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Abstract

Reliable transmission of high-quality video over wireless channels is challenged by fading
and noise, which degrade visual quality and disrupt temporal continuity. To address these
issues, this paper proposes a quantum communication framework that integrates quan-
tum superposition with multi-input multi-output (MIMO) spatial diversity techniques to
enhance robustness and efficiency in dynamic video transmission. The proposed method
converts compressed videos into classical bitstreams, which are then channel-encoded
and quantum-encoded into qubit superposition states. These states are transmitted over a
2 x 2 MIMO system employing varied diversity schemes to mitigate the effects of multipath
fading and noise. At the receiver, a quantum decoder reconstructs the classical information,
followed by channel decoding to retrieve the video data, and the source decoder recon-
structs the final video. Simulation results demonstrate that the quantum MIMO system
significantly outperforms equivalent-bandwidth classical MIMO frameworks across di-
verse signal-to-noise ratio (SNR) conditions, achieving a peak signal-to-noise ratio (PSNR)
up to 39.12 dB, structural similarity index (5SIM) up to 0.9471, and video multi-method
assessment fusion (VMAF) up to 92.47, with improved error resilience across various group
of picture (GOP) formats, highlighting the potential of quantum MIMO communication for
enhancing the reliability and quality of video delivery in next-generation wireless networks.

Keywords: MIMO; quantum communication; quantum superposition; receive diversity;
transmit diversity

1. Introduction

The ability to reliably deliver high-quality video content across diverse communication
networks is a critical enabler of many modern digital applications, including telemedicine,
remote learning, augmented [1] and virtual reality [2], autonomous driving, cloud gaming,
and collaborative robotics. Unlike static image transmission, video communication requires
not only high spatial resolution, but also temporal continuity to preserve motion fidelity and
dynamic scene information. As users increasingly demand high definition (HD), ultra high
definition (UHD) and immersive 360-degree video experiences [3], communication systems
must meet stringent constraints on bandwidth, latency, and robustness against channel
impairments. These challenges become even more severe in wireless environments, where
time-varying fading, multipath propagation, and Doppler effects can cause significant
signal degradation, packet loss, and fluctuations in link quality, all of which impact the
reliability and quality of transmitted video.
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To cope with the high bandwidth requirements of video, traditional transmission
pipelines rely on source coding with advanced video compression standards such as
H.264/AVC, H.265/HEVC, VP9, or AV1. These codecs achieve impressive compression
efficiency by exploiting temporal redundancies across frames (through motion estimation
and compensation) and spatial redundancies within frames. However, this compression
strategy introduces significant vulnerability to transmission errors. A single corrupted bit,
particularly in compressed bitstreams with inter-frame dependencies, can cause artifacts
that propagate across multiple frames and degrade the perceived quality of the video.
This problem becomes especially pronounced in time-varying and hostile channel condi-
tions, where the combined effects of fading, interference, and noise make it challenging to
maintain acceptable video quality and a smooth viewing experience.

To mitigate these effects, classical communication systems employ a variety of signal
processing and coding strategies. Techniques such as adaptive modulation, forward error
correction (FEC), automatic repeat request (ARQ), and multi-input multi-output (MIMO)
spatial diversity have demonstrated success in improving the reliability and efficiency
of video transmission in wireless environments. In particular, MIMO techniques [4,5]
enhance robustness by exploiting multiple antennas at the transmitter and receiver to
combat multipath fading and improve spectral efficiency. This MIMO transmission can be
broadly categorized into four types: single-input single-output (SISO), which lacks spatial
diversity; multi-input single-output (MISO), which employs transmit diversity; single-
input multi-output (SIMO), which utilizes receive diversity; and multi-input multi-output
(MIMO), which combines both transmit and receive diversity for enhanced performance.
Although these diversity techniques have proven effective in enhancing data throughput
and improving reliability, these classical methods encounter limitations in highly dynamic
or bandwidth-constrained environments, where trade-offs between latency, complexity,
and error resilience become more pronounced.

In response, quantum communication presents a new paradigm for data transmission,
offering fundamentally different properties that can be harnessed for video delivery. Quan-
tum superposition [6] enables qubits to encode multiple states simultaneously, thereby
increasing the potential information capacity of the channel. Furthermore, quantum entan-
glement [7] provides correlations between qubits that classical systems cannot replicate,
offering new mechanisms for coordinating and safeguarding information across a dis-
tributed system. When properly integrated, these quantum properties open up possibilities
for improving throughput, enhancing noise resilience, and achieving higher reliability
under adverse channel conditions. Despite the significant attention that quantum com-
munication has received in the fields of cryptography and secure key distribution using
quantum entanglement, the use of quantum superposition in media transmission, espe-
cially for dynamic video content, remains largely unexplored and untapped. In particular,
the potential of quantum MIMO systems for dynamic video transmission has not been fully
investigated. Although MIMO techniques, long established in classical wireless communi-
cations, improve reliability and data rates by exploiting spatial diversity through multiple
transmit and receive paths, they also face several limitations, including increased hardware
complexity, higher power consumption, challenges in accurate channel estimation, and re-
duced noise resilience. Extending MIMO principles into quantum communication could
overcome these limitations and offer additional benefits by combining spatial diversity
with quantum superposition. Specifically, this integration has the potential to enhance
robustness against channel impairments such as fading and interference while increasing
spectral efficiency.

Therefore, we propose a quantum MIMO system that combines quantum superposi-
tion with spatial diversity to enable reliable video transmission over channels subject to



Algorithms 2025, 18, 436

30f23

severe fading and dynamic impairments. This work marks a pioneering effort in quan-
tum MIMO-based video communication without prior research. To assess its effective-
ness, we evaluate the system across multiple MIMO configurations, including transmit
diversity (2 x 1 MISO), receive diversity (1 x 2 SIMO), and no diversity (1 x 1 SISO),
demonstrating the benefits of quantum-assisted spatial diversity for next-generation video
transmission systems.

