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ABSTRACT
This paper presents a cybersecure hybrid quantum–classical architecture for synchronising distributed quantum neural net
works (QNNs) in 6G holographic communications. The proposed framework targets secure, low‐latency and high‐fidelity end‐ 
to‐end operation under realistic noise and adversarial conditions. Multipartite Greenberger–Horne–Zeilinger (GHZ) entan
glement supports gradient‐consensus synchronisation, regularised by von Neumann entropy and trace distance. Holographic 
tensor teleportation is executed over reconfigurable intelligent surface (RIS)‐assisted midhaul links protected by quantum key 
distribution (QKD). Joint optimisation of QNN parameters and RIS phases targets high end‐to‐end fidelity under noise. Qiskit 
simulations averaged over 100 trials achieve Favg = 0.961, Esync = 0.010 and S(ρ) = 0.12, with 22.5 ms end‐to‐end latency. 
Compared with reduced baselines without GHZ synchronisation or without RIS control, fidelity improves by 20%–28% and 
synchronisation divergence decreases by about 90%. Scalability, security stress scenarios, classical‐feedback impairments, 
hyperparameter sensitivity and noisy intermediate‐scale quantum (NISQ)‐oriented error mitigation are all evaluated. The ar
chitecture scales gracefully to N = 20 distributed units with only 7% fidelity reduction, whereas mitigation improves fidelity by 
7%–11% under moderate noise. Overall, the RIS‐QKD‐GHZ integration enables secure, low‐latency and scalable 
quantum–classical 6G networking.

1 | Introduction

Sixth‐generation (6G) networks aim to integrate quantum ca
pabilities with classical communications and network‐level 
cybersecurity. These infrastructures require architectures that 
deliver low‐latency, high‐fidelity and secure end‐to‐end opera
tion under realistic noise and adversarial conditions [1–3]. In 
this context, distributed quantum neural networks (QNNs) at 
each distributed unit (DU) serve as both computation engines 
and entangled nodes. Their synchronisation and spatial 

topology significantly influence global performance and infor
mation integrity [4–6].

Recent studies have demonstrated the feasibility of qubit tele
portation over midhaul links, whereas reconfigurable intelligent 
surfaces (RIS) enable programmable spatial control of wireless 
propagation [7, 8]. Recent surveys further underscore the 
transformative potential of RIS for smart wireless systems [9]. In 
parallel, variational quantum machine learning has shown 
promise for localised learning under entanglement and noise 
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[10]. However, prior work typically treats these capabilities in 
isolation. A unified network‐oriented framework that jointly 
addresses entangled learning, holographic teleportation and 
RIS‐assisted midhaul optimisation—whilst enforcing cyberse
curity constraints—remains largely unexplored [11–13].

This paper proposes a cybersecure quantum–classical network 
architecture for synchronisation and control of entangled 
QNNs in 6G holographic communications. Each DU in
tegrates a variational QNN, a teleportation engine for 
parameter/state exchange and an RIS module for adaptive 
phase control. Midhaul signalling is protected via quantum 
key distribution (QKD), providing information‐theoretic keys 
for authenticated and confidential control/data channels. 
Multipartite Greenberger–Horne–Zeilinger (GHZ) entangle
ment maintains global parameter alignment across the 
network.

1.1 | Contributions

This paper makes four contributions:

1. A unified architecture that couples GHZ‐based entangled 
QNN synchronisation with RIS‐assisted midhaul control 
and QKD‐secured orchestration.

2. A network‐level formulation: QNN synchronisation as a 
distributed gradient‐consensus problem regularised by von 
Neumann entropy and trace distance, jointly optimised 
with RIS phases to shape end‐to‐end fidelity.

3. A Qiskit‐based evaluation under ideal and noisy condi
tions, including adversarial midhaul interference, with 
statistically consistent gains over reference baselines.

4. The experimental evaluation covers scalability (N ∈

{4, 8, 12, 16, 20}) under three GHZ‐distribution topologies, 
security stress tests against six attacks and robustness to 
packet loss and jitter in classical feedback. Hyper
parameter sensitivity via ablations and NISQ‐oriented er
ror mitigation are also assessed.

1.2 | Main Results

Across 100 runs, the proposed quantum neural holographic 
teleportation (QNHT) system attains average teleportation fi
delity Favg = 0.961, synchronisation error Esync = 0.010, von 
Neumann entropy S(ρ) = 0.12 and end‐to‐end latency of 
22.5 ms. Relative to baselines without GHZ synchronisation or 
without RIS control, fidelity improves by ≈20–28% and diver
gence (via Esync) drops by ≈90%.

1.3 | Paper Organisation

Section 2 reviews related work. Section 3 presents the system 
architecture and quantum modelling. Section 4 formalises QNN 
synchronisation and RIS control. Section 5 details the simula
tion setup and parameters. Section 6 reports the comprehensive 
experimental evaluation, including scalability analysis, security 

stress tests, channel impairment effects, hyperparameter sensi
tivity and error mitigation techniques. Section 7 concludes and 
outlines future directions.

2 | Related Work

Research at the intersection of quantum learning, secure syn
chronisation and reconfigurable communications remains 
fragmented. Variational quantum neural networks (QNNs) for 
noisy intermediate‐scale quantum (NISQ) devices [10, 14] are 
frequently examined as single‐node circuits with minimal 
modelling of cross‐node entanglement or distributed synchro
nisation. One representative direction investigates entangled‐ 
neuron circuits as nonlinear distributed quantum models, yet 
gradient consensus and phase‐coherent alignment across nodes 
are left unaddressed, with communication assumed only at 
initialisation rather than maintained as a synchronisation pro
cess [15].

Within quantum communications, reports in IET Quantum 
Communication study free‐space and satellite QKD largely as 
spatial/physical‐layer optimisation under turbulence, pointing 
inaccuracies and geometric or polarisation losses. Wavefront 
control is typically realised by optical means—telescopes, beam 
steering or metasurfaces—in lieu of RIS‐like adaptive surfaces 
[16–18]. To the best of current knowledge, there is no model in 
which time‐varying wavefront control coevolves with quantum‐ 
learning‐driven synchronisation (e.g., QNN alignment) and its 
impact on end‐to‐end teleportation fidelity is quantified. Work 
centred on teleportation in the same venue focuses on entan
glement distribution and protocol design under idealised or 
block‐fading regimes, with limited treatment of adversarial 
midhaul interference, evolving entanglement topologies or 
delayed classical feedback as explicit spatiotemporal elements 
[3, 19].

Quantum key distribution (QKD) is a cornerstone for 
information‐theoretic keying in next‐generation networks, 
enabling midhaul protection [20, 21]. Despite its well‐ 
established theoretical foundations, many deployments remain 
decoupled from quantum‐learning workflows or are inserted as 
an isolated cryptographic layer. For instance, a QKD‐assisted 
federated‐learning design is proposed to strengthen aggrega
tion privacy [20], yet entanglement‐based synchronisation, 
tensorised state exchange for holographic coordination and RIS‐ 
steered channel control are not treated within a single net
worked formulation.

