoding combined with MIMO-OFDM quantum
transmission enhances noise resilience and error correction capabilities across these diver-
sity modes. A key enabler of this robustness is the QFT, which maps multi-qubit image
blocks from the computational (time) domain to a frequency-domain representation aligned
with OFDM subcarriers. By delocalizing information across all qubits within a block, the
QFT improves resilience to localized quantum noise and decoherence, while simultane-
ously facilitating seamless integration with the OFDM framework. This combination allows
for efficient MIMO transmission and reception of multiple quantum-encoded state blocks.
Collectively, these features of the QFT enhance both transmission efficiency and image
fidelity, underscoring its pivotal role in the proposed quantum MIMO-OFDM protocol.

Classical systems transmitting uncompressed images suffer pronounced performance
degradation across SISO, MISO, and SIMO setups, especially in low-SNR conditions,
due to their inability to exploit compression and their limited noise resilience, while
spatial diversity schemes such as MISO and SIMO provide some robustness, the inherently
sequential and low-dimensional nature of classical bits prevents efficient encoding of highly
correlated image data, resulting in reduced image fidelity under noisy channels.
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Figure 10. PSNR, SSIM, and UQI variation for uncompressed images over quantum MIMO-OFDM
system and classical MIMO-OFDM communication system, 1 × 1 (SISO).

In contrast, quantum MIMO-OFDM leverages the principles of superposition and
multi-qubit encoding, allowing an n-qubit block to simultaneously represent 2n states and
resist localized noise. The QFT further enhances robustness by redistributing informa-
tion across all qubits within a block, enabling high-dimensional, parallel transmission.
This combination allows quantum systems to achieve image fidelity levels fundamentally
unattainable by classical approaches, even under challenging channel conditions. Overall,
although uncompressed image transmission poses greater challenges for all systems, quan-
tum communication frameworks continue to outperform their classical counterparts across
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SISO, MISO, and SIMO configurations. This demonstrates the flexibility and robustness of
quantum methods in a variety of image formats and channel scenarios.
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Figure 11. PSNR, SSIM, and UQI variation for uncompressed images over quantum MIMO-OFDM
system and classical MIMO-OFDM communication system, 2 × 1 (MISO).

These results across JPEG, HEIF, and uncompressed image transmissions collectively
validate the effectiveness of the proposed quantum MIMO-OFDM system in enhancing
image transmission quality over wireless channels. The system consistently outperforms
classical modulation schemes, including BPSK, QPSK, and 16-QAM, across SISO, MISO,
and SIMO configurations, particularly under low SNR conditions. This performance gain
is attributed to the combined benefits of multi-qubit encoding, quantum spatial diversity,
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the efficiency of the QOFDM scheme, and the robustness of classical polar channel coding,
which together provide superior resilience against noise and fading, ensuring improved
image fidelity during transmission. Furthermore, classical modulation techniques such as
BPSK, QPSK, and 16-QAM typically exhibit high PAPR, often ranging between 10 and 12
dB, leading to increased signal distortion and reduced power efficiency. In contrast, the
proposed framework achieves a consistent PAPR of 0 dB across varying qubit dimensions,
owing to the use of normalized quantum states and the energy-conserving nature of the
unitary QFT and its inverse (IQFT).
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Figure 12. PSNR, SSIM, and UQI variation for uncompressed images over quantum MIMO-OFDM
system and classical MIMO-OFDM communication system, 1 × 2 (SIMO).
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Mathematical Justification of 0 dB PAPR

In the proposed quantum MIMO-OFDM framework, the claim of a 0 dB PAPR arises
naturally from the quantum signal representation rather than classical amplitude superpo-
sition. In the quantum system, information is encoded within multi-qubit superposition
states that represent frequency-domain components through unitary transformations such
as the QFT. Because all quantum operations are norm-preserving and the QFT is a unitary
transformation, the total state energy remains constant across all subcarriers. This results
in a uniform probability amplitude distribution, which eliminates the large instantaneous
power peaks observed in classical OFDM waveforms. In effect, each subcarrier contributes
an equal probability amplitude, ensuring that the ratio between the instantaneous and
average transmitted power is unity, corresponding to a PAPR of 0 dB. Mathematically, this
can be derived as follows.

For an input state |ψin⟩ over N subcarriers, the transmitted quantum OFDM
state |ρQOFDM⟩ is obtained by applying the QFT unitary operator UQFT, as shown in
Equation (46), where the unitarity of UQFT is expressed in Equation (47).

|ρQOFDM⟩ = UQFT|ψin⟩ (46)

U†
QFTUQFT = I (47)

The normalization of the transmitted state, ensuring unit total probability, is given in
Equation (48).

