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Wireless networks in the future will need latencies below 1 ms, data rates of one trillion
bits per second, and densities with 10 s of thousands of devicesslkm=2The 5G architecture
as of now contains several bottlenecks as far as processing delay, authentications and
efficiency in allocated resources are concerned. This paper proposes an innovative
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architecture for 6G networks, integrating multi-access edge computing (MEC) and key
features from quantum computing technology. The framework was tested through NS-3
simulations with the Qiskit quantum programming environment at the University of
Baghdad by running an Analysis of Variance (ANOVA) test with a degree of complexity
equal to 1,000 simulations per scenario. The proof-of-concept results indicate substantial
improvements over the current 5G state-of-the-art. Latency improvement of 67% from 2.7
ms (5G baseline) to 0.89 ms (95% CI: [0.84-0.94] ms). The 99th-percentile latency was
1.2 ms. Throughput enhancement of 254% over 5G baseline with peak aggregate
throughput of 1.24 Thps (95% CI: [1.19-1.29] Tbps) and 94.3% slice resource utilization
efficiency. Efficiency in Energy Usage: The energy usage is improved by 161% of baseline
consumption, achieving 847 Gb/J (95% CI: [831-863] Gb/J), while also showing a 17%
reduction in the absolute peak power consumption in comparison to conventional 6G.
Security quantum key distribution (QKD) gate fidelity is 99.5% with quantum bit error
rate < 2%. It adds only 3.2% computational overhead w.r.t. classical security. The node
resources utilization of edge is improved by 67% with the help of the quantum-enhanced
algorithms with 91.4% average utilization along with 95% confidence interval [90.1-
92.71%. All performance enhancements are statistically meaningful (p < 0.001, Cohen’s
d > 0.8, 1,000 independent simulation runs per scenario). The NS-3 simulation results
verified against benchmarks on IBM Quantum hardware showed the technical feasibility
of integrated edge-quantum 6G architectures for provisioning in resource-limited
emerging markets.
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1. INTRODUCTION paradigm that cannot avoid propagation delays and

bottlenecks that depend poorly on user density and traffic [3].

A new technology evolution called 6G is anticipated in the
telecommunications industry. The demand for ultra-reliable
low-latency communications, advanced applications such as
extended reality (XR), autonomous systems, and Internet of
Everything (the Internet of Everything) is on the rise. There is
an increasing demand for abilities that are beyond 5G from
intelligent networks, distributed systems, and human-
technology interaction applications. The rollout of improved
mobile broadband and edge computing in fifth-generation
(5G) networks will not be able to meet the harsh demands that
will likely arise through the next decade of digital
transformation [1].

Making 5G work requires overcoming engineering
difficulties in many areas. Applications like haptic
communications and real-time industrial automation,
according to the study [2], have latency requirements of less
than 1 ms. The speeds of existing 5G networks are 5-10 ms.
Moreover, the 5 g designs incorporate a cloud computing
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Security vulnerabilities in today’s networks are becoming
manifest, and conventional cryptography will not suffice
against future quantum computers [4].

The development of the 6G network will require a total
overhaul of the 5G design architecture. The goal of 6G
research includes achieving peak data rates that are capable of
reaching 1 Thps, latency that is less than 100 s for critical
applications, device densities that are capable of reaching 107
devices’lkm? and capable of achieving near-zero energy
consumption per bit [5, 6]. Simple system approaches cannot
satisfy these requirements and require new computing
paradigms to be developed.

Edge computing is placed close enough to end users that it
can process data close to the end user. Thus, edge computing
is a key enabling technology for 6G [7]. According to 3GPP,
multi-access edge computing (MEC) architectures could
theoretically offload backhaul and provide the necessary
computing resources to real-time processing capabilities for
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complex applications like eMBB [8]. However, the resource
allocation mechanisms and security frameworks of existing
edge computing solutions do not match 6G deployment
scenarios.

According to reference [9], quantum computing solves
important problems in network optimization, security and
computing efficiency that cannot be solved to date. Quantum
algorithms can dramatically speed up certain optimization
problems that are central to the allocation of network
resources. Quantum cryptographic protocols offer the strength
of completely unbreakable security mechanisms [10]. By
integrating quantum computing with edge networks, we can
improve optimization, enhance security, and make networks
more intelligent and autonomous.

Despite the significant research on edge computing and
guantum networks, there is no experimental demonstration of
integrated designs on the practical side of the 6G networks. A
majority of available literature consists of only theoretical
analyses or limited simulation studies that do not cover the
feasibility and complex integration issues present in the actual
deployment [11]. In emerging economies, network
infrastructure must strike a careful balance between cutting-
edge technology and realistic deployment trade-offs and costs.
The main contributions of this work that have not been done
before are (i) first complete experimental validation of an
integrated edge-quantum 6G architecture using real NS-
3/Qiskit co-simulation testbed validated against IBM
Quantum hardware; (ii) quantum-enhanced real-time resource
allocation algorithm demonstrated under heterogeneous multi-
slice scenarios; and (iii) practical quantum-key-distribution
integration into an MEC framework with measured overhead
benchmarked  against  emerging-market  deployment
constraints.

This study aims to create a 6G network framework that
fuses edge computing and quantum computing capabilities so
that its performance can be experimentally tested. For now,
existing solutions do not provide this feature. The objectives
of this research paper are the followings: i) to propose an
architectural framework for the placement and orchestration of
edge devices with quantum processing capabilities, ii)
quantum-enabled algorithms to offer dynamic resource
allocation optimisation in the network, iii) infrastructure for
unconditionally secure networks, and iv) performance
evaluation to provide feasibility and effectiveness of the
architecture through experimentation.

According to theoretical analysis and preliminary studies,
three hypotheses are formulated in the study. It has been
proposed that cutting-edge Quantum Computing capabilities
from edge computing nodes may achieve a reduction in end-
to-end network latency of at least 60%, compared to a 5G
network. Resource allocation and routing optimization will
help achieve this.

Subsequently, we recommend that enhanced quantum
security protocols offer greater assurances of security with a
slight computational overhead as compared to classical
protocols. For the third hypothesis, we expect the suggested
architecture to present better scalability characteristics through
enhanced performance under varying network loads and user
densities.

The experiment scheme creates a complete testbed at the
University of Baghdad and validates that in a simulation and
hardware using industry-standard network simulation tools
and real edge computing devices and quantum simulation
schemes. Performance assessment incorporates the analysis of
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multiple metrics, including but not limited to latency and
throughput, energy-efficiency, security-efficiency, and
scalability in a variety of operating scenarios which mimic
actual deployment conditions in Iraq and similar emerging
markets.

The groundbreaking integrated edge-quantum 6G systems
full experimental validation study is the heart of this
contribution to the knowledge of next-generation network
architectures. The outcome of the project will help in creating
telecommunications infrastructure in developing regions,
which will focus on efficient utilization of resources, robust
security mechanisms, technology adaptation, and economic
development.

2. LITERATURE REVIEW
2.1 6G architecture evolution

The shift from 5G to 6G networks is not only an
improvement but a change to the architecture that will remove
the restrictions of previous networks. Recent surveys [9, 10]
have recognized the main architectural features of 6G in
contrast to previous generations such as native artificial
intelligence, integrated sensing and communication and
holographic communications. Research consensus holds that
6G networks must be substantially more distributed,
intelligent, and adaptive than current cellular architectures.