In this proposed novel MIMO-based quantum-assisted video transmission framework,
we integrate the following key components:

*  Quantum superposition-based encoding, increasing resilience to noise, and enhancing
throughput.

*  (lassical polar coding as an outer channel code, providing structured error correction
for the quantum-encoded data stream.

¢ MIMO spatial diversity techniques (including 2 x 1 MISO, 1 x 2SIMO, and 1 x 1 SISO
configurations) for combating multipath fading in quantum communication channels.

A detailed simulation study is presented in which the proposed framework is eval-
uated under Rayleigh flat-fading channel conditions across a range of signal-to-noise
ratio (SNR) levels. In the proposed method, the input videos are first source-encoded to
obtain compressed representations, from which the classical bitstream is extracted. This
bitstream is then channel-encoded using a polar code with a rate of 1/2. The channel-
encoded bitstreams are subsequently converted into quantum superposition states and
transmitted through the aforementioned spatial diversity schemes over quantum chan-
nels. At the receiver, the received qubit superposition states are first quantum-decoded
to recover the classical bitstreams. These are then channel-decoded and source-decoded
to reconstruct the original video content. The system is evaluated using standard com-
pressed video sequences, measuring quality through the peak signal-to-noise ratio (PSNR),
structural similarity index (SSIM), and video multi-method assessment fusion (VMAF).
For benchmarking purposes, we compare the performance of the quantum MIMO system
against an equivalent classical MIMO system operating under identical bandwidth and
diversity configurations.

The major contributions of this study are:

*  The introduction of a quantum superposition-enhanced video transmission system
that combines quantum principles with MIMO diversity to address the challenges of
transmitting compressed video over fading channels.

* A comparative analysis that demonstrates the advantages of quantum-assisted trans-
mission over classical approaches in terms of preserving video quality under ad-
verse conditions.

e A flexible simulation-based framework adaptable for evaluating end-to-end quantum
communication in video or multimedia transmission, providing an effective solution
to fading in real-world communication scenarios.

The remainder of this paper is structured as follows. Section 2 reviews prior work
on quantum communication for media transmission, classical MIMO diversity tech-
niques, and existing quantum MIMO systems. Section 3 describes the proposed quantum
MIMO transmission framework and describes the system model and simulation setup.
Section 4 presents and analyzes the simulation results. Finally, Section 5 concludes
the paper and discusses potential avenues for future research in quantum-enhanced
video communication.
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2. Related Works

Quantum communication is an emerging discipline at the intersection of quantum
mechanics [8] and information science, which uses the unique phenomena of quantum
physics to revolutionize the way data are transmitted and secured. Two fundamental
principles form the cornerstone of this field: quantum entanglement [9] and quantum
superposition [10]. Quantum entanglement refers to the remarkable phenomenon in which
pairs or groups of particles become interconnected so that the state of one instantaneously
influences the state of another, regardless of the distance separating them. This nonclassical
correlation has been the foundation for groundbreaking applications such as quantum key
distribution (QKD) [11-13], which offers theoretically unbreakable encryption methods
by exploiting the properties of entangled particles to securely share cryptographic keys.
Similarly, quantum teleportation utilizes entanglement to transfer the quantum state of a
particle to another distant particle, effectively transmitting information without moving
the physical particle itself [14,15]. Beyond secure key exchange, entanglement has been
investigated for secure media transmission, including images and video, offering promising
avenues to protect sensitive multimedia content [16-18].

On the other hand, quantum superposition gives quantum bits (qubits) the remarkable
ability to exist in multiple states at the same time, unlike classical bits that can only represent
a0 oralatany given moment. This unique property significantly increases the data capac-
ity and parallelism that can be achieved in quantum communication systems. By encoding
information into superposed qubits, it becomes possible to transmit multiple states of data
simultaneously. This not only increases the potential throughput of the communication
system, but can also enhance its resilience against noise, interference, and other channel
impairments. Although some studies have explored the theoretical impact of superposition
on communication complexity [19-21] and efficiency, and a few early applications have
demonstrated its potential in basic image and video transmission using basic encoding and
decoding techniques [22-24], the field is still in its early stages in terms of practical imple-
mentation. In particular, there is still a vast and largely untapped opportunity to combine
quantum superposition with advanced quantum encoding techniques and robust error
correction strategies. A practical, end-to-end quantum communication framework that
leverages these capabilities is especially needed for demanding multimedia applications
such as dynamic video transmission. Building such a system introduces unique challenges,
including handling temporal dependencies between frames, supporting high data rates,
and ensuring reliable reconstruction of the video stream despite the presence of channel
noise and fading. Moreover, existing research has yet to fully investigate how quantum
communication systems perform under realistic conditions where channel fading plays a
critical role.

In practical wireless and optical communication scenarios, fading caused by multi-
path propagation, mobility, and atmospheric disturbances can severely degrade signal
quality and reliability. To address these challenges, classical communication systems often
utilize MIMO technology [25,26]. In MIMO, diversity reception techniques, such as time,
frequency, and spatial diversity, are commonly employed to combat fading by leveraging
multiple independent signal paths [27-29]. Over the years, researchers have developed
various versions of MIMO systems and diversity schemes for a wide range of communica-
tion applications [30-32]. However, the advantages of these systems remain fundamentally
limited by their classical nature, particularly in terms of noise resilience, latency, and sys-
tem complexity.