⟨ρQOFDM|ρQOFDM⟩ = 1 (48)

The instantaneous quantum power operator P̂ is defined in Equation (49), which
projects the state onto itself.

P̂ = |ρQOFDM⟩⟨ρQOFDM| (49)

The corresponding instantaneous Pinst and average Pavg powers are given in
Equations (50) and (51), respectively, generating the PAPR shown in Equation (52), re-
gardless of the encoding size of the qubit. Here, Pinst(t) denotes the instantaneous power
at time t, and Et[·] represents the time expectation (average).

Pinst = ⟨ρQOFDM|P̂|ρQOFDM⟩ = 1 (50)

Pavg = Et[Pinst(t)] = 1 (51)

PAPR =
Ppeak

Pavg
= 1 ⇒ 0 dB (52)

Furthermore, 4K images are integrated into the evaluation to demonstrate that the
proposed system’s performance remains robust regardless of image resolution or source
coding format. As shown in Table 1, the quantum MIMO-OFDM system consistently
achieves maximum channel SNR gains across all image formats and qubit configurations,
with gains progressively increasing from 1 to 8 qubits compared to the classical BPSK
scheme. These results highlight the scalability and resolution independence of the system,
confirming its adaptability to both lightweight compressed images (e.g., JPEG, HEIF) and
high-resolution content such as 4K. This makes the proposed approach suitable for a wide
range of multimedia applications in next-generation wireless quantum networks.
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Table 1. Maximum channel SNR gains (dB) for different image formats across multi-qubit MIMO-
OFDM quantum systems compared to the classical MIMO-OFDM BPSK system.

Image Format
Maximum Channel SNR Gains

1 Qubit 2 Qubits 3 Qubits 4 Qubits 5 Qubits 6 Qubits 7 Qubits 8 Qubits

JPEG (256 × 192) 8 10 12 14 16 18 20 22
HEIF (256 × 192) 8 10 12 14 16 18 20 22
Uncompressed (256 × 192) 8 10 12 14 16 18 20 22
4K 8 10 12 14 16 18 20 22

In addition to the objective evaluation, a subjective quality assessment is performed
to analyze the perceived visual quality of the transmitted images. Although the proposed
MIMO-OFDM system is tested using JPEG, HEIF, and uncompressed image formats, sub-
jective results are presented only for JPEG images as a representative case. The assessment
is conducted following the ITU-R BT.500 double stimulus method [74], where visual qual-
ity ratings of images reconstructed via quantum and classical BPSK-based transmission
systems are collected from 80 participants aged between 17 and 55, using uncompressed
images as reference. Although this group cannot represent the full diversity of global
perception, it exceeds the panel sizes recommended by ITU standards for statistically
reliable mean opinion scores (MOS) and provides complementary validation to objective
metrics such as PSNR, SSIM, and UQI. The evaluation is conducted across three diversity
configurations: SISO (1 × 1), MISO (2 × 1), and SIMO (1 × 2). A standard MOS scale is
used from 0 to 100, where scores of 0 to 20 indicate bad, 21 to 40 poor, 41 to 60 fair, 61 to 80
good and 81 to 100 excellent quality. The MOS values are averaged across all participants
and are shown in Figures 13–15 for the respective MIMO setups. A strong correlation is
observed between these subjective scores and objective metrics such as PSNR, SSIM, and
UQI, confirming the consistency between perceptual and quantitative evaluations.
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Figure 13. Subjective quality evaluation of JPEG images transmitted over MIMO-OFDM systems
under SISO (1 × 1) diversity configurations.
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Figure 14. Subjective quality evaluation of JPEG images transmitted over MIMO-OFDM systems
under MISO (2 × 1) diversity configurations.
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Figure 15. Subjective quality evaluation of JPEG images transmitted over MIMO-OFDM systems
under SIMO (1 × 2) diversity configurations.