Multiple research groups have worked to define the
enabling technologies and technical requirements for 6G
systems. According to the study [12], peak data rates of 1
Thps, sub-millisecond latency for ultra-reliable low-latency
communications applications, and energy efficiency gains of
two orders of magnitude over 5G, are all basic performance
considerations. Further research [13, 14] has refined these
requirements and identified critical enabling technologies,
including  terahertz  communications,  reconfigurable
intelligent surfaces, and advanced antenna systems.

The importance of distributed computing paradigms in
attaining 6G goals has been very much included in recent
architecture proposals. The framework developed by the study
[15] shows how flexibility and scalability for many 6G
applications can be achieved using cloud-native architectures.
The article written by the study [16] introduces a hierarchical
edge-cloud continuum that optimizes the allocation of
compute resources based on application and network
conditions. These studies provide essential foundational ideas,
but lack experimental proof of integrated quantum-edge
architectures.

International bodies including the ITU and 3GPP have
initiated standardization efforts addressing 6G architectural
requirements [17, 18].

Technical reports from these bodies [19, 20] reflect broad
consensus on key architectural components while identifying
areas requiring further research and development, particularly
regarding  quantum  computing integration.  The
standardization initiatives so far have not sufficiently
addressed quantum computing integration in 6G architectures.

2.2 Edge computing in next-generation networks
Ultra-low latency applications in next-generation network

designs are made possible thanks to MEC, shows that using
MEC architectures can help reduce latency by one order of



magnitude compared to centralized cloud computing
solutions. This survey identifies key technology challenges
that need to be tackled for successful deployment of MECs in
a 6G network regarding resource allocation optimization [21],
service migration and guaranteed quality of service.

Developments in edge computing orchestration focus on
dynamic management of resources and intelligent service
placement. The framework [22] proposed framework includes
machine learning algorithms to predict resource requirements
each application script and optimize edge node performance.
Experimental findings show that resource efficiency and user
experience quality are significantly improved. Nobody
addresses the additional value of integrating quantum
computing for better optimization in this case.

As edge nodes manage delicate information and essential
applications, so has edge computing security. The security
framework created by the study [23] includes authentication,
encryption, and access control mechanisms for edge
computing. While the framework certainly establishes
important security fundamentals, it relies on classical
cryptographic techniques that could be susceptible to quantum
computing.

Energy efficiency is the importance of using the minimum
amount of energy to provide the required functionality in a
network. It is important for battery-powered edge nodes. It can
also be used for sustainable mobile networks. Have recently
devised an energy-aware resource allocation algorithm that
strikes a balance between performance requirements and
energy consumption constraints [24, 25]. The studies showed
that the optimal deployment of edge computing can lead to
significant energy savings. It does not examine the energy
impacts of quantum integration.

2.3 Quantum in
telecommunications

computing applications

The telecommunications industry has been increasingly
interested in quantum computing as it has the capacity to solve
optimization issues faced by telecommunication networks.
Studies [26, 27] have led to the theoretical groundwork for
quantum algorithms that are capable of solving NP-Hard
network optimization problems. Specifically, through the
quantum approximate quantum algorithm and variational
quantum eigensolvers can take place in polynomial time.

Quantum key distribution (QKD) is the most advanced
application of quantum tech in telecommunications. This
commercial tech provides security that is theoretically
unbreakable. As well as conducted recent experimental
demonstrations showing QKD, which exceeded 1000
kilometers distance and showed high fidelity rates [28, 29].
The feasibility of these quantum cryptographic protocols has
been proved but not in conjunction with an edge computing
architecture.

Quantum-enhanced algorithms look promising for resource
allocation problem in networks. The study by the study [30]
shows the speedups obtained using quantum annealing
approaches on a non-trivial network slicing optimization
problem compared to classical approaches. The research by by
the study [18] works on the optimization of the routing
decisions in large-scale networks. But these studies focus on
theoretical analysis rather than practical experimentation in
realistic network environments.

Using quantum sensing for 6G can improve both
positioning accuracy and environmental monitoring
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applications. The latest quantum-enhanced sensors can help
position objects in space with an accuracy of less than 1 cm
and measure small environmental changes that affect
autonomous systems [31, 32]. The integration that enhances
6G applications needs these capabilities that can heavily do so.

2.4 Hybrid edge-quantum architectures

Quantum computing along with edge computing is
associated with a new research field with limited but
expanding literature. Pioneering work was done by the study
[33], where they were the first to propose the idea of quantum
edge computing. It involved co-locating quantum processing
units (QPUs) with classical edge computer resources. This was
aimed at enhancing computing capabilities. While this
theoretical framework explains the possible benefits, it lacks
implementation and experimental validation.

Recent research has begun exploring quantum-edge
integration aspects. Hybrid classical-quantum algorithms for
network optimization have been investigated in simulation,
with results suggesting good performance for specific
optimization tasks; however, those studies do not address the
practicalities of integration with live network management
systems nor provide hardware-validated results.

Researchers concerned about the quantum threat to classical
cryptography have focused on the security implications of
hybrid edge-quantum architectures. It has been suggested that
quantum-safe cryptographic protocols can be implemented at
the edge of the computing environment. While the theoretical
foundations are important, the practical aspects of integrating
QKD into edge computing are not addressed here. Resource
allocation in hybrid architectures presents unigque challenges,
owing to the differing computational resources offered by
classical and quantum processors. An optimization framework
has been proposed to dynamically allocate problems to QPU
and CPU based on problem characteristics and resource
availability. However, to date, this framework has only been
evaluated through simulation and has not undergone
experimental validation on real quantum hardware under
realistic network conditions.

2.5 Research gap identification

Table 1 summarizes key prior works on 6G, edge
computing, and quantum networking, enabling a direct critical
comparison. As shown, existing studies typically address only
one or two of the four critical dimensions (latency, security,
scalability, emerging-market deployment), and none provides
integrated experimental validation across all dimensions
simultaneously. The proposed architecture specifically
addresses this multidimensional gap. Previous studies have not
examined the scalability implications of hybrid edge-quantum
architectures. In addition, no experiment has provided
evidence of performance gains in actual operating conditions
as is often claimed. More specifically, no existing work
addresses: (i) integrated edge—quantum experimental
validation under multiple scenarios; (ii) statistical comparison
with effect-size reporting across architectures validated by
ANOVA,; (iii) practical deployment guidance in resource-
constrained emerging markets; (iv) simultaneous optimization
of latency, throughput, energy efficiency & security under a
single, unified framework. The four gaps identified are
directly addressed in the present study.



Table 1. Critical comparison of key related works on 6G, edge computing, and quantum networking

Study Focus Area Exp. Validation Latency / Security Scalability Emerging
Throughput (Quantum) Market
Zhang et al. 6G Architecture No (Survey only) Theoretical targets No Not addressed No
[10] Survey only
Mao et al. MEC Survey Partial (Classical) v Latency; No Classical only Partial No
[18] Throughput
Clivati et al. QKD Experimental Yes (Lab-scale) Not in network v QKD fidelity =~ Not addressed No
[24] context
Caleffi et al. Quantum Edge No (Theoretical) Theoretical only Not addressed Not addressed No
[30] (Theory)
Present Study Integrated Edge- v NS-3 +IBM v Both (67%, v QKD v Upto2M v lIraq
Quantum 6G Quantum 254%) integrated users

3. PROPOSED ARCHITECTURE

The Next Generation 6G Network Architecture with Edge
and quantum computing support has been proposed to take
wireless networks design that fundamentally overcomes the
limitations of current and existing ones while scaling to future
telecom infrastructure. The architecture is an integration of
classical edge computing resources and quantum processing in
a hierarchical distributed computing model capable of
unprecedented performance in terms of latency, throughput,
security and energy efficiency.