Scalability challenges in quantum networks have been 
addressed through various approaches. High‐dimensional 
quantum teleportation protocols demonstrate improved chan
nel capacity but face exponential resource scaling with 
increasing dimensions [22]. GHZ state distribution across mul
tiple nodes exhibits fidelity degradation proportional to network 
size due to accumulated decoherence effects [23]. Security vul
nerabilities in distributed quantum machine learning, including 
parameter poisoning and adversarial state manipulation, require 
detection mechanisms that may impact overall system 
throughput [24]. Recent advances in quantum cryptography 

2 of 19 IET Quantum Communication, 2026

 26328925, 2026, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/qtc2.70032 by B

runel U
niversity, W

iley O
nline L

ibrary on [25/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



provide foundations for secure multiparty quantum protocols 
with composable security guarantees [25]. Error mitigation 
techniques, such as zero‐noise extrapolation and probabilistic 
error cancelation, enable practical NISQ implementations with 
improved fidelity [26, 27]. Classical channel impairments, 
including packet loss and latency jitter, affect teleportation 
success rates. These impairments necessitate hybrid quantum– 
classical protocol designs that account for realistic network 
conditions.

This paper advances a unified network‐oriented view: QNN 
synchronisation and RIS‐assisted teleportation are aligned un
der a QKD‐secured cybersecurity posture, tailored to 
quantum–classical 6G architectures. The model comprises:

• Synchronisation layer: global QNN parameter alignment 
via multipartite entanglement and gradient–consensus 
dynamics.

• Teleportation layer: RIS adaptation shapes propagation and 
enhances end‐to‐end fidelity under realistic noise.

• Security layer: QKD‐based midhaul keying for confidenti
ality/integrity against eavesdropping and model‐poisoning 
attacks.

• Control/orchestration layer: coordination of quantum– 
classical resources with performance and entropy 
monitoring.

The integrated view targets scalable, low‐latency and quantum‐ 
secure operation over dynamic 6G infrastructures. A concise 
comparison is provided in Table 1 to position the present 
contribution.

3 | System Architecture and Modelling

The proposed system is modelled as a structured, partially 
observable hybrid quantum–classical network 𝒢 = (𝒱, ℰ). Each 
node vi ∈ 𝒱 denotes a distributed unit (DU) equipped with a 
quantum neural network (QNN), a holographic‐teleportation 
module, and a reconfigurable intelligent surface (RIS). Edges 
eij ∈ ℰ denote bidirectional midhaul connections secured via 
quantum key distribution (QKD) and dynamically reweighted 
by RIS phase responses. The overall system architecture is 
shown in Figure 1. As illustrated, the architecture comprises: (i) 
user equipment (UE) connected to distributed units (DUs) via 
RIS panels for enhanced signal propagation; (ii) edge cloud 
infrastructure hosting QNN processing with parameterised 

RY (θ) gates; (iii) QKD‐protected midhaul links ensuring 
information‐theoretic security and (iv) holographic links inter
connecting quantum neural network layers for coordinated 
inference.

Each distributed unit i realises its QNN as a parameterised 
quantum circuit 𝒰θi of width n. The circuit operates on an input 
state prepared by amplitude encoding,

⃒
⃒ψi〉 = ∑

2n − 1

k=0
α(i)

k |k〉, ∑
2n − 1

k=0
|α(i)

k |2 = 1, (1)

where {|k〉} denotes the computational basis and the coefficients 
α(i)

k are normalised amplitudes derived from local measure
ments [31].

The QNN consists of L layers, each composed of parameterised 
single‐qubit RY rotations, Hadamard gates and entangling 
controlled‐NOT (CNOT) operations:

𝒰θi = ∏
L

ℓ=1
[ ∏

n

q=1
RY (θi,ℓ,q)Hq] ⋅ ∏

n− 1

q=1
CNOTq, q+1. (2)

A representative layer of this structure is shown in Figure 2, 
where input qubits are initialised in the |0〉 state, processed by 

TABLE 1 | Comparison across QNN synchronisation, teleportation, RIS adaptation, QKD security, scalability analysis, and system‐level modelling.

References QNN sync Teleportation RIS adaptation QKD security Scalability System modelling
[28] ✗ ✓ ✗ ✗ ✗ ✗
[29] ✓ ✗ ✗ ✗ ✗ ✗
[30] ✗ ✓ ✓ ✗ ✗ ✗
[20] ✗ ✗ ✓ ✓ ✗ ✗
[22] ✗ ✓ ✗ ✗ ✓ ✗
This work ✓ ✓ ✓ ✓ ✓ ✓

FIGURE 1 | Proposed hybrid quantum–classical network 
architecture integrating distributed QNNs, holographic teleportation 
modules, RIS and QKD‐secured midhaul, with parameterised RY (θ)
gates, QKD‐protected midhaul links ensuring information‐ 
theoretic security and holographic links interconnecting quantum 
neural network layers. Key components include UE‐to‐DU 
connectivity via RIS panels, edge cloud QNN processing and 
QKD‐protected links.
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Hadamard gates, entangled via CNOT and finally rotated by 
RY (θ) gates [32].

Tables 2 and 3 provide an overview of the mathematical symbols 
and quantum gates used in the proposed QNN synchronisation 
and teleportation framework. Table 2 contains all the primary 
notations for quantum modelling and RIS control, whereas 
Table 3 contains all the gate operations used for encoding, 
entanglement and parameterised learning.

To ensure global synchronisation, ancilla qubits are entangled 
using a multipartite GHZ‐like state:

|Ψ〉1:N =
1
̅̅̅
2

√ ( |0〉⊗N + |1〉⊗N), (3)

which maintains quantum correlations across N DUs and pro
vides a reference for phase alignment.

The GHZ circuit is depicted in Figure 3, where Hadamard and 
CNOT gates entangle ancilla qubits across nodes.

The output quantum state from the QNN may undergo deco
herence, modelled by a completely positive trace‐preserving 
(CPTP) map:

ρí = ∑
k

KkρiK
†
k, where ∑

k
K†

kKk = I. (4)

For example, depolarising noise is represented by K0 =
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − p

√
I and K1 =

̅̅̅
p

√
X [33].

For quantum imaging and holographic inference tasks, each DU 
generates a quantum‐encoded tensor state:

FIGURE 2 | Illustration of a single QNN layer at DU i with 2 qubits.

TABLE 2 | Key mathematical symbols used in the QNN 
synchronisation framework.

Symbol Description
𝒰θi Parameterised quantum neural network (QNN) 

circuit at DU i

θi Trainable parameters (angles) of the QNN at DU i

|𝒯 i〉 Holographically encoded tensor quantum state at 
DU i

ρi Local mixed state at DU i, post‐noise

Favg Average teleportation fidelity across all QNN links

S(ρ) von Neumann entropy of quantum state ρ

Esync Synchronisation error between QNNs (gradient 
divergence)

Dtr Trace distance between ideal and received 
quantum states

Φi RIS phase‐shift vector associated with DU i

ϕ Optimised RIS phase (scalar tuning parameter)

p Probability of depolarising noise in the quantum 
channel

𝒦 Kraus operator set modelling CPTP decoherence

t Training epoch index

N Number of distributed quantum nodes (DUs)

QBER Quantum bit error rate for security monitoring

τ Coherence lifetime for GHZ state fidelity decay

J Maximum jitter amplitude (ms) in classical 
feedback channel

pL Packet loss probability in classical channel

η Learning rate for QNN parameter updates

T GHZ state refresh interval (synchronisation period)

λ1, λ2 Regularisation weights for entropy and trace 
distance

TABLE 3 | Quantum gate symbols used in the circuit.