These limitations open the door to exploring alternative paradigms, particularly those
based on quantum principles. While significant progress has been made in entanglement-
based quantum MIMO communication methods, such as MIMO-enabled quantum telepor-
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tation and QKD [33], these approaches primarily focus on leveraging quantum entangle-

ment for secure information exchange. These studies have provided valuable insights into

the integration of MIMO techniques within quantum communication systems. Table 1 sum-

marizes the major existing applications of MIMO in quantum communication, along with

their advantages and disadvantages. Notably, all existing works have been proposed with

a focus on security using quantum entanglement, while our approach leverages quantum

superposition to enable high-fidelity transmission.

However, the specific role of MIMO in quantum superposition-based systems, par-

ticularly for media transmission tasks such as image and video delivery, remains largely

unexplored. This gap underscores the need to investigate how quantum MIMO architec-

tures that leverage superposition can enhance multimedia delivery under realistic channel

conditions. While quantum superposition holds significant promise for improving commu-

nication capacity and robustness, its effectiveness in mitigating fading effects, especially for

visual content, still requires deeper exploration to advance practical and high-performance

quantum communication systems.

Table 1. Summary of MIMO Applications in Quantum Communication Systems.

Reference Model Advantages Limitations
Entanglement Distribution in Only limit for the security and
[34] spatial multipath channels Enables secure data transfer high entanglement complexity
Improve the throughput and
[35] Quantum teleportation MIMO reliability of the Limited data rates
quantum channel
[36] QKD with MIMO architecture Enhanced security Complexity overhead
[37] MIMO arch1tect.ure. for digital Spatial diversity gain . Measureme.n-t .
communications alignment sensitivity
Quantum diversity multiplexing L N
[38] Diversity and multiplexing tradeoff, robustness via Clonmg m'duced fidelity los.s,
imperfect cloning complexity in channel modeling
High path loss at THz
. . Robust against eavesdropping, frequencies, hardware
[39] QKD with MIMO architecture . . .
higher secret key rate complexity with
multiple antennas
Ultrawide bandwidth for Complex and. costly he.lrdware,
[40] QKD with MIMO architecture high-capacity communication, chaéleenls((;)mgs;?g:cal
Enhanced secret key rate poy .
non-laboratory environments
[41] MIMO quantum communication Improved transmission fidelity Cloning fidelity constraints,

in pure-loss channels

limited scalability

Therefore, this research introduces a novel direction in quantum communication by

exploring the use of MIMO techniques using quantum superposition-based systems for

video transmission. Unlike traditional approaches, which often overlook media-specific

requirements, the proposed method aims to improve the reliability and efficiency of trans-

mitting high-resolution video content across realistic, noise-prone communication channels.

By harnessing the advantages of both MIMO and quantum superposition, this work seeks

to enhance transmission quality while reducing error rates. The outcome has the potential

to significantly advance quantum communication technologies, offering a foundation for

practical, high-performance multimedia delivery in future communication networks.
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3. Methodology

This section outlines the proposed framework for video transmission over a quan-
tum MIMO communication system, as illustrated in Figure 1. Initially, input videos are
compressed using source-encoding techniques to extract their corresponding bitstreams.
For simulation purposes, the Versatile Video Coding (VVC) standard [42] is used through
the VVenC encoder [43]. The system is evaluated using videos in the YUV420 format,
covering various spatial resolutions (320 x 180, 1280 x 720, 1920 x 1080), frame rates
(20, 30, and 50 fps), and different sizes of Group of Pictures (GOP) (8, 16, and 32) to
thoroughly analyze performance under various conditions. Once the video bitstreams
are generated, they undergo channel encoding using polar codes with a code rate of 1/2.
These channel-encoded bitstreams are then transformed into quantum superposition states
through a quantum encoder. Transmission is carried out over quantum MIMO channels
using various diversity configurations, including MISO, SIMO, and SISO setups, as shown
in Figure 2, all under Rayleigh fading conditions typical of quantum noisy environments.
At the receiver, the quantum decoder first converts the received superposition states back
into classical bitstreams. These classical bits are subsequently channel-decoded using the
polar decoder and finally passed through the source decoder to reconstruct the original
video frames. The performance of the proposed system is benchmarked against a classi-
cal MIMO communication system operating at the same bandwidth and under identical
diversity scenarios.

Input Video —> Source > Channel «| Quantum

Encoder Encoder " Encoder

Transmitter

h

Noisy
Channel

e

Receiver

\ 4

Source Channel | Quantum
Decoder Decoder | Decoder

Final Video €—

Figure 1. The proposed quantum MIMO communication system.

T—7 {>:|- T -I:<: i
Tx —>. Rx Tx Rx X X
T iy

(a) 1x1 SISO (b) 2x1 MISO (c) 1x2 SIMO

Figure 2. MIMO-based diversity schemes employed in simulations: (a) No diversity (reference case),
(b) Transmit diversity, (c) Receive diversity.
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The following subsections provide detailed descriptions of each functional block
within the proposed methodology.

3.1. Video Source Encoding

Input videos are encoded using the VVC standard via the VVenC encoder. The encoder
compresses raw YUV420-format videos to reduce bandwidth without significant visual
degradation. Experiments are conducted using the following parameters:

¢  Resolutions: 320 x 180, 1280 x 720, 1920 x 1080
e Frame rates: 20, 30, and 50 fps
e  GOPsizes: 8,16, and 32

The compressed output is a binary bitstream, which can be represented as Equation (1).

b= {b1,by,...by}, b; € {0,1} (1)

3.2. Channel Encoding Using Polar Codes

The bitstream b is channel-encoded using rate 1/2 polar codes [44] to generate a
codeword, where the input vector consists of both information and frozen bits. Polar codes
are chosen for their low computational complexity and strong performance in achieving
channel capacity under successive cancellation decoding. These characteristics make them
highly suitable for both classical and quantum communication systems.