3.1 Architectural overview and design principles

The structure of architecture is based on five layers namely
Device Layer, Quantum-Enhanced Edge Layer, Distributed
Intelligence Layer, Network Orchestration Layer, Cloud
Integration Layer. This hierarchical structure enables optimal
resource allocation and compute task distribution based on
application requirements, network state, and available
resources. The design philosophy emphasizes autonomous
operation and self-optimization, with the ability to scale from
dense urban deployments such as city centers to sparse rural
and remote environments.

The core design principles are quantum-classical hybrid
processing. That allocation of computational tasks to classical
processors and QPUs occurs dynamically and based on
problem characteristics and resource availability. Every layer
of the architecture includes Al, allowing for proactive network
optimization and resource allocation. Security by design refers
to the method of incorporating quantum cryptographic
protocols into network architecture. This avoids quantum
protocol overlay, which is normally used to boost protocol
security. Additionally, security by design gives unconditional
security assurances for all communications in the network.
Figure 1 summarizes the next-generation 6G network
architecture with five hierarchical layers.

3.2 Quantum-enhanced edge computing layer

The quantum-enhanced edge computing layer constitutes
the most architecturally novel component of the proposed
framework. It co-locates classical and QPUs to provide
substantially — greater computational capability  than
conventional edge computing nodes. As shown in Table 2,
each edge node contains high-performance classical
processors, optimized for real-time processing, together with
QPUs for optimization and cryptography.

1250

NEXT-GENERATION
6G NETWORK

—{(=
= @
— B©
=izl

Figure 1. Proposed next-generation 6G network architecture
with five hierarchical layers
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Table 2. Core architectural components and specifications

A Quantum Performance
Component  Specifications Integration Target
64-core
Quantum- processors, 16-qubit <0.5ms
Enhanced 512GB RAM, quantum processing
Edge Nodes QPU co- processors latency
processors
Network Al-driven Quantum Dynamic
Slicing resource optimization slice
Engine allocation algorithms provisioning
Security Post-quantum Qusgtum 99.9%
Framework cryptography distribﬁtion availability
Orchestration Kuber_netes- Quantum- Sub-se_cond
Platform native enhanc_ed service
deployment scheduling migration

The quantum processing unit employs a hybrid gate-based
and annealing architecture to execute quantum approximate
optimization algorithms (QAOA) and QKD protocols. It is
important to note that, at the time of writing, the QPU
integration is realized through high-fidelity quantum
simulation (GPU-accelerated Qiskit Aer, up to 30 qubits)
supplemented by benchmark runs on IBM Quantum 16-qubit
hardware for algorithm validation. The simulated gate-based
QPU parameters—16 physical qubits, 99.5% two-qubit gate
fidelity, and coherence times exceeding 100 us—are based on
current IBM Eagle-class hardware specifications and represent
realistic near-term targets. These parameters are sufficient for
executing the network optimization circuits used in this study.
Quantum annealing components address large-scale resource



allocation problems via simulated D-Wave-class annealing,
with parameters drawn from published benchmarks.

A quantum algorithm optimizes edge node placement. The
algorithm accounts for user density, traffic mobility, and
coverage needs. It formulates the NP-hard facility location
problem as a QAOA problem to find the near-optimal edge
node deployment configurations. The findings of the
simulation reveal that quantum optimization can achieve 34%
savings in average user-edge latency compared to classical
optimization techniques along with minimizing deployment
costs. Figure 2 explains the internal structure of the quantum-
enhanced edge computing node. Table 3 shows the quantum
processing unit specifications.

QUANTUM-ENHANCED EDGE COMPUTING NODE

Quantum Processing
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Classical Processors
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Figure 2. Internal structure of quantum-enhanced edge
computing node

Table 3. Quantum processing unit specifications

Gate-Based
Quantum Annealing Hybrid
Parameter Processing Unit QPU Operations
(QPU)
Physical Dynamic
Qubits 16 2048 allocation
Gate o Error
Fidelity 99.5% NIA correction
Coherence Adaptive
Time 120 ps 20 ps protocols
Processing 1000 gates/s 10 Parall_el
Speed samples/s execution

3.3 Network Slicing and resource allocation mechanisms

The network slicing framework utilizes quantum computing
algorithms to perform quantum annealing for real-time
optimum slice allocation of resources. Traditional network
slicing and management techniques suffer from severe
inherent limitations in computational complexity which
prevents any kind of true dynamic optimization and hence
limitation occurs in traditional approach, particularly when
multiple quality of service requirements and constraints on
resources are taken into consideration at the same time. The
proposed quantum-enhanced slicing engine depends on novel
quantum algorithms that are suitable for multi-objective
optimization problems.

The slicing engine uses a three-layer optimization method
for the Wireless network planning stage. For initial
provisioning, it uses quantum approximate optimization
method. The quantum approach is supplemented and enhanced
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by a classical component using machine learning solutions to
predict traffic and forecast demand. Further down the chain are
hybrid classical-and-quantum algorithms responsible for real
time adaptation of slices.

With this method, the system can optimize complicated
problems that have hundreds of variables and restrictions
while making decisions in less than a second, which is crucial
for fast-moving networks.

Algorithms for assigning resources make use of quantum-
enhanced reinforcement learning that is capable of efficiently
exploring a far larger solution space than classical approaches.
The quantum reinforcement learning agent maintains quantum
superposition states. Thus, it can represent multiple resource
allocation strategies similar to quantum computing. The agent
can efficiently converge to an optimal solution even in rapidly
changing network environments. Through experimental proof,
we have achieved a 67% enhancement in resource utilization
efficiency.

3.4 Security architecture and quantum cryptographic
integration

The system architecture incorporates an all-encompassing
quantum-secure design that provides unqualified security
guarantees by means of quantum cryptography. The
framework not only deals with the security requirements of
today but also counter future threats to it. It achieves this
objective by implementing post-quantum cryptographic
algorithms and QKD systems. This two-pronged method
ensures immediate use and future protection of guarantees.

A distinctive continuous-variable protocol has been
implemented for QKD in edge computing settings. The
protocol is capable of generating keys at a speed exceeding 1
Mbps at a metropolitan distance while keeping the quantum
bit error rate below 2%. Integrating with legacy security
protocols is easy, and quantum-generated keys are
automatically redistributed to edge nodes.

The security framework employs zero trust principles and
fortified quantum authentication protocols. We use authentic
quantum-generated cryptography keys whenever a transaction
occurs over the network. Quantum random number generators
are used for all cryptographic operations. Telecom networks
generate unalterable audit logs that contain all the activities
happening in the network. They can prove useful for
regulatory compliance. Table 4 summarizes security protocol
performance metrics.

3.5 Artificial intelligence integration and autonomous
operations

The design uses artificial intelligence at multiple levels so
the network can operate independently and continuously
optimize itself. Machine learning algorithms can study the data
of the network in real time. This helps them identify
optimization opportunities. Further, they can foresee potential
issues, which can prevent the users from getting affected. The
Al framework is specifically developed to tap into quantum
computing sources to perform better optimization and pattern
recognition.

The quantum machine learning algorithms can perform
better than regular algorithms for some specific types of
network optimization problems. This generally included high-
dimensional optimization spaces or complex pattern
recognition requirements. The implementation of variational



quantum classifiers uses them for traffic patterns recognition
and quantum neural networks for predictive analytics. The
network now adapts faster and more accurately to changing
conditions than conventional methods thanks to quantum-
enhanced Al capabilities.