Gate symbol Gate description
Hadamard gate: Creates superposition

Y‐rotation: Parameterised gate for QNN 
layers
Z‐rotation: Phase encoding in QNN

CNOT: Entanglement gate for QNN 
and GHZ

Pauli‐X: Classical correction from Bell 
measurement
Pauli‐Z: Classical correction from Bell 
measurement
General SU(2) gate for universal QNN 
expressivity
Variational block: Multilayer quantum 
encoding
Measurement: Standard in computational 
basis
GHZ state preparation 
(Hadamard + CNOT chain)
RIS phase modulation gate for midhaul 
channel control
Tensor encoder block: Maps |ψ〉 → |?〉

FIGURE 3 | Multipartite GHZ entanglement between DUs, enabling 
quantum synchronisation and state alignment for ρi.
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|𝒯 i〉 = ∑
a,b,c

γ(i)abc|a〉|b〉|c〉, (5)

which captures phase‐sensitive quantum pixels in a three‐ 
dimensional lattice [34].

Teleportation proceeds via a joint Bell‐basis measurement on 
the input qubit and the sender's share of a pre‐shared 
Einstein–Podolsky–Rosen (EPR) pair. The resulting classical 
bits (m1,m2) are transmitted over a classical channel to the 
receiver, which applies conditional Pauli corrections to recon
struct the original quantum state:

𝒰corr = X m2 Z m1 , (6)

where X and Z are the standard Pauli operators. The telepor
tation process is illustrated in Figure 4.

3.1 | Tensor State Encoding and Decoding

The holographic tensor state |𝒯 i〉 encodes QNN parameters θi 
into quantum amplitudes suitable for teleportation. The 
encoding process maps the K‐dimensional parameter vector to a 
d 3‐dimensional Hilbert space via amplitude encoding:

γ(i)abc =
θi,k

|θi|2
, k = a ⋅ d 2 + b ⋅ d + c, (7)

where the indices (a, b, c) ∈ {0,…, d − 1}3 correspond to the 
three‐qudit registers and d denotes the local Hilbert‐space 
dimension per register. The encoding circuit prepares |𝒯 i〉 us
ing a sequence of controlled rotations:

ℰ = ∏
d 3 − 1

k=0
CRY (2 arcsin(γk)) ⋅ H ⊗3nq , (8)

where nq = ⌈log2d⌉ qubits encode each register.

The decoded parameters satisfy |θ̂j − θi| ≤ e with high proba
bility under standard fidelity–distance bounds (e.g., relating 
state infidelity to trace‐distance deviation) [35], and the result
ing reconstruction accuracy is empirically verified in the re
ported fidelity regimes.

The RIS propagation is modelled by a diagonal phase‐shift 
matrix:

Φi = diag( e jϕi,1 , e jϕi,2 ,…, e jϕi,M ), (9)

where ϕi,m denotes the controllable phase shift applied by 
element m of RIS i and M is the total number of reflecting el
ements per RIS panel. This results in an effective quantum 
midhaul channel modelled as follows:

Heff
ij = H(i)

DU‐RISΦiH(j)
RIS‐DU + H(i,j)

QKD, (10)

where H(i,j)
QKD captures the QKD‐assisted protected link [20, 30].

To ensure coherent parameter updates and secure entangle
ment, the global synchronisation objective is formulated as a 
Lagrangian:

ℒsync = ∑
isj

⃦
⃦∇θiJi − ∇θjJj

⃦
⃦2

+ λ1∑
i

S(ρi) + λ2∑
isj

Dtr(ρi, ρj),
(11)

where S(ρi) = − Tr(ρi log ρi) is the von Neumann entropy 
reflecting the uncertainty of the local QNN state ρi and 

Dtr(ρi, ρj) = 1
2 Tr

⃒
⃒
⃒ρi − ρj

⃒
⃒
⃒ quantifies the distinguishability be

tween entangled nodes [36].

The term ∇θiS(ρi) is given by:

∇θiS(ρi) = − Tr[( log ρi + I) ⋅ ∇θiρi], (12)

where gradients are computed via the parameter‐shift rule [37].

The trace distance is defined as follows:

Dtr(ρi, ρj) =
1
2
⃦
⃦
⃦ρi − ρj

⃦
⃦
⃦

1
=

1
2

Tr[
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ρi − ρj)
2

√

], (13)

Based on the trace distance in Equation (13), its gradient is 
approximated as follows:

∇θiDtr(ρi, ρj) ≈
1
2
∑

k
∇θiλk, (14)

where λk are the eigenvalues of (ρi − ρj)
2 [38].

All evaluations are performed using Qiskit's quantum_info 
module, and parameter gradients (including the trace‐distance 
gradient in Equation (14)) are obtained via hybrid finite‐ 
difference and parameter‐shift techniques.

The variational circuit structure shown in Figure 5 generates the 
local quantum state ρi. The parameters are updated via:

θ(t+1)
i = θ(t)

i − η(∇θiJi

+ λ1∇θiS(ρi) + λ2∇θiDtr(ρi, ρj)),
(15)

where η is the learning rate.
FIGURE 4 | Bell‐state teleportation circuit used to transmit |ψ〉 
across distributed QNNs.
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4 | Quantum Neural Synchronisation and 
Teleportation Framework

To enable distributed quantum learning and state teleportation 
over 6G holographic networks, each distributed unit (DU) is 
equipped with a local quantum neural network (QNN), 
modelled as a parameterised variational quantum circuit (VQC) 
with trainable parameters θi. Input vectors are encoded using 
amplitude encoding [39]:

⃒
⃒ψ(i)

in 〉 = ∑
2n − 1

k=0
α(i)

k |k〉, where ∑
k

⃒
⃒α(i)

k
⃒
⃒2 = 1. (16)

4.1 | GHZ‐Based Quantum Synchronisation

To ensure coherence and learning consensus across the 
distributed system, all DUs share a multipartite GHZ entangled 
state [39], following the amplitude encoding in Equation (16):

|Ψ〉1:N =
1
̅̅̅
2

√ ( |0〉⊗N + |1〉⊗N), (17)

which serves as a quantum reference during synchronised QNN 
updates.

The circuit in Figure 6 integrates both the GHZ preparation and 
teleportation control flow, with classical corrections dynami
cally applied based on measurements.

The QNNs are synchronised by minimising the following 
loss [37]:

ℒsync = ∑
isj

⃦
⃦∇θiJi − ∇θjJj

⃦
⃦2

+ λ1∑
i

S(ρi) + λ2∑
isj

Dtr(ρi, ρj),
(18)

where Dtr(ρi, ρj) is the trace distance between the reduced 
density matrices of DUs i and j.

To operationalise the above objective in a networked setting, a 
periodic, GHZ‐assisted consensus routine is implemented 
that alternates between local VQC training and global param
eter alignment. Algorithm 1 details this quantum neural 

synchronisation (QNS) procedure: each DU performs local for
ward passes and gradient computation, and every T rounds a 
shared GHZ state (Figure 6) anchors the synchronisation step, 
enabling authenticated gradient exchange and consistent 
parameter updates across the distributed system. The parameter 
update rule in Algorithm 1 implements the gradient‐consensus 
component of the update rule in Equation (15), whereas the 
GHZ state preparation follows Equation (17).

ALGORITHM 1 | Quantum neural synchronisation (QNS). 