Compared to other classical error correction codes, such as low density parity check
(LDPC) codes, turbo codes, or convolutional codes, polar codes offer a more structured
and recursive design based on the concept of channel polarization. Polar codes are con-
sidered among the most advanced and strong error correction codes currently available.
This design enables efficient encoding and decoding, especially in hardware-constrained
environments. Moreover, many conventional error-correction codes are tailored to classical,
memoryless channels. As a result, those models can lead to increased complexity or subop-
timal performance. Polar codes, by contrast, provide a more adaptable and computationally
efficient solution, making them a compelling choice in emerging quantum-enhanced com-
munication frameworks.

3.3. Quantum Encoder

The quantum encoder converts channel-encoded classical bits into quantum super-
position states. First, if the classical bit is 0, it is mapped to the quantum state |0). If the
classical bit is 1, it is mapped to the quantum state |1). After that, a Hadamard gate is
applied to each qubit to convert it into a superposition state. Each step of the process is
described in detail in the following subsections.

3.3.1. Quantum Bit Mapping

Each classical bit ¢; € {0,1} from the polar-encoded codeword is first mapped to a
quantum state in the computational basis, as in Equations (2) and (3).

0 o) = (3) @
1— 1) = (g) 3)

This step initializes each qubit in a pure basis state, representing classical bits in
quantum form.
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3.3.2. Hadamard Gate for Superposition

The Hadamard gate (H) is a fundamental single-qubit quantum gate that is used to cre-
ate superposition. It transforms the computational basis states |0) and |1) into equal super-
positions, enabling quantum parallelism [45]. The matrix representation of the Hadamard

1 (1 1

The Hadamard transform operates on the basis states as in Equations (5) and (6).

gate is shown in Equation (4).

Ho) = —=(0)+ |1) ®)

- 3l

HI1) = \ﬁ(|0> —11) (6)

These transformations prepare the qubit in a coherent superposition, which is essential
for achieving quantum parallelism in quantum information processing.

3.3.3. Phase Gate for Complex Modulation

In MIMO communication systems, the use of complex baseband modulation requires
incorporating phase information into the quantum states. To achieve this, a phase gate (5),
defined in Equation (7), is applied to the superposition states generated. This operation
enables the integration of phase components essential for representing complex modu-

10
s—[o i] 7)

The combined operation (Hadamard + phase) produces the following quantum states

lated signals.

as in Equations (8) and (9).

1 .
o= SHI0) = 2= (10) +1[1) ®)
g1 = SHI1L) = —(j0) — i [1)) ©)

V2

This encoding strategy is fundamental for enabling complex-valued quantum mod-
ulation, which is essential for high-fidelity quantum MIMO communication systems. It
allows each qubit to carry more information, analogous to modulated carriers in classical
communication systems.

3.4. Quantum MIMO Transmission and Quantum Channel

The qubit states are transmitted using various MIMO diversity schemes: SISO (1 x 1),
MISO (2 x 1), and SIMO (1 x 2). Each link experiences Rayleigh flat fading [46], modeled
according to the Equation (10).

y=h-¢+n, (10)

where & is a complex channel coefficient, i is the superposition state and n, represents
quantum noise. Rayleigh flat fading is a widely used statistical model that characterizes the
impact of multipath propagation in non-line-of-sight wireless environments. Under this
model, the channel coefficient / is treated as a circularly symmetric complex Gaussian
random variable with zero mean and unit variance, i.e., i ~ CN(0,1). The term “flat fading”
implies that the fading is frequency non-selective; that is, all frequency components of
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the transmitted signal experience the same channel gain, which is valid when the signal
bandwidth is smaller than the coherence bandwidth of the channel.

The 2 x 2 MIMO diversity is not considered in this study, as the objective is to
independently analyze the impact of transmit (MISO) and receive (SIMO) diversity on the
performance of quantum video transmission.

The channel fading parameters are modeled as follows.

*  Pathdelays: 0,3,8,20 ps

* Path gains: 0, -3, —6,—-9dB
¢ Doppler shift: 10 Hz

*  Sample rate: 1000 Hz

* SNRrange: —3dBto 19 dB

To assess the performance of the proposed quantum communication system, simula-
tions are conducted using widely accepted and generalized quantum noise models, includ-
ing bit-flip, phase-flip, depolarizing, amplitude damping, and phase damping channels.
These noise models abstract the most fundamental error types encountered in quantum
systems and are commonly used in theoretical and simulation-based studies of quantum
communication [47,48].

Although more complex hardware-specific imperfections, such as gate errors, leakage,
or crosstalk, can affect real-world implementations, they are not considered here. Instead,
this work focuses on analyzing the behavior of the core quantum channel under standard
noise assumptions to ensure general applicability and theoretical clarity.

To understand the behavior of the noise models applied in this study; it is essential to
define the Pauli operators [45], which represent the fundamental quantum error operations.
These matrices, known as the Pauli-X (Equation (11)), Pauli-Y (Equation (12)), and Pauli-Z
(Equation (13)) operators, are used throughout quantum information theory to model
bit-flip, phase-flip, and depolarizing errors.

0 1

X—<1 o) (11)
0 —i

Y—<i 0) (12)
1 0

(3 °) -

The following subsection describes the various noise models used in this study.

3.4.1. Bit-Flip Noise

Bit-flip noise introduces errors similar to classical bit errors by randomly flipping the
state of a qubit from |0) to |1) or vice versa. The likelihood of such an error occurring is
denoted by py, and its impact on a quantum state p is described by Equation (14).

Nx(p) = pxXpX" + (1= pa)p (14)

Here, X is the Pauli-X operator, responsible for flipping the qubit state.
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3.4.2. Phase-Flip Noise

Phase-flip noise alters the relative phase of a qubit without changing its probability
amplitudes in the computational basis. It is modeled using the Pauli-Z operator with error
probability p,, as shown in Equation (15).

