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Abstract

This paper presents a mathematical framework for incorporating Structured Quantum Noise
(SQN) into quantum-switched optical networks. SQN is represented as a link-level quantum op-
eration, while Bell-state-measurement-based entanglement swapping is represented as a switch-
ing operation. Single-switch, two-switch, and general N -switch network architectures are derived
explicitly. The resulting ordered-composition formulation shows that end-to-end network be-
havior depends on the sequence of structured link interactions and switching operations rather
than solely on hop count or scalar attenuation. Network performance is characterized using
fidelity, concurrence, negativity, and Quantum Fisher Information. The analysis predicts non-
exponential fidelity scaling, switching-order sensitivity, and metric-dependent degradation, pro-
viding a mathematical foundation for analyzing structured environmental effects in quantum-
switched optical networks.

Keywords: structured quantum noise; quantum networking; quantum-switched optical networks;
entanglement swapping; quantum repeaters; quantum internet; quantum fidelity; concurrence; neg-
ativity; quantum Fisher information

1 Introduction

Quantum communication networks are emerging as a fundamental component of next-generation
distributed quantum information systems. Applications including quantum key distribution (QKD),
distributed quantum computing, blind quantum computation, quantum sensing, and the envi-
sioned Quantum Internet rely on the reliable distribution of quantum states across geographically
separated nodes. Achieving these objectives requires quantum repeaters, optical switching, entan-
glement distribution, and entanglement swapping operating under realistic environmental condi-
tions [1, 3, 5, 12,14].

One of the principal challenges in quantum networking is preserving quantum coherence and
entanglement over extended communication paths. Every optical fiber, quantum repeater, op-
tical switch, and measurement operation introduces environmental interactions that degrade the
transmitted quantum state. Understanding how these interactions accumulate across multiple com-
munication links remains a central problem in quantum communications.

Most existing analyses model environmental effects using scalar or memoryless quantum chan-
nels, including depolarizing, dephasing, amplitude-damping, and generalized Lindblad models [2,6].
These models have provided important insight into quantum communication systems and continue

1



to serve as the foundation for much of quantum network analysis. However, they generally repre-
sent environmental interactions through phenomenological noise parameters rather than explicitly
modeling repeated interactions with structured quantum environments.

In our previous work, we introduced the Structured Quantum Noise framework, which models
environmental interactions as repeated interactions between a quantum system and a structured
quantum environment [10]. That work established the mathematical formulation of Structured
Quantum Noise and demonstrated how repeated interactions lead to coherence redistribution and
quantum decoherence. In subsequent work, we proposed that quantum vacuum fluctuations may
provide one possible microscopic realization of the structured environment assumed by the Struc-
tured Quantum Noise framework [9]. Those mathematical and physical developments provide the
foundation for the present work and are not repeated here.

The objective of the present work is different. Rather than developing a new noise model or
proposing a physical interpretation of that model, we investigate the implications of Structured
Quantum Noise for quantum-switched optical networks. Specifically, we develop a mathematical
framework describing how Structured Quantum Noise influences entanglement distribution, entan-
glement swapping, and end-to-end quantum communication across multi-hop quantum networks.

The network architectures considered in this paper employ optical switching and Bell-state
measurements to extend entanglement across multiple communication links. Structured Quantum
Noise is associated with each communication link, allowing the cumulative effects of repeated struc-
tured environmental interactions to be investigated over increasingly complex network topologies.
Performance is evaluated using end-to-end fidelity, concurrence, negativity, and Quantum Fisher
Information, and comparisons are made with conventional scalar-noise models to identify conditions
under which structured environmental dynamics produce distinguishable network behavior.

The principal contributions of this paper are summarized as follows.

1. Develop a network-level mathematical framework for incorporating Structured Quantum
Noise into quantum-switched optical networks.

2. Derive single-switch, two-switch, and general N -switch ordered-composition models for SQN
network evolution.

3. Analyze the effects of Structured Quantum Noise on entanglement distribution, entanglement
swapping, and end-to-end quantum communication performance.

4. Compare the resulting framework with conventional scalar quantum noise models using fi-
delity, concurrence, negativity, and Quantum Fisher Information.

5. Establish a mathematical foundation for future studies of Structured Quantum Noise in quan-
tum repeaters, large-scale quantum internetworking, and next-generation quantum commu-
nication systems.

Model Assumptions

The baseline analysis adopts the following assumptions. First, all optical communication links are
assumed to be identical unless otherwise stated. Second, each intermediate switching node per-
forms Bell-state-measurement-based entanglement swapping only; purification and repeater-error-
correction protocols are outside the scope of this model. Third, network operation is assumed to be
synchronous. Fourth, quantum memories are assumed to have sufficient storage time so that mem-
ory lifetime does not limit end-to-end operation. Fifth, a fixed source-to-destination communication
path is assumed. For clarity, the present framework also assumes ideal unit-efficiency Bell-state
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(a) Single-switch architecture A → S → B.
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(b) Two-switch architecture A → S1 → S2 → B.