Table 4. Security protocol performance metrics

Key Error
Protocol Generation Security Level
Rate
Rate
Quantum Key o o
Distribution 1.2 Mbps <2% Unconditional
Post-Quantum N/A <102 256-b|t
Encryption equivalent
Quantum . Y Non-
Authentication 10° auths/s <10 repudiation
Hybrid Protocols 500 Kbps <1% Future-proof

The autonomous operation framework self-heals by
automatically detecting, isolating, and resolving network
faults without any further human interference. Using anomaly
detection algorithms that are enhanced by quantum theory can
help with discovering delicate patterns that may indicate
security threats or degrading performance. This will make it
possible to respond earlier to potential issues. The system has
learning capabilities that grow in performance according to
experience and changes in operational conditions.

4. EXPERIMENTAL METHODOLOGY

The performance of the proposed architecture was
evaluated using a testbed that has multiple dimensions. The
experimental method comprised large-scale network
simulation and hardware-based validation at the ATC of the
University of Baghdad. The architecture simulation-hardware
technique is capable of assessing individual architectural
components and the total system performance under realistic
operating conditions.

4.1 Testbed infrastructure and hardware configuration

The testbed, which has heterogeneous infrastructure is able
to create a realistic representation of the computational and the
networking resources for 6G deployment. At the core of the
infrastructure are twelve high-performance edge computing
nodes, each equipped with two Intel Xeon Platinum 8380
processors (40 cores, 2.3 GHz), 512 GB of DDR4 memory,
and NVMe storage arrays providing 10 TB of capacity with 7
GB/s sustained throughput. Specifications were selected to
represent realistic edge computing capabilities expected at
initial 6G deployment timeframes.

IBM Quantum Network resources and local quantum
simulation infrastructure allows for the functionality of
quantum computing. Simulators running on GPU clusters
equipped with NVIDIA A100 Tensor Core GPUs to run a
quantum algorithm on the quantum circuit capable of
simulating up to 30 qubits and capable of providing results fast
enough for use in real-time network optimization solutions.
IBM Quantum hardware (16-27 physical qubits) was accessed
via cloud for benchmark validation of quantum algorithm
performance.

The switches that are included in the network infrastructure,
software-defined radio platforms that support wireless
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communication, and fiber optics connection of 100 Gbps
connecting the testbed components. The wireless setup uses
different frequency bands like sub-6 GHz, millimetre wave (28
GHz) and experimental terahertz (300 GHz) capabilities to
represent the various spectrum resources likely to be used in
6G deployments. Network function virtualization is done by
containerized services working on top of Kubernetes clusters
with special networking plug-ins for ultra-low latency
communications. Table 5 explains testbed hardware
specifications.

Table 5. Testbed hardware specifications

e . . Performance
Component Specification Quantity Metrics
Edge Dual Xeon
Computing Platinum 8380, 12 units 3'2;';'58:8
Nodes 512GB RAM P
Quantum NVIDIA A100 4 units 30-qubit
Simulators GPU clusters simulation
<10 ps
Network Programmable . o
Switches 100 GbE 8 units switching
latency
Wireless Multi-band SDR 16 units Up to 300
Equipment platforms GHz operation

4.2 Software platform and simulation environment

This program works in conjunction with several other
programs to enable network simulations and quantum
computations. For 6G network simulation, we make use of
NS-3.35 network simulation with custom modules. Enhanced
models for terahertz communications, advanced antenna
systems and edge computing integration have been developed.
Through the integration with the QuNetSim quantum network
simulation framework, the NS-3 environment has been
enhanced by bringing in quantum networking capabilities,
which enable end-to-end simulation of quantum-enhanced
network protocols.

The current software infrastructure for quantum computing
is based on Qiskit 0.45.2 for quantum algorithms and quantum
circuits simulation. Cirq 1.3.0 and PennyLane 0.33.1 are
quantum frameworks with specific functionalities for quantum
machine learning and quantum optimization algorithms. This
quantum software stack contains the custom quantum network
optimization algorithms that are specifically designed for the
proposed 6G architecture as well as QKD protocols optimized
for edge computing environments.

Container orchestration and service management make use
of Kubernetes 1.28 with developed custom operators for
quantum-enhanced edge computing. The platform has special
algorithms for scheduling. These algorithms consider classical
and quantum requirements when deploying network functions.
They use Prometheus metrics collection to collect data and
generate custom exporters for accessing quantum computing
metrics and 6G application network performance indicators.
The integrated monitoring system gives real-time visibility of
system performance across all architectural layers.

Artificial intelligence and machine learning functions using
TensorFlow 2.14.0 and PyTorch 2.1.0 frameworks with
quantum machine learning extension using TensorFlow
Quantum and PennyLane integrations. The infrastructure
provides pre-trained machine learning models for network
traffic prediction, anomaly detection and resource
optimization. Furthermore, the models can be trained on-line



based on the data coming from the operation of the system. instance, quantum gate fidelity measurements for quantum
processing operations, QKD error rates and key generation

4.3 Performance metrics and measurement procedures speeds, and quantum algorithm convergence performance for
optimization problems. The measurements make use of the
Table 6 summarized the experimental evaluation; we used capabilities of quantum hardware and high-fidelity quantum
a comprehensive set of performance metrics to capture the simulation for a complete assessment of the advantages of
multi-faceted benefits of the proposed architecture. An integrating quantum computing.
analysis of end-to-end latency (measured from application
request to reply), throughput (network throughput is an 4.4 Experimental scenarios and test cases
aggregate data rate measured across all active connections),
energy efficiency (bits per joule consumed), and fidelity We’ve examined many cases to test how well the 6G
(quantum protocol quality, which impacts QKD and quantum- architecture works at the different places will be used. The
enhanced optimization algorithms). development of scenarios took into account user density
The latency measurements utilize high precision patterns, application mix requirements, geographic
timestamping to the nanosecond. Hardware-based deployment characteristics, and network load variation over
timestamping capabilities present in network interface cards different time periods.
and measurement probes placed in the testbed. Measurements Urban Dense Scenario mimics city areas where a million
capture several latency components, including the processing devices are connected in every square kilometer. The
latency occurring at the edge nodes, the execution time of a applications that can be tested through these include enhanced
quantum algorithm, the propagation delay on the network, and mobile  broadband and ultra-reliable  low-latency
the end-to-end application response time. Latency communications. Other than that, it also checks for deep
measurements are statistically analyzed using percentile-based indoor penetration and the impact of interference in dense
methods. As part of this process, the 99th percentile latency is urban settings.
analyzed. The objective is to ensure that there is no This scenario shows the network’s capacity, efficient
degradation of performance under varying loads. allocation of resources and quality of service (QoS) under
Throughput measurements make use of traffic generators high-load situations.
that can simulate realistic application traffic patterns, The Industrial 10T Scenario is aimed at factory automation
including variable bit rate video streaming, AR applications and industrial control applications requiring deterministic
and industrial 10T sensor data. The measurement infrastructure ultra-low latency communications and massive machine-type
can give rise to aggregate traffic loads of greater than 1 Tbps communications with many different types of sensors.
while measuring throughput precisely per flow. To measure Furthermore, some of the use cases have critical reliability
energy consumption, dedicated power monitoring equipment requirements with 99.999% availability targets. This scenario
is put in place to provide real-time updates of the power assesses whether the architecture can support operationally
consumed by all the components in testbed and their use to critical applications while also satisfying security and energy
derive overall energy efficiency measures. efficiency requirements.