4.2 | Teleportation of Quantum Tensor States

Each QNN produces a quantum tensor state |𝒯 i〉 ∈ C d× d× d, 
representing holographic information:

|𝒯 i〉 = ∑
a,b,c

γ(i)abc|a〉|b〉|c〉. (19)

Teleportation of |𝒯 i〉 is achieved via a Bell‐state measurement on 
the QNN output and a shared entangled ancilla [22]. Based on 
the classical outcome m = (m1,m2), Pauli gates Z m1 and X m2 

are applied to reconstruct the state.

For reproducibility and to explicitly capture the hybrid 
quantum–classical handshake, Algorithm 2 summarises the 
holographic teleportation protocol (HTP) used in our frame
work: the sender performs a Bell‐basis measurement, the 
authenticated classical channel carries the two‐bit outcome 
(m1,m2) and the receiver applies the conditional correction 
𝒰corr = X m2 Z m1 to reconstruct the transmitted tensor payload at 
DU j. The correction operation in Algorithm 2 implements 
Equation (6), whereas the tensor state encoding follows 
Equation (5).

FIGURE 5 | Variational QNN circuit used to generate the output 
quantum state ρi at DU i.
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ALGORITHM 2 | Holographic teleportation protocol (HTP). 

4.3 | Joint Learning and Optimisation

Figure 7 provides a comprehensive outline of the joint optimi
sation loop (JOL), where the quantum neural network (QNN) 
updates, the RIS phase adaptation and the entanglement pres
ervation all aim to optimise the fidelity and synchronisation in 
the distributed 6G system in coordination.

The training process is an iterative loop that encompasses the 
QNS procedure and the holographic teleportation protocol 
(HTP), in which both QNN parameters θi and RIS phase vectors 
ϕi,m are optimised together. The primary optimisation objective 
is the average teleportation fidelity, defined as follows:

Favg = Ei,j[〈𝒯 i|ρrecv
j |𝒯 i〉], (20)

where |𝒯 i〉 represents the transmitted quantum tensor state and 
ρrecv

j is the received density matrix at DU j [36].

The fidelity is highly sensitive to the effective quantum channel 
Heff

ij , which is dynamically modulated by the RIS phase‐shift 
matrix Φi as follows:

Heff
ij = H(i)

DU‐RIS Φi H(j)
RIS‐DU + H(i,j)

QKD. (21)

Thus, the optimisation of ϕi,m becomes a key control task that 
directly impacts teleportation quality and QNN synchronisa
tion [30].

In parallel, the QNN parameters are updated by minimising the 
global synchronisation loss function:

ℒsync = ∑
isj

⃦
⃦∇θiJi − ∇θjJj

⃦
⃦2

+ λ1∑
i

S(ρi) + λ2∑
isj

Dtr(ρi, ρj),
(22)

where S(ρ) is the von Neumann entropy and Dtr is the trace 
distance between quantum states, as defined earlier [36].

The loop also incorporates periodic refreshment of the multi
partite GHZ entangled state, which is used as a reference for 
QNN alignment. Due to inevitable decoherence in quantum 
channels, the GHZ state fidelity degrades over time:

FGHZ(t)≈ exp(− t/τ), (23)

FIGURE 6 | Integrated QNN synchronisation and holographic 
teleportation circuit using Qcircuit. The GHZ entangler prepares 
control qubit A to synchronise QNN layers. Classical measurement 
outcomes (m1 and m2) guide Pauli corrections Z m1 and X m2 , 
ensuring successful tensor teleportation. The RY (θ) gates represent 
QNN parameterised rotations.

FIGURE 7 | Flowchart of the joint optimisation loop (JOL), 
integrating QNN synchronisation (QNS), holographic teleportation 
(HTP), RIS phase tuning and GHZ entanglement refresh.

IET Quantum Communication, 2026 7 of 19
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where τ denotes the coherence lifetime. To maintain entangle
ment integrity, the GHZ state is refreshed every T rounds, 
ensuring the synchronisation reference remains valid 
throughout training [40].

Algorithm 3 formalises the JOL that coordinates the end‐to‐end 
operation of the proposed framework. The loop repeatedly ex
ecutes QNS (Algorithm 1) and HTP (Algorithm 2) at each DU, 
refines RIS phases via a fidelity‐driven maximisation step and 
refreshes GHZ entanglement every T rounds to mitigate 
entanglement drift. This formulation makes the timing of 
quantum exchanges and authenticated classical feedback 
explicit and is consistent with the flow in Figure 7. The RIS 
optimisation in Algorithm 3 maximises the fidelity objective in 
Equation (20), whereas the QNN parameters are updated ac
cording to Equation (15), driven by the synchronisation loss 
ℒsync defined in Equation (11).

ALGORITHM 3 | Joint optimisation loop (JOL). 

5 | Simulation and Evaluation Setup

To evaluate the proposed framework of quantum neural syn
chronisation and holographic teleportation for distributed 6G 
applications, a full simulation stack is constructed using IBM 
Qiskit with tensor modelling in NumPy. The testbed instantiates 
N = 4 distributed units (DUs), each comprising a variational 
quantum neural network (QNN), a holographic tensor encoder 
and an RIS for midhaul control. Each QNN is realised as a 4‐qubit 

VQC with parameterised RY and RZ rotations and entangling 
CNOT gates. The evaluation considers N ∈ {4, 8, 12, 16, 20}
distributed units to characterise scalability under increasing sys
tem scale. For each N, three GHZ‐distribution/network layouts 
(star, mesh and two‐level hierarchical) are evaluated as defined in 
Section 6, whilst keeping the per‐node QNN depth/width and RIS 
configuration identical. All scalability results are averaged over 
100 independent trials per configuration to ensure statistical 
robustness across network sizes.

After normalising the classical features, they are embedded in a 
quantum Hilbert space via amplitude encoding:

|ψ(i)
in 〉 = ∑

2n − 1

k=0
α(i)

k |k〉, with ∑
k
|α(i)

k |2 = 1.

Neural synchronisation between DUs is maintained using a 
multipartite GHZ‐like entangled ancilla state that is refreshed 
periodically every T = 20 iterations to reduce the effects of 
decoherence. The gradient updates follow the same parameter‐ 
shift rule as before. Additionally, to build resilience against 
possible adversarial interference through midhaul links, all 
synchronisation operations are conducted over QKD authenti
cated entanglement links that are monitored for entropy and 
trace distance.

RIS modules are abstracted as 4 × 4 unitary phase matrices Φi 
dynamically optimised at each synchronisation round. The 
teleportation encoder maps the output state |ψi〉 into a tensorial 
quantum payload |𝒯 i〉 ∈ Cd× d× d using a custom quantum 
tensor grid extension:

|𝒯 i〉 = ∑
a,b,c

γ(i)abc|a〉|b〉|c〉, with γ(i)abc ∈ C.

Two teleportation modes are considered. The first is an ideal 
Bell‐state teleportation mode with perfect entanglement and 
noiseless operations. The second is a noise‐injected mode that 
simulates teleportation through depolarising channels acting on 
the midhaul link. The depolarising process is modelled with 
Kraus operators {K0,K1,K2,K3}, where for error rate p, 

K0 =
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − p

√
I, K1 =

̅̅̅̅̅̅̅̅

p/3
√

X, K2 =

̅̅̅̅̅̅̅̅

p/3
√

Y and K3 =
̅̅̅̅̅̅̅̅

p/3
√

Z. At the receiver, the conditional Pauli correction from 

{I,X,Z,XZ} is applied according to the two classical bits pro
duced by the Bell measurement.