Figure 1: Quantum-switched optical network architectures considered in this paper. Panel (a)
shows a single-switch architecture. Panel (b) shows a two-switch architecture. Each optical switch
supports Bell-state-measurement-based entanglement swapping over quantum communication links.

measurements and neglects detector loss, photon loss, and other implementation-specific hardware
imperfections so that the analysis can focus on the network-level effects of Structured Quantum
Noise. These implementation effects can be incorporated as additional quantum operations within
the same mathematical framework and will be investigated in future work. Future work will relax
these assumptions to address heterogeneous links, asynchronous operation, finite-memory effects,
purification, repeater protocols, adaptive routing, imperfect Bell-state measurements, detector ef-
ficiency, photon loss, and finite-memory implementations.

The remainder of this paper is organized as follows. Section 2 introduces the quantum-switched
optical network architecture and communication model. Section 3 incorporates Structured Quan-
tum Noise into the network model and develops the corresponding system evolution. Section 4
presents the performance analysis and compares the proposed framework with conventional quan-
tum noise models. Section 5 summarizes the principal conclusions and discusses directions for
future research.

2 Quantum-Switched Optical Networks

This section introduces the quantum-switched optical network architecture considered throughout
this paper. The objective is to establish a network model suitable for analyzing the effects of Struc-
tured Quantum Noise on entanglement distribution and end-to-end quantum communication. The
discussion is intentionally independent of the specific noise model so that the network architecture
can later be combined with either conventional quantum noise models or the Structured Quantum
Noise framework.

2.1 Quantum Network Architecture

Figure 1 illustrates the quantum-switched optical network architectures considered in this work.
Figure 1a shows the single-switch case A → S → B, and Figure 1b shows the two-switch case
A → S1 → S2 → B. These two architectures provide the baseline cases for analyzing Structured
Quantum Noise in quantum-switched optical networks.

The network contains the following components.

� Quantum end systems, denoted by A and B.

� Quantum communication links connecting adjacent network nodes.

� Quantum optical switches, denoted by S, S1, and S2.

� Bell-state measurement modules used to perform entanglement swapping.
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� Entanglement distribution channels used to create elementary entangled links.

� Classical control channels used to communicate measurement outcomes.

Unlike classical packet-switched networks, quantum information cannot be copied or amplified
during transmission because of the no-cloning theorem. Long-distance communication therefore
relies on distributing entangled quantum states across multiple network segments and extend-
ing entanglement through entanglement swapping operations performed at intermediate switching
nodes.

The architecture is sufficiently general to represent quantum metropolitan networks, quantum
backbone networks, and future Quantum Internet infrastructures employing optical switching and
quantum repeaters.

2.2 Entanglement Distribution

Communication begins by generating entangled particle pairs at the transmitting node or at in-
termediate entanglement sources. One member of each entangled pair is transmitted across the
communication network while its partner is retained or transmitted through another network path.

As the communication distance increases, multiple entangled links are established between
adjacent network nodes. These elementary links provide the foundation for constructing long-
distance end-to-end entanglement through successive entanglement swapping operations.

Throughout this paper it is assumed that neighboring network nodes initially share entangled
Bell pairs. The mechanisms used to generate these Bell pairs are outside the scope of the present
work.

2.3 Entanglement Swapping

Entanglement swapping extends quantum correlations beyond directly connected network segments.
At each intermediate switching node, a Bell-state measurement is performed on two locally available
qubits originating from adjacent communication links.

Following a successful Bell-state measurement and the associated classical communication, the
remote end qubits become entangled even though they have never interacted directly. Repeated
application of this process allows entanglement to be established across arbitrarily long communi-
cation paths.

This operation represents the fundamental switching mechanism employed throughout the re-
mainder of this paper.

2.4 Network Model

The single-switch network considered in this paper is

A → S → B, (1)

and the two-switch network is

A → S1 → S2 → B. (2)

More generally, an N -switch path may be written as

A → S1 → S2 → · · · → SN → B, (3)
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where A denotes the transmitting quantum node, B denotes the receiving quantum node, and
Si denotes the i-th quantum switching node.

Each communication link is represented by an independent quantum channel connecting adja-
cent network nodes. Bell-state measurements performed at the switching nodes establish end-to-end
entanglement between the communicating endpoints.

At this stage no assumptions are made regarding the specific environmental interactions act-
ing on each communication link. Conventional depolarizing, dephasing, amplitude-damping, and
Structured Quantum Noise models may all be incorporated into this network representation. The
introduction of Structured Quantum Noise is deferred to Section 3, where repeated structured en-
vironmental interactions are associated with each communication link and their cumulative effects
on network performance are investigated.

3 Structured Quantum Noise and Quantum-Switched Optical Net-
works

The previous section introduced the quantum-switched optical network architecture without making
assumptions regarding the environmental interactions acting on each communication link. This
section derives the mathematical formulation for Structured Quantum Noise (SQN) in quantum-
switched optical networks. The objective is not to repeat the microscopic SQN derivation developed
in earlier work, but to derive how SQN composes across quantum communication links and Bell-
state-measurement-based switching nodes.