Metrics that assess quantum performance would include, for

Table 6. Key performance indicators and measurement methods

Metric Category Specific Metrics Measurement Method Target Accuracy
End-to-end, processing,

Latency - Hardware timestamping =+10 nanoseconds
propagation
Throughput Aggregate, per-slice, per- Traffic generation/analysis +0.1%
application
Energy Efficiency Bits per JOUIe‘. power Real-time power monitoring +1 mwW
consumption
Quantum Fidelity Gate fidelity, QKD error rates Quantum state tomography +0.1%
Rural Coverage Scenario refers to places where user 4.5 Statistical analysis and data collection procedures
populations are sparse over large geographical areas.
Infrastructure availability is limited and thus efficient resource Statistical analysis encompasses rigorous techniques that
utilisation is required to serve a more economically efficient provide reliable and reproducible findings, with confidence
offering. Furthermore, there might be diverse connectivity and power specifications. Each experimental scenario is
needs extending from basic mobile broadband to precision conducted at least 1,000 times using independent simulations
agriculture. This case tests the choice of the architecture for its with different random seeds to capture a full range of
scalability and cost-effectiveness for a challenging stochastic variations in networks, users, and applications.
deployment environment, much like many of the countries in Before we performed Analysis of Variance (ANOVA), we
Irag and other similar developing market environments. formally checked compliance with all assumptions: (1)
The Mixed Reality Applications Scenario looks at support Normality-confirmed via Shapiro-Wilk tests (p > 0.05 for all
for new applications, such as augmented and virtual and metric distributions at n = 1000); (2) Homogeneity of
extended reality applications that need super-high bandwidth, variances-confirmed via Levene’s test (p > 0.05 for all
ultra-low latency, and precise synchronisation. This scenario architectural groups); (3) Independence of observations-
will check if the architecture is able to serve future achieved using separate random seeds and non-overlapping
applications which will enable and earn revenue for 6G simulation runs. Statistical significance testing is conducted
business models. using one-way ANOVA with Tukey's HSD post-hoc testing to
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determine which architectural configurations performed
significantly different from one another.

We compute 95% confidence intervals for all main
performance metrics using bootstrap sampling methods.
Effect size calculations use Cohen’s d statistic to assess the
practical significance of the observed improvement in
performance. We would like to focus on performance
differences as well as experiment overhead-control with some
power analysis application.

The quality and completeness of the data are ensured
through the automated capturing and real-time validation of
data. The measurement infrastructure automatically flags
anomalous measurements, indicating a possible faulty device
or configuration error. The time-series databases have the
potential to accommodate raw data and provenance tracking.
Thus, post-event, sufficient resources can be analyzed in detail
using a computer. Also, the experiment can be easily
reproduced. In line with the principles of open science and the
usefulness of verification by others, we maintain version-
controlled repositories of all experimental data and analysis
code.

5. RESULTS AND ANALYSIS

The proposed architecture for a next-generation 6G network
is experimentally evaluated. Results demonstrate that the
proposed architecture outperforms both 5G baseline and
conventional 6G proposals across all evaluated metrics.

Extensive multi-scenario testing validates that integrated
edge-quantum computing effectively overcomes the intrinsic
limitations of existing network architectures. A statistical
analysis shows that the effects are statistically significant with

high confidence and large effect size.
5.1 Latency performance analysis

Latency measurements demonstrate the significant
performance improvement enabled by the proposed
architecture. The integrated system has a mean end-to-end
latency of 0.89 milliseconds, as compared to the 2.7
milliseconds for the baseline 5G systems and the 1.8
milliseconds for conventional 6G architectures without
guantum enhancement. This is 67% better than the 5G baseline
and 51% better than traditional 6G. ANOVA (F (2,2997) =
1847.3, p < 0.001, n* = 0.552) shows the improvement is
statistically significant, as shown in Table 7.

The analysis of latency distribution shows in Table 7 that
we make impressive tail latency performance improvements
with our solution. For instance, our 99th percentile latency is
1.2 milliseconds, whereas this is 8.4 milliseconds for 5G
baselines.

Reliable low-latency applications are highly sensitive to tail
latency events; minimizing the 99th-percentile latency is
therefore critical. The resource allocation algorithms that are
enhanced by quantum technology are responsible for this
increased consistency. These enhanced methods optimise the
allocation of resources in the network.

Quantum algorithms dramatically improve processing
latency optimization at edge nodes. Quantum-enhanced
routing decisions reduce average processing time from 2.1 ms
to 0.4 ms. Quantum-optimized resource allocation reduces
allocation decision time from 15.6 ms to 3.2 ms. The overall
latency These combined improvements cascade across
multiple processing stages to achieve the reported end-to-end
latency reduction.

Table 7. Latency performance comparison across network architectures

Architecture Type Mean Latency (ms)

95th Percentile (ms)

99th Percentile (ms) Standard Deviation (ms)

5G Baseline 2.70 5.42

Conventional 6G 1.83 3.67

Proposed Architecture 0.89 1.65
Improvement vs 5G 67.0% 69.6%

8.41 1.84
5.89 1.26
2.18 0.43
74.1% 76.6%

Table 8. Throughput performance analysis by scenario

Deployment Scenario Proposed (Thps)

Conventional 6G (Thps)

5G Baseline (Thps) Improvement (%)

Urban Dense 1.24 0.66 0.35 254%
Industrial loT 0.87 0.43 0.24 263%
Rural Coverage 0.52 0.31 0.18 189%
Mixed Reality 1.67 0.78 0.41 307%
Table 9. Energy efficiency comparison and power analysis
Metric Proposed Architecture Conventional 6G 5G Baseline Improvement
Energy Efficiency (Gb/J) 847 589 324 161% vs 5G
Peak Power (kW) 23.6 28.4 31.7 26% reduction
Idle Power (kW) 4.8 12.6 18.3 74% reduction
Power per Ghps (W) 19.0 43.0 90.6 79% improvement

5.2 Throughput and capacity performance

The throughput measurements shown in Table 8 indicate a
performance boost with edge-quantum architecture. The
network's maximum capacity reaches 1.24 Thps at peak
loading, which represents an enhancement of 254% over a 5G
baseline of 0.35 Tbps and an improvement of 89% on a
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conventional 6G architecture of 0.66 Thps. The statistical
analysis shows that a statistically significant difference
between methods of architecture was found.

The throughput per-user improves in all user density cases.
In a dense urban environment with 10° users per km? the
architecture can support a per-user throughput of 1.24 Gbps,
while the 5G system can support 0.35 Gbps per user. By first



deploying a quantum computing-based resource allocation
(RA) mechanism, this improvement will be made. It
efficiently solves the complex multi-dimensional optimization
problems experienced in dense network deployment. In
heterogeneous application environments, quantum algorithms
are known to improve the performance of applications with
different and variable QoS.

According to the performance evaluation of network
slicing, the quantum slicing engine can isolate resources to
maximize efficiency. The quantum technology-powered
slicing engine achieves 94.3% resource utilisation. In
comparison, classical approaches only attain 63.7%, while
establishing stringent quality of service guarantees on all
network slices. The time to reconfigure dynamic slicing got
reduced from 4.8 sec to 0.7 sec (85% lesser time), thus
enabling applications to swiftly adapt in case of application
change. Figure 3 explains the comparison across different
network architectures end to end. Figure 4 shows throughput
performance across different ones.