The evaluation metrics are defined as follows:

• Average Fidelity (Favg)—The overlap between the tensor 
representations of the states sent and received.

• Trace Distance (Dtr)—The distance between the reduced 
density matrices of the sent and received states post‐ 
teleportation.

• Synchronisation Error (Esync)—The L2 norm of the diver
gence of the QNN gradients across DUs.

• Teleportation Latency—The time required for end‐to‐end 
delay from QNN encoding to decoding post‐teleportation.

8 of 19 IET Quantum Communication, 2026
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• Quantum Bit Error Rate (QBER)—The ratio of erroneous 
bits to total bits in QKD key generation, used for security 
monitoring with threshold QBER < 0.11 for BB84 protocol 
[41, 42].

All quantum circuits are compiled using Qiskit's transpiler at 
optimisation level 2 to reduce circuit depth and gate errors.

The noisy simulation used the FakeAthens and FakeJa
karta backends to replicate realistic device behaviour.

Beyond depolarising noise, the proposed workflow is addition
ally validated under physically motivated channel errors to 
better reflect midhaul/hardware impairments. Specifically, (i) 

amplitude damping with Kraus operators E0 = [
1 0
0

̅̅̅̅̅̅̅̅̅̅̅̅
1 − γ

√ ]

and E1 = [
0

̅̅̅
γ

√

0 0 ] (energy relaxation) and (ii) phase damping 

(dephasing) with E0 =
̅̅̅̅̅̅̅̅̅̅̅̅
1 − λ

√
I, E1 =

̅̅̅
λ

√
|0〉〈0| and E2 =

̅̅̅
λ

√
|1〉〈1| are tested, where γ and λ capture relaxation and 

dephasing strengths, respectively.

Classical‐channel impairments are modelled explicitly for the 
Bell‐outcome feedback path: packet loss is injected as an i.i.d. 
Bernoulli process with loss probability pL per message, and la
tency jitter is modelled as an additive bounded random delay 
with maximum amplitude J ms applied to the feedback packets. 
Retransmissions are triggered upon timeout, and the corre
sponding retransmission/timeout rates are reported in Section 5
and Tables 4 and 5. The impairment parameters (pL ≤ 5% and 
J ≤ 10 ms) are consistent with 5G NR and anticipated 6G ul
trareliable low‐latency communication (URLLC) specifications. 
Future implementations could leverage transmission control 
protocol (TCP) for reliable delivery or user datagram protocol 

(UDP) with application‐layer automatic repeat request (ARQ) 
for latency‐sensitive quantum feedback.

The end‐to‐end simulation workflow and evaluation pipeline 
are illustrated in Figure 8, highlighting the DU‐side QNN 
execution, GHZ‐based synchronisation, RIS‐steered quantum 
channel effects and the authenticated classical‐feedback path 
used for Bell‐outcome corrections. As shown, each DU encodes 
classical features into quantum states via amplitude initialisa
tion, applies parameterised RY (θ) rotations and generates tensor 
states |𝒯 i〉 for teleportation. The RIS phase modulation Φi con
trols midhaul propagation, whilst QKD ensures security.

6 | Results and Analysis

This section provides a comprehensive performance assessment 
of the proposed QNHT architecture. The evaluation encom
passes baseline performance metrics, scalability across network 
sizes, noise resilience and sensitivity analysis, security robust
ness against adversarial attacks, channel impairment analysis, 
hyperparameter sensitivity and comparative evaluation against 
baselines.

6.1 | Baseline Performance Evaluation

The architecture is first evaluated under the baseline configu
ration of N = 4 DUs with 4‐qubit QNNs, using four primary 
measures: teleportation fidelity, synchronisation error, quantum 
entropy and Bloch‐vector distortion.

TABLE 4 | Impact of classical channel packet loss on fidelity.

Packet loss (%) Favg Esync Retrans. (%)
0 0.961 0.010 0

1 0.942 0.014 1.5

5 0.876 0.028 8.2

10 0.782 0.051 18.7

20 0.651 0.089 42.3
Note: Each row reports the mean over 100 trials at the given packet‐loss rate and 
standard deviations remain below 0.025 for Favg.

TABLE 5 | Impact of classical channel jitter on system performance.

Jitter (ms) Favg Esync Timeout (%)
0 0.961 0.010 0

2 0.952 0.012 0.5

5 0.938 0.015 2.1

10 0.915 0.022 5.8

20 0.878 0.035 14.2
Note: Each row reports the mean over 100 trials at the given jitter level and 
standard deviations remain below 0.02 for Favg.

FIGURE 8 | Simulation and evaluation setup: DU‐side QNN 
execution with amplitude encoding, GHZ‐based synchronisation, RIS‐ 
steered quantum channels and QKD‐mediated security. Fidelity and 
trace distance are evaluated at the receiver.

IET Quantum Communication, 2026 9 of 19
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Figure 9 shows that the average quantum fidelity Favg decreases 
as a function of the depolarising‐noise probability p (see 
Equation 24).

K0 =
̅̅̅̅̅̅̅̅̅̅̅
1 − p

√
I, K1 =

̅̅̅̅̅̅̅
p/3

√
X,

K2 =
̅̅̅̅̅̅̅
p/3

√
Y , K3 =

̅̅̅̅̅̅̅
p/3

√
Z.

(24)

Across p ∈ [0, 0.15], Favg remains above 0.85, indicating resil
ience to moderate levels of decoherence.

Figure 10 reports the synchronisation error Esync computed as 
the L2 norm of gradient divergence across QNNs. The error 
decreases logarithmically across epochs due to the gradient‐ 
aligned update rule in Equation (15) and Algorithm 1.

In parallel, Figure 11 shows the reduction in von Neumann 
entropy S(ρ) as synchronisation proceeds, indicating an increase 
in the purity and coherence of local quantum states ρi.

Latency due to quantum teleportation is shown in Figure 12. 
The noisy case introduces additional latency due to error miti
gation and conditional unitary correction.

A geometric representation of Bloch‐vector distortion due to 
decoherence is presented in Figure 13. This distortion indicates 
a loss of precision in reconstructing the tensor state |𝒯 i〉 during 
teleportation. The visualisation demonstrates how phase noise 
causes state vectors to deviate from their ideal positions on the 

FIGURE 9 | Effect of depolarising noise on teleportation fidelity Favg, 
evaluated over p ∈ [0, 0.30] using the Kraus operator model. Fidelity 
remains above 0.85 for p ≤ 0.15, confirming resilience to moderate 
decoherence in the QNHT framework.

FIGURE 10 | Convergence of QNN synchronisation error Esync 

across training epochs for N = 4 DUs, averaged over 100 
independent trials.

FIGURE 11 | Reduction of von Neumann entropy S(ρ) during QNN 
synchronisation for N = 4 DUs, averaged over 100 trials. Lower 
entropy indicates increased state purity and coherence.

FIGURE 12 | Teleportation latency (ms) under ideal Bell‐state and 
noise‐injected (p = 0.05) scenarios for N = 4 DUs. The additional 
latency in the noisy case arises from error mitigation overhead.