Nz(p) = p=2pZ" + (1= p2)p (15)

3.4.3. Depolarizing Noise

Depolarizing noise simulates a complete loss of quantum information by mixing the
input state with the maximally mixed state. With depolarization probability p;, the qubit is
affected by random Pauli errors (that is, X, Y, or Z) according to Equation (16).

Np(p) = (1= pa)e + % (Xpx* + YpY* + Zpz*) (16)

This model uniformly distributes noise across all three Pauli operators, X, Y, and Z.

3.4.4. Amplitude Damping Noise

Amplitude damping reflects energy-loss mechanisms common in physical quantum
systems, such as spontaneous emission. It is defined using Kraus operators and is governed
by amplitude damping probability p 4, as in Equation (17).

Na(p) = KopK§ + KipKj} (17)

The corresponding Kraus operators are represented in Equation (18).

[ 0 (o ypax
KO_(O ,/1pA>’ Kl_(o 0) {18)

These Kraus operators provide a mathematical framework for describing the effect
of noise and decoherence on quantum states in an open quantum system. Any quantum
noise channel V acting on a density matrix p can be represented as a set of Kraus operators
{K;}, which satisfy the completeness relation as in Equation (19).

Y KK =1 (19)
i

where I is the identity operator. The action of the noise channel on p is given by Equation (20).
N(p) =Y KipK} (20)
i

Each Kraus operator K; represents one possible way the environment can affect the
quantum state. This approach is commonly used to describe different types of quantum
noise, such as amplitude damping and phase damping.

3.4.5. Phase Damping Noise

Phase damping (or dephasing) captures the loss of quantum coherence without affect-
ing population probabilities. This is particularly relevant in systems where environmental
interactions degrade phase information. The noise model is described in Equation (21).

Np(p) = LopL{ + LipL] (1)
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The Kraus operators are represented in Equation (22).

1 0 0 0
=0 ) =0 ) =

3.4.6. Combined Noise Model

To simulate more realistic quantum environments, the individual noise channels are
aggregated into a composite model. The overall effect on a quantum state is given by
Equation (23).

N(p) = pxNx(p) + pzNz(p) + ppNp(0) + PANa(0) + PP NP () (23)

In all equations, N (p) denotes the output noisy state, p is the initial quantum density
matrix, and X, Y, Z are standard Pauli operators. The dagger symbol (*) indicates the
Hermitian conjugate. By randomly adjusting individual noise probabilities based on the
channel SNR, the performance of the system can be rigorously tested under a variety of
realistic channel conditions.

3.5. Quantum Decoding and Measurement

At the receiver, the applied phase shift from the quantum encoder is first reversed
using the inverse phase gate S*, defined as in Equation (24).

1o
S _lo _i] (24)

This operation restores the original phase of the superposition state of the qubit, which
is necessary to recover the transmitted information. Once the inverse phase operation is
applied, the receiver can perform a measurement on the computational basis using the
common projection operators defined in Equation (25).

My = [0) (0], My = 1) (1] (25)

Each measurement operator can be applied to the quantum states received |yp) =

%(\0) + 1)) and |yq) = %(|0> — |1)). Then, the normalized post-measurement state can
be calculated using Equation (26).
¢/ = — i [9) 26)
([ M3y My 1)

Case 1: Applying My
For |¢o):
1 1
v 100l (L510) + J5(1)) o
¢(12<0| + (1) (10)(0) (L5100 + L5 11) )
= |o) (28)
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For [¢1):
10)(0( —510) — =511)
(501 L) 00 (510 - L5 1m)
=0) (30)

In this case (Case 1), applying My to both superposition states results in the same
output |0), as shown in Equations (27)—-(30). Therefore, this measurement does not reveal
any information about the original transmitted superposition state, making it impossible to
distinguish whether the received state is ) or |¢7).

Case 2: Applying M;

For |¢o):
1 1
- D1 (Llo) + J511)) o1
¢(¢<0|+5<1|)<|1><1>(5|0>+5|1>)
= [1) (32)
For |¢y):
T\
v (1Ll - H) )
¢(;§<0|;§<1|)<|1><1>(;§|0>5|1>)
= —[1) (34)

Unlike My, applying M; reveals a phase difference in the resulting quantum state as
in Equations (31)—(34). If the result is |1), the original state is |¢g), which corresponds to
the classical bit 0. If the result is — |1), the original state is |i7), which corresponds to the
classical bit 1. This phase-based discrimination allows the receiver to correctly identify the
transmitted superposition state. By observing the sign of the qubit state (+ or —) in the
post-measurement state under M, the receiver can reliably extract the classical bitstream
from the measured quantum states.

3.6. Channel Decoding and Source Decoding to Video Reconstruction

The extracted classical bitstream from the superposition states is recovered via polar
decoding, followed by VVC decoding to reconstruct the original video. This marks the
completion of the end-to-end quantum video transmission process.

3.7. Simulation Environment

Simulations are performed using Python 3 on a computer system with the follow-
ing features.

. CPU: Intel Core i5-1345U, 1.60 GHz (Intel Corporation, Santa Clara, CA, USA)
e RAM:16GB

In addition, the model assumes the perfect channel state information (CSI) at the
receiver, ensuring optimal decoding performance and mitigating errors caused by un-
certain channel conditions. To enable fair comparison, the classical MIMO system uses
complex baseband binary phase shift keying (BPSK) modulation with rate 1/2 polar coding,
matching the bandwidth usage of the proposed quantum system. For statistical robustness,
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the evaluation is conducted by subjecting each video to 1000 transmission trials. The results
presented reflect the average performance across all trials, measured using the PSNR, SSIM,
and VMAF metrics.