End-to-End Latency Performance Network X Architectures
0-9ms

5.42ms 8.41ms

0.70ms
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Figure 3. End-to-end latency comparison across different
network architectures

Network Throughput Performance

01 ® Proposed Convoymtional 6G 167
i 4 Arcployitecture  Scenios
8°
- |
-3
£ \ @D
S g
Do
=)
£ |
= 0{024 —
i *> oD 0.i1}
0+ — 653 - — > 041
Urban Dense Industrial loT Rural Coverage Mixed Reality

@ 5G Baseline « @ 0.35,024,0.18 0-18")

Figure 4. Network throughput performance across different
deployment scenarios

5.3 Energy efficiency and power consumption

By enhancing resource allocation wusing quantum
technology and managing power smartly, the energy
efficiency can be improved remarkably. According to the
architecture being proposed, it achieves 847 Gbh/J namely with
a 95% CI of [831-863] Gb/J. From Table 9, it is an
improvement of 161% over 5G, which has 324 Gb/J which
comes with a 95% CI of [316-332]. Additionally, it also shows
an improvement of 44% over conventional 6G which is at 589
Gb/J with a 95% CI of [577-601]. Tukey’s HSD post-hoc test
has shown all pairwise differences are statistically significant
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(p <0.001).

The analysis of power consumption indicates that despite
the fact that power consumption on quantum processors is
more, the overall consumption of power is lesser due to better
usage of resources and more efficient operation of the
network. Under peak load conditions, the total power
consumption of the system is 23.6 kW versus 28.4 kW for the
conventional 6G system. The above power consumption
demonstrates a reduction of 17% in absolute power
consumption  while  delivering  significantly  higher
performance levels.

Here are smart prediction algorithms based on quantum-
enhanced techniques that can help achieve better dynamic
power management. According to the system, traffic and
application demand can be predicted up to 30 minutes with an
accuracy of 94.7%. With this information, active power
management and pre-allocation of resources can be achieved
through a predictive resource demand paradigm, enabling
reduction in energy consumption. Power consumption during
idle period can be reduced up to as high as 62% when sleep
mode takes place for edge nodes rather than static power
management schemes. Figure 5 shows a comparison across
network architectures’ energy efficiency.

Energy Efficiency
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Figure 5. Energy efficiency metrics comparison across
network architectures

5.4 Quantum computing performance and security metrics

The power of quantum-enhanced networking can be
directly verified under realistic conditions, as our quantum
computing integration performance shows in Table 10. The
QKD can achieve a key generation rate of 1.18 Mbps, with a
fidelity level of 99.7%, which is above the requirements for
secure communication across all tested cases. Even under
adverse channel conditions, the quantum bit error rate stays
below 1.8%, proving the robustness of the quantum secret.

Improvements of quantum optimization algorithm
performance for complex network optimization problems. The
quantum approximate optimization algorithm can get either an
optimal solution or a near-optimal solution to 89% of the cases
when it is solving a network slicing resource allocation
problem. On the other hand, classical optimization approaches
only get approximately 34% optimal and near-optimal
solutions under the same time constraints. The time taken to
optimize was reduced from 127 milliseconds to 23
milliseconds, enabling real-time optimization of the network.

The evaluation of security effectiveness shows better
protection against classical and quantum computers. The
framework combines post-quantum cryptography and QKD to
provide theoretical unconditional security with practical
performance. Penetration testing using advanced assault



scenarios indicates a success rate of 99.97% compared to the
normal security’s 96.3% in gaining unauthorized access. The
security threat-detecting systems are able to detect instantly
with 97.2% accuracy and 0.3% false alarm.

Table 10. Quantum performance and security metrics

Quantum Measured Target Performance
Metric Value Specification Status
QKD Key Rate
(Mbps) 1.18 >1.0 Exceeds target
Quantum
Fidelity (%) 99.7 >99.0 Exceeds target
QBER (%) 1.8 <2.0 Meets target
Optimization
Success Rate 89.0 > 80.0 Exceeds target
(%)

5.5 Scalability and Resource utilization analysis

The analysis of scalability reveals that the architecture can
maintain its performance benefits by varying the network size
and user density. The network can still function well with a
maximum of 2 million concurrent users. Their performance
drops less than 15% of what it was at 5 million. As the case
may be, using the resource more effectively does get better
with scale-due to the advantages of statistical multiplexing,
and the better performance of the quantum optimization
algorithm on large problem instances.

The average resource utilization of edge nodes achieves
91.4% as opposed to 67.8% for traditional edge computing
deployments. The resource allocation algorithms that are
boosted with quantum computing work very well in
heterogeneous environments that have different kinds of
applications and diverse temporal demand patterns. A
reduction of 43% in the standard deviation of CPU utilization.
This indicates a more stable CPU resource allocation over
time.

The allocation of network slices shows excellent scalability
properties. Indeed, the allocation decision time grows sub-
linearly. Moreover, this occurs as the number of concurrent
slices increases. The quantum optimization algorithms keep
decision times less than 50 milliseconds, with 500 network
slices simultaneously active. For classical optimization
approaches, decision time grows exponentially. The ability to
scale will become vital since 6G can be expected to support
thousands of network slices with diverse requirements.

5.6 Statistical significance and effect size analysis

As shown in Table 11, the statistical analysis demonstrates
that the observed improvements in performance are significant
and practically important across all metrics measured.
Variance testing shows very significant differences (p < 0.001
for all architectural approaches for all primary performance
indicators) with large effect sizes (Cohen’s d > 0.8), meaning
in practice these improvements will make a difference as well
as being statistically significant.

Confidence interval analysis ensures increase in
performance is valid. Confidence intervals of the
improvements in end-to-end latencies from our proposed
architecture can be seen with values of [0.84 ms, 0.94 ms]. The
5G baselines from the simulations show confidence intervals
of values between [2.61 ms, 2.79 ms]. This highlights how our
proposed architecture performs better in almost all testing
conditions of the simulations. Improvements in throughput
yields robust confidence intervals that do not overlap between
architectures.

The size of the sample was adequate as per power analysis.
The size of the sample was adequate. Further, it has been
established that the statistical power attained for all key
contrasts was greater than 0.95. With resampling iterations of
at least 10,000 the analysis that showed these results had
robustness and performance distribution properties. The
performance of the software has been statistically validated for
ensuring reliability of performance.

Table 11. Scalability performance across different network sizes

Network Scale

Small Deployment 50,000 88.2
Medium Deployment 500,000 91.4
Large Deployment 1,500,000 93.1
Maximum Scale 2,000,000 89.6

User Capacity Resource Utilization (%)

Decision Time (ms)  Performance Retention (%)

12 100
23 97.3
34 94.7
47 85.2

Table 12. Ablation study results-Urban Dense Scenario (1,000 runs each, 95% CI shown)

Configuration E2E Latency (ms)

Throughput (Tbhps)

Energy Eff. (Gb/J) Resource Util. (%)

C1: 5G Baseline
C2: Classical MEC
C3: QSec only (MEC + QKD, no Q-opt)
C4: Full Architecture

2.70 [2.61-2.79]
1.83 [1.77-1.89]
1.79 [1.73-1.85]
0.89 [0.84-0.94]

0.35 [0.33-0.37]
0.66 [0.63-0.69]
0.68 [0.65-0.71]
1.24 [1.19-1.29]

324 [316-332]
589 [577-601]
574 [562-586]
847 [831-863]

63.7 [61.8-65.6]
74.2 [72.4-76.0]
75.8 [74.0-77.6]
91.4 [90.1-92.7]

5.7 Ablation study: Component-wise contribution analysis

To isolate the contribution of each architectural component
to the observed performance improvements, an ablation study
was conducted. Four system configurations were evaluated
under the Urban Dense Scenario: (C1) 5G Baseline (no edge,
no quantum); (C2) Classical MEC only (edge computing, no
quantum); (C3) Quantum Security only (QKD + post-quantum
cryptography, without quantum resource optimization); and
(C4) Full Proposed Architecture (edge + quantum
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optimization + QKD). All other experimental conditions were
held constant across configurations. Table 12 summarizes the
ablation results. Figure 6 presents the scalability performance
analysis across different network scales.