FIGURE 13 | Bloch vector distortion in the XY plane due to phase 
noise, showing ideal states (blue) and noise‐affected states (red). 
The zoomed inset highlights the localised distortion region.

10 of 19 IET Quantum Communication, 2026
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Bloch sphere, with larger deviations corresponding to increased 
decoherence.

6.2 | Scalability Analysis

To evaluate scalability beyond the baseline configuration, the 
number of distributed units is systematically increased to 
N ∈ {4, 8, 12, 16, 20} whilst maintaining identical QNN archi
tectures and RIS configurations per node.

6.3 | Performance Versus Network Size

Table 6 summarises the key metrics as a function of network 
size. The results demonstrate graceful degradation: average fi
delity decreases from Favg = 0.961 at N = 4 to Favg = 0.893 at 
N = 20, representing only a 7.1% reduction despite a 5× in
crease in network complexity.

6.4 | Network Topology Comparison

Three network topologies for GHZ distribution are compared: 
(1) Star topology where a central hub distributes entanglement 
to all DUs, (2) mesh topology with all‐to‐all entanglement links 
and (3) hierarchical topology using a two‐level tree with inter
mediate aggregation nodes. Table 7 presents the comparison at 
N = 12 DUs.

Figure 14 illustrates the scalability advantage of QNHT over the 
unsynchronised baseline. The gap widens with increasing N, 
demonstrating that GHZ‐based synchronisation becomes 
increasingly critical for larger networks.

6.5 | Resource and Bandwidth Scaling

Practical scalability is determined not only by fidelity and 
convergence behaviour but also by the physical resources 
required to distribute multipartite entanglement and to ex
change encrypted classical control messages. Accordingly, the 
growth of entanglement‐link count and control‐plane overhead 
with the number of distributed units N is quantified under the 
three considered GHZ‐distribution topologies.

Let L(N) denote the number of quantum entanglement links 
required to support GHZ delivery or equivalent entanglement‐ 
assisted coordination among N DUs. For the star, mesh and a 

two‐level hierarchical topology with C aggregation groups, the 
link scaling can be summarised as follows:

Lstar(N) = N − 1,

Lmesh(N) =
N(N − 1)

2
,

Lhier(N)≈ N + C − 2.

(25)

Control‐plane bandwidth can be decomposed into encrypted 
gradient exchange and RIS update signalling. Denoting by d the 
number of trainable QNN parameters, b the bits per quantised 
parameter per update, Δt the update period, M the number of 
RIS elements, bϕ the bits per RIS phase coefficient and Tϕ the 
RIS refresh interval, an illustrative upper bound is as follows:

Bctrl ≈ Bgrad + BRIS =
b d
Δt

⋅ κtopo(N) +
bϕ M

Tϕ
, (26)

TABLE 6 | Scalability metrics across network sizes N ∈ {4, 8, 12, 16, 20}.

N Favg Esync S(ρ) Latency (ms) Gates
4 0.961 ± 0.012 0.010 ± 0.003 0.12 22.5 64

8 0.948 ± 0.015 0.015 ± 0.004 0.15 26.3 128

12 0.932 ± 0.018 0.021 ± 0.005 0.18 31.7 192

16 0.915 ± 0.021 0.028 ± 0.006 0.21 38.2 256

20 0.893 ± 0.024 0.036 ± 0.008 0.24 45.8 320

TABLE 7 | Network topology comparison at N = 12 DUs.

Topology Favg Esync Links Depth
Star 0.952 0.018 11 2

Mesh 0.918 0.025 66 1

Hierarchical 0.935 0.022 14 3
Note: Values report the mean over 100 independent trials; standard deviations 
are below 0.02 for Favg and Esync across all topologies.

FIGURE 14 | Scalability comparison: QNHT versus baseline without 
GHZ synchronisation across network sizes N ∈ {4, 8, 12, 16, 20}. Values 
are averaged over 100 trials per configuration.
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where κtopo(N) captures the number of encrypted gradient flows 
imposed by the topology.

Table 8 quantifies the entanglement‐link growth and relative 
overhead for the three topologies at N ∈ {4, 12, 20}.

Figure 15 visualises the growth of L(N) from Equation (25), 
showing that mesh rapidly becomes resource‐heavy (quadratic), 
whereas star and hierarchical remain scalable (near‐linear). 
This observation supports the earlier fidelity trends as N in
creases, minimising the number of concurrent links reduces 
accumulated noise and simplifies GHZ distribution, which helps 
preserve end‐to‐end teleportation fidelity. The corresponding 
control‐plane bandwidth overhead follows Equation (26).

6.6 | Noise Resilience and Sensitivity Analysis

Figure 16 illustrates the impact of depolarising noise probability 
p on fidelity. The fidelity Favg drops approximately linearly as p 
increases, but remains above 0.8 even at p = 0.20, confirming 
robustness to moderate decoherence.

Figure 17 shows the joint influence of link length ℓ and noise 
probability p. RIS‐assisted phase control preserves fidelity above 
0.85 up to ℓ = 50 km under p ≤ 0.10, highlighting scalability 
for metropolitan‐scale networks.

Figure 18 explores the effect of scaling the number of entangled 
qubits Nq. Increasing Nq improves average fidelity by ≈8% 
whilst reducing entropy, due to stronger multipartite 
entanglement.

6.7 | Security Robustness

To validate the cybersecurity posture of the QNHT architecture, 
stress tests are conducted against six attack scenarios targeting 
different system components.

6.8 | Attack Scenarios

The following attack types are evaluated: (1) Baseline normal 
operation, (2) depolarising attack with p = 0.15 on midhaul 

FIGURE 15 | Growth of entanglement‐link requirements with 
network size for different GHZ‐distribution topologies.

TABLE 8 | Entanglement‐link growth and relative overhead across 
topologies.

N Topology
Links 
L(N)

Rel. 
link 

factor

Rel. key/ 
ctrl 

demand
4 Star 3 1.0× 1.0×

4 Mesh 6 2.0× 2.0×

4 Hierarchical 5 1.7× 1.7×

12 Star 11 1.0× 1.0×

12 Mesh 66 6.0× 6.0×

12 Hierarchical 14 1.27× 1.27×

20 Star 19 1.0× 1.0×

20 Mesh 190 10.0× 10.0×

20 Hierarchical 24 1.26× 1.26×

FIGURE 16 | Sensitivity of fidelity Favg to depolarising noise p, 
swept over p ∈ [0, 0.20] under the RIS‐assisted configuration. The 
approximately linear degradation confirms graceful performance 
scaling, with fidelity remaining above 0.80 even at p = 0.20.

FIGURE 17 | Joint sensitivity of fidelity Favg to link length ℓ and 
noise probability p.
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links, (3) eavesdropping with 30% intercept‐resend, (4) param
eter poisoning with 20% gradient corruption, (5) denial‐of‐ 
service (DoS) on RIS with 50% elements disabled and (6) 
entanglement manipulation with 30% GHZ qubits attacked.

Table 9 summarises the impact of each attack on system per
formance and the corresponding detection rates achieved 
through QBER monitoring and entropy analysis. The detection 
rate is computed as the fraction of 100 independent attack trials 
in which either the QBER exceeds the BB84 security threshold 
of 0.11 or the von Neumann entropy S(ρ) rises above twice its 
baseline value, triggering an alert.