Furthermore, this study assumes perfect CSI at the receiver to establish a theoretical
upper bound on the performance of the proposed quantum MIMO-OFDM system. For
fairness, the same perfect CSI assumption is applied to the classical MIMO-OFDM baseline.
This assumption is standard in both early-stage classical and quantum communication
research [13,44]. In classical systems, it allows the evaluation of intrinsic design advantages
such as subcarrier orthogonality and spatial diversity, while in quantum systems, it facili-
tates the analysis of QFT-based subcarrier spreading and multi-qubit redundancy without
the confounding influence of channel estimation errors. In practical quantum implementa-
tions, CSI would typically be estimated using quantum pilot states ( |+⟩ and |−⟩ ), which
serve as quantum analogs of classical pilot tones. Moreover, the impact of imperfect CSI is
naturally mitigated in the quantum domain: due to quantum encoding and QFT spreading,
estimation errors are distributed across multiple subcarriers and qubits, leading to a more
gradual performance degradation compared to classical OFDM. Therefore, adopting the
perfect CSI assumption is a reasonable and widely accepted approach in the early stages of
communication system design.

4.4. Complexity Analysis

The computational complexity of the proposed MIMO-OFDM framework is domi-
nated by the QFT, which is employed in both the encoding and decoding stages. For an
n-qubit register, the QFT requires GQFT(n) = n(n + 1)/2, resulting in a quadratic growth in
gate count. The corresponding circuit depth scales approximately linearly as DQFT(n) ≈ n.
Table 2 summarizes the gate counts and circuit depths for n = 1–8 qubits. Even at the
upper bound of eight qubits, the QFT consists of only 36 gates and a depth of eight layers,
which is well within the capabilities of current classical simulators and near-term quantum
devices. The modest growth in both gate count and depth confirms that the proposed 1–8
qubit encoding range introduces only minimal computational overhead while providing
meaningful gains in representation and encoding flexibility.

Beyond gate-level complexity, classical simulation requirements further demonstrate
practical feasibility. An n-qubit quantum state contains 2n complex amplitudes, leading to
memory usage that scales as O(2n). Because each QFT gate acts on the full state vector, the
computational cost of simulating the QFT scales as GQFT(n) · 2n. Table 3 provides a detailed
breakdown of state-vector sizes, memory requirements, floating-point operation (FLOP)
estimates, and representative execution times assuming a 50 GFLOPS CPU. Even for eight
qubits, the state vector contains only 256 amplitudes (4 KB), and a full QFT requires fewer
than 104 FLOPs, corresponding to sub-microsecond runtime. These results quantitatively
show that both quantum circuit execution and classical simulation remain lightweight for
all qubit sizes considered. Therefore, the proposed system achieves an effective balance
between computational practicality and performance up to eight qubits.
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Table 2. QFT gate counts and circuit depth for varying qubit numbers.

n (Qubits) QFT Gates GQFT Circuit Depth

1 1 1
2 3 2
3 6 3
4 10 4
5 15 5
6 21 6
7 28 7
8 36 8

Table 3. State-vector size, memory usage, FLOPs, and estimated CPU runtime for QFT simulation.

n (Qubits) State-Vector Size (2n) Memory (KB) Estimated FLOPs Runtime @ 50 GFLOPS

1 2 0.03 2 4 × 10−11 s
2 4 0.06 12 2.4 × 10−10 s
3 8 0.13 48 9.6 × 10−10 s
4 16 0.25 160 3.2 × 10−9 s
5 32 0.50 480 9.6 × 10−9 s
6 64 1.00 1344 2.7 × 10−8 s
7 128 2.00 3584 7.2 × 10−8 s
8 256 4.00 9216 1.8 × 10−7 s

While traditional quantum error correction (QEC) techniques [75] offer theoretical
improvements in error rates, they require substantial qubit overhead, deep circuit layering,
and intricate feedback mechanisms [76], which render them unsuitable for near-term quan-
tum MIMO-OFDM implementation. In this study, we instead employ a hybrid protection
mechanism that combines multi-qubit superposition encoding with classical polar coding,
providing a practical trade-off between robustness and complexity. The multi-qubit encod-
ing process inherently distributes information across an expanded Hilbert space, thereby
improving resilience to localized quantum noise and partial decoherence effects. Following
quantum transmission and measurement, a rate- 1

2 polar code is applied to the classical
bitstream, ensuring efficient recovery from residual channel errors. This joint approach
effectively mitigates noise while preserving scalability and computational feasibility, avoid-
ing the excessive resource consumption associated with full QEC. Moreover, it aligns with
the communication-oriented focus of this work, where the goal is reliable classical informa-
tion transfer rather than universal fault-tolerant quantum computation. Consequently, the
proposed hybrid strategy demonstrates a practical balance between theoretical rigor and
hardware realizability in quantum MIMO-OFDM communication systems.