4. Results and Discussion

This study evaluates the performance of a superposition-based quantum communica-
tion system for video transmission in three diversity configurations: 1 x 1 SISO, 2 x 1 MISO,
and 1 x 2 SIMO. Instead of varying GOP sizes, the evaluation is based on three representa-
tive video sequences selected for their differing levels of structural information (SI) and
temporal information (TI), corresponding to high-motion, medium-motion, and low-motion
characteristics. High-motion video [49] is characterized by rapid object movement and
frequent scene transitions, resulting in high SI and TI values. This makes compression and
transmission particularly challenging. The medium-motion video [50] exhibits moderate
changes in scene and movement, leading to balanced SI and TI levels, and representing
an average complexity case. In contrast, low-motion video [51] features relatively static
scenes with minimal movement, producing moderate SI but low TI, making it the easi-
est to compress and transmit. Due to the use of three distinct video sequences, the final
performance metrics are reported as the average values across all three types. This ap-
proach ensures a comprehensive evaluation of the effectiveness of the system under various
content conditions.

As shown in Figure 3, the PSNR, SSIM, and VMAF values of the decoded videos
are plotted against the channel SNR for a GOP size of 8, a resolution of 320 x 180, and a
frame rate of 50 fps. The results indicate that the quantum system (Q) consistently achieves
superior video quality, measured by PSNR, SSIM, and VMAF, compared to the classical
system (C), particularly under low-SNR conditions across all diversity configurations,
including MISO, SIMO, and SISO. The quantum system demonstrates that increasing
channel noise results in more frequent quantum state errors during transmission. These
errors are subsequently converted into classical bit errors during decoding, causing visible
distortions and reducing the perceptual quality of the reconstructed video.

In addition, both the MISO (transmit diversity) and SIMO (receive diversity) configu-
rations outperform the SISO (no diversity) scheme in terms of video transmission quality in
both quantum and classical systems. This advantage is most evident in the 2 x 1 MISO and
1 x 2 SIMO quantum setups, where the quantum system maintains strong video quality,
as in PSNR results at SNR levels as low as 7 dB. In contrast, the 1 x 1 SISO configuration
requires a minimum of 10 dB SNR to achieve comparable performance. This performance
gap underscores the benefit of using diversity techniques in conjunction with quantum
encoding to enhance communication robustness. The improved resilience to noise enables
more accurate video reconstruction even in challenging channel conditions. A similar trend
is observed in the SSIM and VMAF results, further confirming the superior perceptual and
structural quality delivered by the quantum-enhanced transmission framework across all
diversity schemes. It is also observed that the 2 x 1 MISO setup exhibits around a 3 dB per-
formance drop relative to the 1 x 2 SIMO scheme in both the classical and quantum cases.
This reduction is due to the experiments being configured with equal total transmission
power across all configurations, which inherently benefits receive diversity.

As illustrated in Figure 4, the PSNR, SSIM, and VMAF results for a GOP size of 16 fol-
low a similar trend to those observed with a GOP size of 8. In all diversity configurations,
including MISO, SIMO, and SISO, the quantum system continues to outperform the classi-
cal system. Additionally, both transmit (2 x 1 MISO) and receive diversity (1 x 2 SIMO)
provide better results compared to the no diversity (1 x 1 SISO) scheme. However, a no-
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ticeable drop in overall performance is observed when the GOP size increases from 8
to 16.

To further investigate this behavior, Figure 5 presents the results for a GOP size of 32.
While the quantum system continues to outperform its classical counterpart, and MISO and
SIMO configurations show better results than SISO, the overall video quality is reduced
compared to that achieved with a GOP size of 16. The reason is that, as the GOP size in-
creases, more frames are encoded using inter-frame prediction. Since these frames depend
on preceding intra and inter-coded frames within the same GOP, any error introduced
partway through can propagate and severely impact the quality of the remaining predicted
frames. This trend is evident in Figures 3-5, where performance metrics progressively de-
crease as the GOP size grows from 8 to 16 and further to 32. Therefore, to maintain consistent
video quality in these scenarios, it is essential to adopt adaptive error-correction techniques
that dynamically allocate protection based on the GOP frame hierarchy. Coupling these
methods with error-resilient video-encoding approaches, such as flexible macroblock or-
dering or intra-refresh strategies, can help localize errors and prevent widespread quality
degradation. These combined solutions offer a promising direction to improve robustness
in video transmission over quantum and classical channels alike.
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Figure 3. Comparison of average PSNR (left column), SSIM (center column), and VMAF
(right column) for classical (C) and quantum (Q) systems across diversity schemes: (a—) 1 x 1 SISO,
(d-£) 2 x 1 MISO, and (g-i) 1 x 2 SIMO with GOP size 8.

Furthermore, transmit (MISO) and receive (SIMO) diversity schemes enhance system
robustness by mitigating the adverse effects of signal degradation in both classical and
quantum communication systems. In classical systems, diversity techniques primarily
address channel fading caused by multipath propagation and interference. These methods
help improve signal quality and reliability by combining multiple signal paths at the re-
ceiver. In quantum systems, however, the communication channel is also affected by unique
impairments such as quantum noise, decoherence, and quantum fading, phenomena that
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do not exist in classical transmission. While classical fading impacts the amplitude and
phase of transmitted signals, quantum fading and noise can disrupt the delicate super-
position states essential for quantum communication. Despite these challenges, diversity
schemes such as MISO and SIMO still contribute to performance improvements in quantum
systems by increasing redundancy and reception reliability. Moreover, the use of quantum
superposition further enhances the system'’s ability to resist quantum impairments. By rep-
resenting multiple bit states simultaneously, quantum encoding allows information to be
distributed across parallel quantum states, making the system inherently more tolerant to
noise and fading. As a result, quantum-enhanced systems demonstrate superior resilience
and reconstruction accuracy, especially in low-SNR scenarios, as confirmed by PSNR, SSIM,
and VMAF metrics across different diversity schemes and GOP sizes.
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Figure 4. Comparison of average PSNR (left column), SSIM (center column), and VMAF
(right column) for classical (C) and quantum (Q) systems across diversity schemes: (a—c) 1 x 1 SISO,
(d-£) 2 x 1 MISO, and (g-i) 1 x 2 SIMO with GOP size 16.