All values in Table 9 report the mean ± one standard deviation 
over 100 trials. Key findings include: (1) the system maintains 
Favg > 0.7 under all attack scenarios, (2) QKD enables 92% 
eavesdropping detection via QBER monitoring, (3) parameter 
poisoning shows the lowest detection rate (78%), suggesting the 
need for gradient verification and (4) entanglement manipula
tion causes the largest fidelity degradation, indicating that GHZ 
state monitoring should be prioritised.

6.9 | QKD Key Rate Analysis

Rkey = max{0, 1 − 2H(QBER)}. (27)

where H(⋅) denotes the binary entropy func
tion, H(x) = − x log2x − (1 − x) log2(1 − x).

When QBER exceeds the protocol security threshold, the secure 
key rate collapses to Rkey = 0 and the QKD session aborts (keys 
are discarded). In this case, the control plane transitions to a 
fail‐safe state and temporarily suspends or rate‐limits protected 
synchronisation/teleportation rounds until fresh keys are suc
cessfully re‐established.

6.10 | Channel Impairment Analysis

The teleportation protocol requires reliable classical channels 
for transmitting Bell measurement outcomes (m1,m2). This 
analysis examines the impact of classical channel impairments 
on overall system performance.

6.11 | Packet Loss Impact

Table 4 shows the effect of classical packet loss on teleportation 
fidelity.

The system maintains acceptable performance (Favg > 0.85) up 
to 5% packet loss. Beyond this threshold, forward error correc
tion codes are recommended. Figure 19 visualises this fidelity 
degradation trend, showing an approximately linear relation
ship between packet loss rate and fidelity reduction.

FIGURE 18 | Effect of scaling entangled qubits Nq on teleportation 
fidelity.

TABLE 9 | Security stress test results across six attack scenarios.

Attack type Favg QBER S(ρ) Detection
Baseline 0.961 ± 0.012 0.025 0.12 —

Depolarising (p = 0.15) 0.852 ± 0.018 0.082 0.28 85%

Eavesdropping (30%) 0.789 ± 0.022 0.156 0.35 92%

Param. poisoning (20%) 0.812 ± 0.020 0.048 0.31 78%

DoS on RIS (50%) 0.756 ± 0.025 0.038 0.29 85%

Entanglement manipulation 0.724 ± 0.028 0.112 0.42 88%

FIGURE 19 | Fidelity degradation under classical channel packet 
loss with linear trend.
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6.12 | Latency Jitter Impact

Variable delay in classical channels affects synchronisation 
timing. Table 5 summarises the impact of jitter on system 
metrics.

The architecture tolerates jitter up to 10 ms with minimal 
degradation (Favg > 0.9). For jitter above 20 ms, adaptive time
out mechanisms are required.

6.13 | Hyperparameter Sensitivity

Ablation studies assess the sensitivity of QNHT to key hyper
parameters: entropy regularisation weight λ1, trace distance 
weight λ2, learning rate η and GHZ refresh interval T.

6.14 | Regularisation Weights

Figure 20 shows the effect of varying λ1 and λ2 on convergence 
behaviour.

Optimal performance is achieved at λ1 = 0.1 for entropy regu
larisation. The trace distance weight λ2 shows monotonic 
improvement up to 0.5.

6.15 | Learning Rate and GHZ Refresh

Table 10 summarises the joint effect of learning rate η and GHZ 
refresh interval T.

The configuration η = 0.01, T = 20 achieves the best balance 
between convergence speed (35 epochs) and final fidelity 
(0.958).

6.16 | QNN Architecture Sensitivity

To assess the impact of circuit design on synchronisation per
formance, an ablation study is conducted by varying QNN depth 
(number of variational layers L) and width (number of qubits n) 

whilst maintaining N = 4 DUs and fixed RIS/GHZ configura
tions. Table 11 reports the results averaged over 100 trials.

All values in Table 11 report the mean ± one standard devia
tion over 100 independent trials. Several observations emerge. 
First, increasing width from n = 2 to n = 4 yields a significant 
fidelity gain of + 10.8% (from Favg = 0.848 to Favg = 0.956), 
attributable to enhanced entanglement capacity in wider cir
cuits. Second, deeper circuits (L = 4) at fixed width n = 4 
exhibit fidelity degradation relative to L = 2 (Favg = 0.931 vs. 
0.956), consistent with the onset of barren plateau effects [10] 
where gradient magnitudes decrease exponentially with depth; 
the increased entropy (S(ρ) = 0.18) further confirms greater 
state disorder at higher depth. Third, the configuration n = 6, 
L = 2 achieves the highest fidelity (Favg = 0.968) but at 1.56×
the gate count of the baseline (28 vs. 18 gates), suggesting 
diminishing returns. The baseline configuration (n = 4, L = 2) 
offers the best trade‐off between fidelity, convergence and cir
cuit complexity, and is therefore adopted throughout the 
evaluation.

6.17 | Convergence Dynamics

Figure 21 illustrates the convergence trajectory of key metrics 
over training epochs.

FIGURE 20 | Sensitivity to regularisation weights λ1 and λ2.

TABLE 10 | Ablation study: Learning rate η and GHZ refresh 
interval T.

η T Favg Epochs Stable
0.001 10 0.948 85 Yes

0.01 10 0.961 32 Yes

0.01 20 0.958 35 Yes

0.01 50 0.942 42 Yes

0.1 10 0.925 18 No

0.1 20 0.918 22 No
Note: Favg reports the mean over 100 trials; ‘Stable’ indicates convergence 
without oscillation in the final 10 epochs.

TABLE 11 | QNN architecture ablation: Effect of circuit depth L and 
width n on synchronisation performance (N = 4 DUs, 100 trials).

n L Favg Esync S(ρ) Gates
2 1 0.848 ± 0.019 0.016 ± 0.004 0.09 5

2 2 0.885 ± 0.017 0.014 ± 0.003 0.11 8

4 1 0.930 ± 0.015 0.012 ± 0.003 0.09 11

4 2 0.956 ± 0.012 0.011 ± 0.003 0.12 18

4 4 0.931 ± 0.016 0.012 ± 0.003 0.18 32

6 2 0.968 ± 0.011 0.010 ± 0.002 0.13 28

6 4 0.959 ± 0.013 0.010 ± 0.003 0.19 50
Note: The bold values indicate the baseline configuration adopted in the 
remainder of the study, namely n = 4 and L = 2.
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6.18 | Quantum Error Mitigation

For practical NISQ deployment, two error mitigation techniques 
are evaluated: Zero‐noise extrapolation (ZNE) and probabilistic 
error cancelation (PEC).

6.19 | Zero‐Noise Extrapolation

ZNE estimates the noise‐free expectation value by running cir
cuits at multiple noise levels and extrapolating to zero noise. 
Implementation uses noise scaling p → c ⋅ p for c ∈ {1, 1.5, 2}
with Richardson extrapolation:

〈O〉p=0 ≈ ∑
K

k=0
wk〈O〉ck⋅p, (28)

where wk are extrapolation weights satisfying ∑kwk = 1.

6.20 | Probabilistic Error Cancelation

PEC represents ideal operations as linear combinations of noisy 
implementable operations:

𝒰ideal = ∑
i

αiℰi, γ = ∑
i
|αi|, (29)

where γ is the sampling overhead. For depolarising 
noise, γ = e O(np).

6.21 | Mitigation Results

Table 12 compares the effectiveness of ZNE and PEC across 
noise levels.