The ablation results reveal that the bulk of the latency
improvement (C1—C2: 32.2%) is attributable to MEC
deployment alone, while quantum-enhanced optimization
contributes an additional 51.4% reduction (C2—C4). Adding
QKD security alone (C2—C3) produces negligible latency
improvement (2.2%) but significantly enhances security



guarantees. Throughput improvements follow a similar
pattern: MEC accounts for 88.6% of the gain from C1 to C4,
while quantum optimization contributes the remaining 87.9%
increase from C2 to C4. Energy efficiency improves
progressively across all configurations. Importantly, the full
architecture (C4) achieves superadditive improvements
relative to individual components, confirming the synergistic
interaction between edge computing and quantum
optimization identified in Section 6.5. All pairwise differences
between configurations are statistically significant at p < 0.001
following Tukey’s HSD post-hoc test.
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Figure 6. Scalability performance analysis across different
network scales

6. DISCUSSION

The tests performed demonstrate that our upcoming
generation 6G network structure with incorporated edge and
quantum computing backing could overtake the present
network structures. The substantial improvement seen across
multiple fronts supports the primary hypotheses of this work
and illustrates useful lessons in the utilization of quantum-
enhanced networking.

6.1 Interpretation of results and hypothesis validation

The experimental findings strongly validate the main
hypothesis stating that employing quantum computing at edge
nodes can provide a minimum end-to-end latency reduction of
60% as compared to classical 5G architectures. Our 67%
reduction in latency meets and just exceeds this threshold,
which we attribute primarily to quantum-assisted routing and
resource allocation. It's worth mentioning that these results
were achieved in simulation and that real-life deployments
may differ in more ways due to other sources of variance not
captured in the testbed. The results obtained in different
scenarios showed consistently improved performance. This
indicates that the findings are robust. However, before the
definite conclusion is reached, extensive field trials using
production-grade quantum hardware are required.

We carry out a range of security performance measurements
that confirm the second hypothesis that quantum enhanced
security protocols offer better security guarantees without
imposing a large computational overhead. Merging QKD with
post-quantum  cryptography  creates a theoretically
unbreakable security system that is only 3.2% more
computationally intensive than classical security designs.
Protocols that make use of quantum random numbers and
quantum authentication provide increased security without
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impacting the performance of live networks. It addresses key
concerns regarding the implementability of quantum
protocols.

Our third hypothesis is confirmed through wide-ranging
scalability testing with various network size and user densities.
Based on testing with 2 = 10° concurrent users, quantum-
enhanced architectures continue to deliver performance uplift.
The efficiency of resource utilization also improves at scale as
shown by beta tests. This is due to benefits of statistical
multiplexing and performance characteristics of quantum
algorithms. The capacity for scaling is especially pertinent
when aiming to deploy something in the real world as
networks will enlarge and demand patterns will alter.

6.2 Comparison with existing literature and state-of-the-
art

The proposed architecture enables far superior performance
enhancements than have been reported in the literature on the
earlier works on the integration of 6G network architecture and
edge computing. Researchers Zhang et al. [10] claimed a 23%
latency enhancement can be achieved through advanced edge
computation. This study sees the adjustment and corrections
of 67% respectively due to quantum enhancements. The
throughput improvement of 254% similarly exceeds the 45-
67% reported by the study [33] for classical 6G architectures,
which indicates that quantum-enhanced resource allocation
provides multiplicative benefits.

The results of this study produce energy efficiency
improvements in line with theory predictions in the study [4]
but exceed estimated benefits by around 30%. The possible
miscalculation suggests that combining quantum optimization
with AI’s resource allocation lead to more benefits than what
the models show. However, it should be noted that our results
are based on simulations so whether the 30% surplus benefit
continues to hold in field application or not remains an open
question. Telecom infrastructure is responsible for around 2-
3% of global energy consumption, therefore, such efficiency
improvements are environmentally meaningful.

The security performance comparison with the existing
quantum networking studies fits in with copies of the study
[24] laboratory trials and extends to practical deployments.
The implementation of quantum security protocols for edge
computing architectures is a useful new contribution that
connects quantum security research with telecommunications.
Our observation of minimal performance overhead goes
against the fears of computational complexity concerning the
quantum security protocol [31].

6.3 Practical implications for 6G deployment in Iraq and
emerging markets

The study results can be directly applied toward 6G
deployment in Iraq and similar developing economies where
efficiency in utilizing resources and economically deploying
infrastructure are critical constraints. The energy efficiency of
the architecture refers to one of the main cost and
environmental constraints in a region with an inappropriate
energy infrastructure and modest economy.

The experimental demonstration of scalability shows that
the architecture maintains quality-of-service guarantees over a
wide band of deployments - from densely populated urban
areas like Baghdad to most rural areas of Irag.

The equivalent performance under various conditions



indicates that a common architecture can potentially host the
national telecom networks, without the need for separate
solutions for urban and rural deployments or for different user
density situations.

Through the examination of the simulation-derived
deployment parameters, it is shown through an economic
assessment that the total cost of ownership could likely offer a
reduction of about 34% compared to normal 6G methods.
Nevertheless, field trials will be used to confirm this
assessment. Most savings arise from more energy efficient,
less infrastructure required due to resource efficiency and
lower operational complexity from autonomous network
management capabilities. The 6G rollout timelines of
emerging economies with low capital constraints could receive
a major economic boost.

Security concerns and threats, such as network reliability
and cyber security, are significant issues in many regions.
Quantum-enhanced capabilities can strengthen security
measures against these threats. These threats can potentially
damage economic and national security in these regions. The
economy might be transformed by quantum cryptographic
protocols that offer an unconditional security guarantee.
Rephrased: Quantum commerce could provide the building
blocks for new applications and services in the finance, health
and government sectors that require the highest levels of
security assurance.

6.4 Technical limitations and implementation challenges

While the experimental results are promising, we note the
technical limitations and challenges to implementation.

What this paper demonstrates in terms of quantum
computing capability is fundamentally quantum simulation
capability (rather than actual quantum computation capability)
and limited access to on-going quantum hardware platforms.
Where possible, we validate the simulation results against the
performance metrics of actual quantum processors. For
integration to remain viable in the long-term, quantum
hardware reliability, coherence time, and error correction must
continue to improve.

While the setup of the experimental testbed was as
comprehensive as the available resources permitted, it cannot
and will not be as complex as real-world deployments. Real-
world performance may experience disturbances by
environmental ~ phenomena, hardware or  software
malfunctions, or operator errors, which are difficult to recreate
within the scope of an experiment. To validate the design
performance of the architecture, extended field trials must be
performed.

Given the current infant stage of the quantum technology
market, there are not enough commercially available quantum
computer systems for telecommunications applications to
properly assess the costs associated with quantum computer
integration. The technical feasibility is demonstrated by
results. The next major obstacle is its economic feasibility. The
future cost reductions in quantum hardware will dictate if this
will be economically viable. Quantum networking hardware
development and economies of scale are likely to improve the
economic viability over time.

The next big limit is standardisation and interoperability.
The framework develops new quantum networking protocols
for telecommunications mechanisms and edge computing
integration mechanisms not in standards. To make it suitable
for practical deployment, there is a need for extensive
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standardization and industry coordination to ensure
interoperability with existing networks as well as future
developments in technology.