In addition, the impact of varying frame rates and resolutions on the performance
of the proposed quantum MIMO communication system is evaluated, with GOP size 8
selected as a representative test case, as summarized in Table 2. The comparative analysis
demonstrates that variations in resolution and frame rate have minimal effect on the
maximum channel SNR gains achieved by the quantum system compared to the classical
baseline. This channel SNR gain is quantified using Equation (35).

ASNR ( Q) = SI\TRclassical ( Q) - SNunantum ( Q) (35)

where SNRjassical (Q) and SNRguantum (Q) denote the channel SNR values required by
the baseline and proposed systems, respectively, to achieve the same quality level Q.
The consistency of the results indicates that both quantum and classical communication
systems respond similarly to changes in these video parameters. The results imply that
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improvements offered by the quantum approach are robust across different video formats
and playback speeds. Consequently, the performance advantages of the quantum system
can be expected to hold under a wide range of practical video streaming conditions,
supporting its applicability in various real-world scenarios. These findings also highlight
the scalability and flexibility of the proposed quantum communication framework when

handling video content of varying complexities and qualities.
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Figure 5. Comparison of average PSNR (left column), SSIM (center column), and VMAF
(right column) for classical (C) and quantum (Q) systems across diversity schemes: (a—c) 1 x 1 SISO,
(d-£) 2 x 1 MISO, and (g-i) 1 x 2 SIMO with GOP size 32.

Table 2. Maximum SNR gain for each diversity scheme of the quantum communication system
compared to the corresponding diversity scheme of the classical communication system across
different resolutions and frame rates.

1280 X 720 1920 x 1080
Frame Rate (fps)
1x1 2x1 1x2 1x1 2x1 1x2
20 3.0dB 3.0dB 3.1dB 3.0dB 2.8dB 3.0dB
30 3.0dB 29dB 3.0dB 3.0dB 3.0dB 3.0dB
50 3.0dB 3.1dB 3.0dB 2.8dB 2.8dB 3.0dB

To assess the perceived visual quality of the video content, a subjective evaluation
is performed using the double stimulus method [52], involving 80 participants between
the ages of 17 and 55. The assessment covers GOP size 8 across three diversity scenarios:
SISO, MISO, and SIMO. In this process, video sequences produced by both quantum
and classical communication systems are shown, and participants are asked to rate the
visual quality of each. The subjective quality scores follow the standard Mean Opinion
Score (MOS) convention on a 0-100 scale, where 0-20 indicates bad, 2140 poor, 41-60 fair,
61-80 good, and 81-100 excellent quality; the reported MOS values represent the average
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perceptual ratings across all evaluators. The collected ratings are analyzed and the results
are presented in Figure 6 for SISO (1 x 1), Figure 7 for MISO (2 x 1), and Figure 8 for SIMO
(1 x 2). A clear alignment is found between subjective ratings and objective metrics such
as PSNR, SSIM, and VMAF, confirming the consistency of both evaluation approaches.
To further validate the results, a sample of decoded frames for each diversity scenario,
as well as for both quantum and classical systems, is presented in Figure 9. Under MISO and
SIMO configurations, the images are decoded at an SNR of 7.5 dB. However, under SISO,
decoding at SNR 7.5 dB is not possible due to the high BER. Therefore, the decoded frame
at an SNR of 10 dB is included for the SISO configuration. Visual inspection of these frames
corresponds well to subjective and objective quality metrics, thereby reinforcing the validity
of the findings.

100 Classical
HEE Quantum

80
60

40

Subjective Quality Score

20

0 25 35 45 55 65 75 85 95 105115125 13.514.5

Channel SNR (dB)

©

Figure 6. Subjective quality assessment results for VVC-encoded videos with SISO (1 x 1 No
Diversity), comparing quantum and classical communication systems for GOP 8.
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Figure 7. Subjective quality assessment results for VVC-encoded videos with MISO (2 x 1 Transmit
Diversity), comparing quantum and classical communication systems for GOP 8.
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Figure 8. Subjective quality assessment results for VVC-encoded videos with SIMO (1 x 2 Receive
Diversity), comparing quantum and classical communication systems for GOP 8.
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(a) Classical (1x1SISO)
i —— 2 w:-'-

(b) Quantum (1x1 SISO)
] T T FI__

(e) Classical (1x2 SIMO) (f) Quantum (1x2 SIMO)
Figure 9. Example of a received video frame for classical and quantum systems under different
diversity schemes. (a,b) correspond to 1 x 1 SISO with a channel SNR of 10.5 dB; (c,d) correspond
to 2 x 1 MISO with a channel SNR of 7.5 dB; (e,f) correspond to 1 x 2 SIMO with a channel SNR
of 7.5 dB.

Motivated by the demand for low-complexity systems capable of delivering high
visual quality in real-time, this study introduces a hybrid communication framework that
integrates classical and quantum technologies. The proposed architecture is designed to
support near-real-time implementation while maintaining minimal system complexity,
making it well-suited for deployment in resource-constrained environments.