4.5. Scalability

The 2 × 2 MIMO configuration is used for testing due to its relatively low complexity,
allowing efficient evaluation of the benefits of spatial diversity and the flexibility of the
proposed quantum MIMO-OFDM system. Designed for scalability, this framework can be
readily extended to higher-order MIMO setups such as 4 × 4 or 8 × 8 as quantum hard-
ware and processing capabilities continue to advance. Although increasing the number
of antennas and qubits naturally leads to higher system complexity, the modular and
hierarchical architecture of the proposed design allows efficient scaling without compro-
mising performance or manageability. This ensures that the system can adapt to future
technological improvements and meet the growing demands of high-throughput quantum
communication applications.
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4.6. Hardware Constraints and Practical Implementation

The practical realization of the proposed quantum MIMO-OFDM system is inherently
constrained by the current limitations of quantum hardware. Quantum processors capable
of executing large-scale multi-qubit operations with high fidelity are still under active
development, restricting achievable qubit encoding sizes, gate operation speeds, and noise
tolerance. These constraints directly influence overall system performance, particularly
regarding coherence times and cumulative gate errors during complex transformations such
as the QFT, IQFT, and multi-qubit MIMO decoding. Furthermore, implementing a quantum
MIMO architecture requires precise control and synchronization of quantum channels
across multiple transmit and receive nodes, which remains an engineering challenge. The
exponential growth of the Hilbert space with increasing qubit and antenna dimensions
further adds to computational and control complexity.

Despite these challenges, recent progress in superconducting, trapped-ion, and pho-
tonic quantum platforms indicates that scalable multi-qubit processing is becoming in-
creasingly feasible. Emerging techniques such as fault-tolerant gate designs, approximate
QFT circuits, and distributed quantum networking offer promising pathways for practical
realization. In addition, hybrid quantum–classical strategies, such as integrating classical
polar coding with quantum encoding, help reduce the demands for quantum resources
while maintaining robust system performance.

Therefore, while large-scale deployment of the proposed framework is beyond cur-
rent technological capabilities, its architectural scalability ensures readiness for future
advancements. As quantum hardware matures, the system presented here provides a
validated theoretical foundation for experimental prototyping and gradual upscaling. The
findings thus serve as a bridge between theoretical innovation and real-world application,
positioning this framework as a forward-compatible model for next-generation quantum
communication systems.

In summary, the proposed quantum OFDM-MIMO system is a conceptual and forward-
looking framework intended for theoretical analysis and system-level modeling rather than
immediate deployment, while multi-qubit encoding, MIMO encoding, QFT, IQFT, MIMO
decoding across multiple antennas, and cyclic prefix handling exceed the capabilities of
current quantum hardware, the architecture provides a scalable blueprint for future imple-
mentation. It enables evaluation of performance limits under realistic channel conditions,
exploration of algorithmic optimizations, and identification of hardware requirements such
as qubit encoding size, coherence times, and gate fidelities. This approach mirrors classical
OFDM and MIMO research, where architectures are first theoretically analyzed before the
hardware becomes capable of supporting large-scale deployment. The framework thus
defines the idealized operational behavior of quantum multi-qubit OFDM-MIMO receivers,
guiding future experimental realization while preserving coherence and ensuring unitary
processing throughout the end-to-end communication chain.

4.7. Potential Applications

This adaptable quantum MIMO-OFDM architecture supports varying qubit encoding
sizes and diversity schemes, making it well-suited for a broad spectrum of applications.
These include secure satellite communication links, long-range wireless sensor networks,
and emerging 6G networks that demand ultra-reliable low-latency communication. Its
inherent robustness and improved error resilience also make it ideal for quantum-enhanced
imaging, remote sensing, and other high-fidelity data transmission scenarios. Moreover, the
demonstrated performance SNR gains and system flexibility highlight its strong potential
for practical deployment in challenging wireless environments. As quantum technol-
ogy continues to mature, this system paves the way for integration into future quantum
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communication networks, enabling the reliable and efficient transmission of complex
multimedia data.

In summary, the proposed quantum MIMO-OFDM system consistently outperforms
classical MIMO-OFDM-based image transmission schemes across all tested configurations,
including SISO, MISO, and SIMO, and for multiple image formats (JPEG, HEIF, and un-
compressed). The combination of multi-qubit encoding, QFT-based frequency-domain
processing, and classical polar coding provides superior noise resilience, scalability, and
image fidelity, particularly in low-SNR environments where classical systems struggle.
These findings highlight the advantages of quantum encoding and MIMO-OFDM integra-
tion, providing a clear depiction of how the proposed framework overcomes the inherent
limitations of current classical methods, and set the stage for the concluding section that
summarizes the broader impact and potential applications of this approach.