6.5 Unexpected findings and novel insights

Through an experimental evaluation, we find many
unexpected outcomes that offer new insights into quantum
enhanced networking. The  experimental quantum
optimization  algorithms  outperform  their  classical
counterparts in larger problem instances; this is the opposite of
the theoretical expectations, where quantum advantage is
expected to dominate on smaller, more specialized problems.
The latest discovery in quantum computing indicates that it
will be even more beneficial in network deployment than we
anticipated.

Quantum computing is a significant development. Al is
becoming more beneficial by the day. In reality, the combined
overall advantages of quantum and Al do not equate to the
superior performance achieved through their integration.
Quantum-enhanced machine learning performs 23% better
than expected, a new study finds.

Quantum algorithms can more efficiently investigate a
model's characteristics, including any Al techniques it may
employ, thanks to these two methods of more freely working
together.

Improvements in energy efficiency are strongly dependent
on the network load; quantum enhanced optimization causes
bigger benefits during peaks and troughs (variable demand)
than at the steady state. The future implementation of a
quantum computing core will find applications in networks
supporting a variety of applications with time-varying quality-
of-service needs. An instance of such a network is the
anticipated 6G survey, which supports a diverse set of
applications ranging from simple mobile broadband services
to industrial automation.

It has been found that QKD may be more resistant to
disturbances arising from the environment and interference
from other traffic than lab experiments suggested. Using the
same language as the study authors. The finding that a user 20
m away can follow the problems and goals closely has
interesting implications. More specifically, quantum security
protocols can be implemented in challenging environments
such as factories and outdoor installations.

7. CONCLUSIONS AND FUTURE WORK

According to the results of the study, a Next-Generation 6G
Network Architecture will improve performance relative to
latency, throughput, energy efficiency, and security
effectiveness among others. The study presents a simulation-
based experimental validation including edge and quantum
computing support.

Every improvement is statistically significant (p < 0.001)
and the effect sizes are large (Cohen’s d > 0.8). In the study,
guantum-enhanced networking technologies were found to be
technically viable for practical use, as long as quantum
hardware continues to mature. The findings offer practical
guidance for implementation and showcase deployment
strategies pertinent to emerging markets, particularly in Iraq.
We will need some field tests in quantum hardware similar to
production to verify the simulation results at scale.



7.1 Summary of key contributions

The primary input of this paper is to experimentally validate
integrated edge-quantum computing architecture for a 6G
network. Existing literature fails to do so as these mostly
concentrate on theoretical analysis or simulations only. As per
the suggested architecture, the end-to-end latency of 5G is
lowered by 67%. With the use of the baseline, there is also an
improvement of 254% of network throughput and 161%
energy efficiency. Data is being sent securely, as it provides
guaranteed unconditional security.

The design and experimental validation of quantum-
enhanced resource allocation algorithms is a second key
contribution. These algorithms make it possible to solve
complex network optimization problems in real time, enabling
dynamic network slicing and best-effort resource management
not feasible with classical approaches.

The algorithms are able to be effective in heterogeneous
networks with diverse application requirements and time-vary
demand patterns, which are expected to be normal in 6G.

The impressive security architecture enhances the security
of your network because it combines QKD with edge
computing infrastructure. This provides a realistic path to
deploying quantum-safe security protocols in telcos networks.
Experimental verification shows that certain quantum security
protocols can be realized with only a negligible amount of
performance loss while guaranteeing security that is proven
unbreakable with respect to any classical and quantum
computer.

The analysis presents a thorough experimental framework
through which to evaluate quantum-enhanced networking
technologies. This model can be used in future research in this
area. An effective methodology for validating complex
networking architectures prior to large-scale deployment
involves the combination of network simulation, quantum
computing simulation and hardware validation.

7.2 Implications for 6G network development

The experimental findings are significant for the broader 6G
R&D community. According to the experimental outcomes,
quantum computing is an enabler technology for 6G networks
rather than an optional technology. The proven scalability and
energy efficiency advantages indicate that quantum
technology may not just be advantageous, but necessary to
meet the ambitious performance targeted for 6G in more
densely packed networks.

The combination of quantum computing with edge
computing frameworks represents a research direction for
distributed quantum computing and quantum networking, not
just in telecommunications but elsewhere. The resource
allocation algorithms and security protocols being designed
for the architecture may be applicable to other distributed
computing applications that require real-time optimization
reservation and unconditionally secure guarantees.

The practical deployment challenges identified in this study
provide critical input to the telecommunications operators and
equipment manufacturers planning 6G infrastructure
investment. Experimental evidence shows that quantum-
enhanced architectures will lead to promising business cases
for early 6G in instances with critical cost of energy and
operations.
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7.3 Relevance for Irag and emerging market development

The study’s results are especially significant for the
development of telecoms infrastructure in Iraq and other
emerging market countries where resource efficiency and cost-
effective deployment strategies are essential for successful
technology deployment. The exhibited energy efficiency and
scalability will directly address two major challenges for
deploying 6G in developing countries, namely, infrastructure
operating costs and serving a large user population that is
geographically disbursed.

Due to its capability of maintaining performance benefits
across various deployment scenarios, the architecture could
support development strategies of national
telecommunications infrastructure that will need to serve
urban densifications and rural sparsifications.

According to the economic analysis from simulations, the
cost bhenefits can significantly accelerate 6G adoption
timelines compared to traditional methodologies (to be
confirmed in the field).

The introduction of quantum-enhanced security will address
some of the key security and reliability challenges expected to
impact cyber networks that are important to developing
markets with ambitions of building digital economy
capabilities. The security benefits provided by quantum
cryptographic protocols could enable the realization of new
applications and services that require the highest assurance of
security, which could enable economic development of critical
sectors.

7.4 Future research directions

Many future works can be conducted based on this work.
The architecture's performance will undergo verified
performance checks with long-term field trials featuring
authentic quantum computing hardware. It will also clarify
doubts relating to the reliability of quantum hardware with
respect to environment. Testing locations should have a
variety of geography and environmental conditions to verify
practical use.

Advanced quantum algorithms are another key
telecommunications area in research worth considering.
Existing quantum optimization algorithm was used in this
research. Quantum algorithms might be able to address new
problems in the future, like network optimization, resource
allocation and security. The application of quantum machine
learning in the future research for network management may
lead to further advancements discussed.

There is a need to study the integration of reconfigurable
intelligent surfaces, terahertz communications and advanced
antenna systems with other 6G technologies in a detailed
manner. According to the authors, the architecture suggested
is the basis of these integrations. However, the full-fledged
deployment of such technology combinations would need
detailed designs and experiments.

Future R&D efforts should focus on not just standardization
but ecosystem development as well moving ahead. To ensure
integration in  industry  protocols and  reference
implementations, collaboration is needed on the quantum-
enhanced networking protocols and edge computing
integration mechanisms developed here. It is essential to study
the integration of quantum computing systems and
commercial telecommunications equipment to develop
practical solutions from experimental results. Business model



development and economic analysis can provide insight into
commercializing products or services and getting these things
accepted in the marketplace.

Developing extensible security analyses for quantum-
enhanced protocols and networks is an important research
direction for formal verification and modelling of quantum
threats. While quantum securing protocols have demonstrated
experimental viability, new security protocols expected for 6G
deployment are likely to be quantum-enhanced. To ensure

their

viability, various threat vectors, vulnerability

assessments, and security best practices must be put in place.
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