Within the proposed framework, quantum encoding involves applying Hadamard
transformations to individual qubits representing bitstream segments, resulting in a com-
putational complexity that scales linearly as O(N), where N is the number of qubits. Since
our system uses single-qubit encoding with N = 1, the encoding complexity reduces to
a constant O(1), representing the simplest and most efficient quantum encoding scheme.
Similarly, quantum decoding is performed via single-qubit measurements, which also
exhibit constant-time complexity O(1) per qubit. By avoiding entanglement, additional
quantum gates beyond Hadamard, and quantum error correction codes, the framework
maintains minimal computational and hardware demands.

While classical communication systems benefit from decades of standardization, offer-
ing high reliability and sophisticated optimization techniques, quantum systems offer an
inherently different advantage: reduced algorithmic and computational complexity rooted
in the fundamental properties of quantum hardware. In our design, this advantage is fur-
ther amplified through the use of single-qubit operations and Hadamard-based quantum
modulation, which collectively minimize computational overhead. It is also important to



Algorithms 2025, 18, 436

19 of 23

note that the performance evaluations presented in this work are derived from classical
simulations of quantum operations. Since quantum hardware operates very differently
from classical processors, especially in how it handles parallelism and state changes, run-
time comparisons based on simulations do not accurately reflect the performance of real
quantum devices and are not included in this study.

Furthermore, to maintain this low complexity and ensure hardware feasibility, the sys-
tem intentionally omits quantum error correction (QEC) techniques [53]. While QEC meth-
ods can improve error resilience, they typically introduce substantial computational and
implementation overheads, making them impractical for near-term, scalable, and low-
power deployments, especially in MIMO-based scenarios. While the proposed design
avoids QEC to reduce complexity, we acknowledge that its absence increases vulnerability
to decoherence and cumulative noise in practical quantum channels. However, for low-
complexity, short-distance communication scenarios, the use of classical polar codes has
proven sufficient to maintain reliable performance.

Although the proposed system is evaluated through simulation, this process serves
as a foundational step toward practical validation. The results aim to guide future efforts,
including prototype development, experimental testing, and controlled laboratory trials.
In the analysis a 2 x 2 MIMO configuration is introduced to examine the influence of the
diversity of transmit and receive. This configuration is not selected for performance bench-
marking alone, but also to demonstrate that the proposed framework can accommodate
such diversity structures without requiring significant architectural changes. Importantly,
the system is designed to be scalable. It can be extended to higher-order MIMO config-
urations such as 4 x 4 or 8 x 8 depending on the availability of quantum hardware and
processing resources. While increased complexity may result from such extensions, the mod-
ularity and low baseline complexity of the current design ensure that future expansions
are feasible. This scalability positions the proposed quantum-classical hybrid framework
as a strong candidate for next-generation communication systems in applications such as
telemedicine, remote diagnostics, and real-time visual transmission in bandwidth-limited
or error-prone environments.

5. Conclusions and Future Work

This study introduces a quantum MIMO communication framework that aims to
enhance the reliable transmission of high-quality video over wireless channels. By combin-
ing quantum superposition with classical channel coding and spatial diversity strategies,
specifically SISO, MISO, and SIMO configurations within a 2 x 2 MIMO system, the pro-
posed method effectively mitigates the effects of multipath fading and noise. Specifically,
within this framework, compressed video sequences are encoded into quantum superposi-
tion states, enabling transmission that is more robust and resilient to fading and quantum
noise. The simulation results confirm that the proposed system significantly outperforms
the classical counterparts under identical channel and bandwidth conditions. Specifically,
the proposed system achieves up to 39.12 dB in PSNR, 0.9471 in SSIM, and 92.47 in VMAF
compared to the classical system. These improvements are consistently observed across
different GOP sizes, resolutions, and frame rates, demonstrating the framework’s flexibility
and resilience to temporal compression variations. The architecture is designed for scal-
ability and low complexity, making it suitable for near-future hardware implementation
and practical deployment in advanced wireless communication scenarios. Furthermore,
this architecture can be extended to any complex MIMO configuration based on the proven
results that show promising performance.

Future work will focus on enhancing the scalability of the proposed framework in
several directions. First, the MIMO configuration can be extended to higher-order systems
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(e.g., 4 x 4 and beyond), enabling greater spatial diversity and throughput. However, such
expansion necessitates the development of low-complexity QEC schemes specifically tai-
lored to quantum MIMO environments. The design of lightweight and hardware-friendly
QEC algorithms will be a key research direction to preserve the reliability of the system with-
out compromising efficiency. In addition, machine learning-based CSI prediction techniques
will be explored to further optimize performance under dynamic wireless conditions. Inte-
grating machine learning-based CSI estimation with quantum encoding can enable more
adaptive and resilient transmission, particularly in highly variable or resource-constrained
environments. Moreover, extending the comparison to hybrid classical-quantum frame-
works, including edge-assisted video transmission and cross-layer optimization powered
by Al, will provide a more comprehensive performance evaluation. These advancements
aim to bridge the gap between theoretical quantum communication models and their
practical realization, paving the way for efficient, scalable, and intelligent quantum-assisted
wireless video transmission systems.
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AVC Advanced Video Coding
AV1 AOMedia Video 1

CSI Channel State Information
FEC Forward Error Correction
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HD High-Definition

HEVC  High Efficiency Video Coding
LDPC  Low-Density Parity-Check
MIMO  Multi-Input Multi-Output
MISO  Multi-Input Single-Output
PSNR  Peak Signal-to-Noise Ratio

QEC Quantum Error Correction
QKD Quantum Key Distribution
SI Spatial Information

SIMO  Single-Input Multi-Output

SNR Signal-to-Noise Ratio

SSIM Structural Similarity Index Measure
UHD Ultra-High-Definition

VMAF  Video Multi-Method Assessment Fusion
VP9 Video Processing 9

vvC Versatile Video Coding
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