ZNE achieves 7%–11% fidelity improvement with modest over
head (3× circuit executions), making it practical for real‐time 
applications. PEC provides higher fidelity gains but incurs 
substantial sampling overhead. For practical 6G deployment, 

ZNE is recommended as the primary strategy, with PEC 
reserved for periodic calibration.

6.22 | Comparative Evaluation

To contextualise the performance of QNHT, two reduced 
models are considered: (1) QNNs without GHZ‐based synchro
nisation and (2) without RIS phase adaptation (fixed Φi).

Figure 22 reports the average teleportation fidelity for all 
models. QNHT consistently exceeds both baselines by up to 28%.

Table 13 summarises the key numerical results across all 
architectures.

The results show that QNHT achieves the highest fidelity 
(Favg = 0.961), approximately 20% higher than the no‐sync case 
and nearly 30% higher than the no‐RIS architecture. The syn
chronisation error Esync is reduced by one order of magnitude 
and latency is minimised at 22.5 ms. The statistical distributions 
across 100 runs are shown in Figure 23, confirming consistent 
performance.

The joint role of RIS phase φ and noise probability p is illus
trated in Figure 24. Proper RIS phase adaptation preserves fi
delity above 0.7 even under elevated noise levels.

FIGURE 21 | Convergence dynamics of fidelity, synchronisation 
error and entropy over training epochs.

TABLE 12 | Quantum error mitigation comparison: ZNE versus PEC.

Noise p Raw ZNE PEC Overhead
0.01 0.95 0.97 0.98 1.2×/3×

0.05 0.89 0.93 0.95 1.8×/5×

0.10 0.81 0.87 0.91 2.5×/10×

0.15 0.74 0.82 0.86 3.2×/18×
Note: Fidelity values report the mean over 100 trials; overhead denotes the 
relative increase in circuit evaluations (ZNE/PEC).

FIGURE 22 | Comparison of average teleportation fidelity Favg 

across architectures (N = 4 DUs, 100 trials). Error bars are 
omitted for clarity; standard deviations are reported in Table 13.
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6.23 | Networking Implications

The proposed architecture enables secure and adaptive GHZ‐ 
based QNN synchronisation, integrated with RIS control and 
QKD for resilient 6G holographic communications.

In this architecture (Figure 25), the physical layer hosts 
distributed units connected via hybrid quantum–classical links 
[9]. The control layer manages GHZ entanglement distribution. 
The optimisation and learning layer implements joint 

optimisation of QNN parameters and RIS phase shifts [35]. The 
top layer coordinates QNN parameters θi, RIS phases ϕi,m and 
classical feedback (m1,2) through the JOL; the middle layer 
manages multipartite entanglement states across DUs; and the 
bottom layer provides QKD‐secured connectivity.

The end‐to‐end impact on network‐level performance is sum
marised in Figure 26. The integration translates into improved 
QoS (latency and throughput), enhanced resilience and better 
scalability.

7 | Conclusion and Future Work

A cybersecure quantum–classical framework has been introduced 
for the synchronisation and structural control of entangled 
quantum neural networks (QNNs) in distributed 6G settings. The 
architecture aligns multipartite Greenberger–Horne–Zeilinger 
(GHZ) entanglement with RIS‐assisted midhaul shaping 
and holographic quantum teleportation to enable secure, low‐ 
latency and topology‐consistent operation across spatially 
separated entities. Tensorised state exchange is realised via 
teleportation, whereas QNN synchronisation is enforced through 

TABLE 13 | Comparison of key performance metrics across architectures.

Architecture Favg Esync S(ρ) Latency (ms)
QNHT (proposed) 0.961 ± 0.012 0.010 ± 0.003 0.12 22.5

Without GHZ synchronisation 0.802 ± 0.031 0.095 ± 0.018 0.28 29.7

Without RIS 0.749 ± 0.035 0.110 ± 0.022 0.31 35.8

FIGURE 23 | Box plot of statistical distributions for Favg, Esync, S(ρ)
and Dtr across 100 runs.

FIGURE 24 | 3D surface of teleportation fidelity Favg as a function 
of RIS phase φ ∈ [0, 2π] and depolarising noise probability 
p ∈ [0, 0.3]. Optimal phase alignment (φ≈π) sustains Favg > 0.7 
even at p = 0.2, demonstrating the noise‐compensating role of RIS.

FIGURE 25 | Proposed GHZ‐based QNN synchronisation and 
holographic teleportation architecture, showing the three‐layer design: 
Optimisation and learning (coordinating QNN parameters θi, RIS 
phases ϕi,m and classical feedback), GHZ entanglement 
distribution (managing multipartite entanglement across DUs) 
and physical layer with QKD‐secured links in an RIS‐assisted 
QKD‐secured network.
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gradient–consensus dynamics under entanglement‐preserving 
constraints.

In a Qiskit‐based evaluation averaged over 100 runs, the 
proposed QNHT achieves average teleportation fidelity 
Favg = 0.961, synchronisation error Esync = 0.010, von Neu
mann entropy S(ρ) = 0.12 and end‐to‐end latency of 22.5 ms. 
Relative to baselines lacking GHZ‐based synchronisation or RIS 
control, fidelity improves by ≈ 20–28% and divergence 
(measured via Esync) drops by ≈ 90%. These results indicate that 
coordinated GHZ entanglement, RIS‐guided propagation and 
QKD‐secured orchestration sustain alignment and maintain 
high fidelity under adversarial midhaul conditions.

Scalability analysis demonstrates graceful degradation from 
N = 4 to N = 20 DUs with only 7.1% fidelity reduction, vali
dating the architecture for large‐scale deployments. Security 
stress tests confirm resilience against six attack types with 
detection rates exceeding 78%, with QKD‐based QBER moni
toring achieving 92% eavesdropping detection. Classical channel 
analysis establishes tolerance thresholds of 5% packet loss and 
10 ms jitter whilst maintaining acceptable fidelity. Hyper
parameter studies identify optimal configurations (λ1 = 0.1, 
λ2 = 0.5, η = 0.01 and T = 20) for convergence within 35 
epochs. ZNE error mitigation provides 7%–11% fidelity 
improvement with practical 3× overhead, enabling NISQ 
deployment.

Future work includes extensions to user mobility and time‐ 
varying entanglement topologies (e.g., cluster states and quan
tum repeaters), real‐time RIS phase adaptation with control‐ 
loop guarantees and experimental validation on super
conducting backends with RIS phase emulation. Additional di
rections involve adaptive GHZ refresh intervals based on real‐ 
time QBER monitoring, dynamic security protocols with grad
uated response to detected attacks, integration of PEC for high‐ 
fidelity calibration cycles and investigation of hierarchical to
pologies for continental‐scale quantum networks. Further 

extensions encompass federated quantum learning with trust‐ 
aware orchestration, periodic adversarial evaluation for robust
ness assessment and signed data pipelines to strengthen prov
enance in quantum‐enabled 6G networks. The QNN 
architecture ablation (Table 5) confirms that moderate depth 
(L = 2) avoids barren plateaus while width scaling yields 
consistent fidelity gains; extending this study to heterogeneous 
gate sets and adaptive‐depth circuits is an important next step. 
Additionally, integration with specific 6G transport protocols 
(e.g., QUIC and 5G NR URLLC) will be investigated.
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