5. Conclusions and Future Work
The performance of the proposed quantum MIMO-OFDM system is evaluated for

image transmission across SISO, MISO, and SIMO diversity configurations, using JPEG,
HEIF, and uncompressed image formats. The results demonstrate that quantum com-
munication systems consistently outperform classical schemes, especially in low SNR
environments across all diversity schemes. This enhanced performance is achieved through
a combination of multi-qubit encoding, spatial diversity, QOFDM efficiency, and advanced
classical channel coding, which together improve noise resilience and image quality metrics
such as PSNR, SSIM, and UQI. As the number of qubits increases, the robustness of the
system improves significantly, but the complexity also increases. Although the eight-qubit
configuration introduces higher computational complexity, it delivers the best performance
across all metrics evaluated under both transmit and receive diversity, compared to the
no diversity scenario. Notably, the eight-qubit configuration surpasses all other quantum
and classical systems across all diversity schemes, achieving peak metrics such as PSNR
values up to 58.48 dB, SSIM up to 0.9993, and UQI up to 0.9999 for JPEG images; PSNR up
to 70.04 dB, SSIM up to 0.9998, and UQI up to 0.9999 for HEIF images; and nearly ideal per-
formance with infinite PSNR, SSIM of 1, and UQI of 1 for uncompressed images at very low
SNR levels. Compared to classical MIMO-OFDM-based image transmission technologies,
the proposed quantum MIMO-OFDM system provides superior fidelity and robustness,
demonstrating strong scalability and potential for practical applications. Its combination of
quantum superposition, multi-qubit encoding, frequency-domain processing, and classical
error correction makes the proposed system a promising solution, achieving levels of relia-
bility and image fidelity that classical systems cannot reach. This approach is particularly
relevant for future high-performance applications such as secure satellite communications,
wireless sensor networks, and next-generation mobile networks.

Future research will focus on advancing the quantum MIMO-OFDM system along
several critical directions to enhance its practical applicability and overall performance. In
particular, the impact of imperfect CSI will be investigated to assess the robustness of quantum
transmission under realistic estimation errors. Additionally, the effects of non-ideal quantum
gates and state preparation errors on system fidelity will be analyzed, with the goal of develop-
ing mitigation strategies that preserve performance in non-ideal experimental conditions. The
system will also be extended to support higher-order MIMO configurations and multi-user
scenarios, improving reliability and scalability in practical wireless deployments. Further-
more, an adaptive quantum MIMO-OFDM framework will be explored, allowing dynamic
adjustment of qubit encoding schemes based on real-time channel conditions to optimize com-
munication performance under fluctuating environments. Collectively, these developments
aim to establish a scalable, high-fidelity quantum communication platform that maintains
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robustness in realistic operational settings and meets the demands of next-generation wireless
networks and quantum-enhanced applications.

Author Contributions: Conceptualization, U.J.; methodology, U.J.; software, U.J. and T.F.; vali-
dation, U.J. and A.F.; formal analysis, A.F.; investigation, A.F.; resources, U.J.; data curation, U.J.;
writing—original draft preparation, U.J.; writing—review and editing, T.F.; visualization, U.J.; super-
vision, A.F.; project administration, A.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original data presented in the study are openly available in
Microsoft COCO dataset at https://cocodataset.org.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

BPSK Binary Phase-Shift Keying
CP Cyclic Prefix
CSI Channel State Information
FFT Fast Fourier Transform
HEIF High Efficiency Image Format
ICI Inter-Carrier Interference
IFFT Inverse Fast Fourier Transform
IQFT Inverse Quantum Fourier Transform
JPEG Joint Photographic Experts Group
LDPC Low-Density Parity-Check
MIMO Multi-Input Multi-Output
MIMO-OFDM Multi-Input Multi-Output Orthogonal Frequency Division Multiplexing
MISO Multi-Input Single-Output
MRC Maximal-Ratio Combining
OFDM Orthogonal Frequency Division Multiplexing
PAPR Peak-to-Average Power Ratio
PSNR Peak Signal-to-Noise Ratio
QAM Quadrature Amplitude Modulation
QEC Quantum Error Correction
QFT Quantum Fourier Transform
QKD Quantum Key Distribution
QOFDM Quantum Orthogonal Frequency Division Multiplexing
QP Quantization Parameters
QPSK Quadrature Phase-Shift Keying
SI Spatial Information
SISO Single-Input Single-Output
SNR Signal-to-Noise Ratio
SSIM Structural Similarity Index Measure
UQI Universal Quality Index
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