3.1 Elementary SQN Link Map

Let ρi denote the quantum state entering communication link i. The corresponding structured
environment is denoted by Ei, with initial environmental state

σEi . (4)

The joint input state to link i is

Ωi = ρi ⊗ σEi . (5)

Let USQN
i denote the unitary evolution generated by the SQN interaction on link i. The joint

state after interaction is

Ω′
i = USQN

i Ωi

(
USQN
i

)†
. (6)

Substituting the input state gives

Ω′
i = USQN

i (ρi ⊗ σEi)
(
USQN
i

)†
. (7)

The environment is not observed at the output of the link. The transmitted-system state is
obtained by tracing over Ei:

ρ′i = TrEi

[
Ω′
i

]
. (8)

Substitution yields
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ρ′i = TrEi

[
USQN
i (ρi ⊗ σEi)

(
USQN
i

)†]
. (9)

This defines the SQN link map

N SQN
i (ρi) = TrEi

[
USQN
i (ρi ⊗ σEi)

(
USQN
i

)†]
. (10)

so the elementary link evolution is

ρ′i = N SQN
i (ρi). (11)

Because the SQN link map is obtained by unitary evolution on the joint system–environment
Hilbert space followed by a partial trace over the environmental degrees of freedom, N SQN

i is a com-
pletely positive trace-preserving (CPTP) quantum channel. Consequently, the map preserves both
the positivity and the trace of every physical density operator, ensuring that each communication
link defines a physically admissible quantum evolution.

Definition 1 (Identical-Link Approximation). For the baseline model,

USQN
i = USQN, σEi = σE , (12)

and therefore

N SQN
i = N SQN (13)

for all i. Heterogeneous links are recovered by retaining the index i.

Definition 2 (Independent and Retained Structured Environments). Two SQN network regimes
are used in the remainder of the paper.

In the independent-environment regime, each link has its own environmental Hilbert space, so
that

Hind
E = HE1 ⊗HE2 ⊗ · · · ⊗ HEN+1

, (14)

and the environment state initially factors as

σind
E = σE1 ⊗ σE2 ⊗ · · · ⊗ σEN+1

. (15)

In this case link correlations arise only through the transmitted quantum system and through
Bell-state-measurement outcomes.

In the retained-environment regime, one or more environmental degrees of freedom persist across
multiple links.

The corresponding environmental Hilbert space is written

Hret
E = HR ⊗HE′

1
⊗ · · · ⊗ HE′

N+1
, (16)

where R denotes the retained structured component.
The link map is then not a product of independent maps; it is obtained from the ordered joint

evolution

ρf = TrR,E′
1,...,E

′
N+1

[
UN+1 · · ·U2U1

(
ρ0 ⊗ σR ⊗ σE′

1
⊗ · · · ⊗ σE′

N+1

)
U †
1U

†
2 · · ·U

†
N+1

]
. (17)
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ρi
structured
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ρ′i

ρi ⊗ σEi
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i

Figure 2: Elementary SQN link map. The transmitted state ρi interacts unitarily with a structured
link environment Ei; the output state is obtained by tracing over environmental degrees of freedom.

Thus the independent model captures link-local structured noise, whereas the retained model
captures structured environmental memory, correlation, and possible coherence recurrence across
the network path.

Figure 2 illustrates the elementary SQN link map.

3.2 Bell-State Measurement and Entanglement-Swapping Map

Consider two elementary entangled links meeting at a switching node S. Let the four-qubit state
before switching be

ρASLSRB, (18)

where SL and SR are the local switch qubits. A Bell-state measurement is performed on SLSR.
The Bell projectors are

Πm = |Φm⟩⟨Φm|, m ∈ {1, 2, 3, 4}, (19)

with

|Φ1⟩ =
1√
2

(|00⟩ + |11⟩), |Φ2⟩ =
1√
2

(|00⟩ − |11⟩), (20)

|Φ3⟩ =
1√
2

(|01⟩ + |10⟩), |Φ4⟩ =
1√
2

(|01⟩ − |10⟩). (21)

The probability of outcome m is

pm = Tr
[(
IA ⊗ ΠSLSR

m ⊗ IB
)
ρASLSRB

]
. (22)

The unnormalized post-measurement state on AB is

ρ̃
(m)
AB = TrSLSR

[MmρASLSRBMm] , (23)

where

Mm = IA ⊗ ΠSLSR
m ⊗ IB. (24)

The normalized conditional state is

ρ
(m)
AB =

ρ̃
(m)
AB

pm
. (25)

Let Cm denote the Pauli correction associated with outcome m. The corrected conditional state
is
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ρswap,mAB = Cm
(
ρ
(m)
AB

)
. (26)

Averaging over outcomes gives

S(ρASLSRB) =
∑
m

pmCm
(
ρ
(m)
AB

)
. (27)

Substituting ρ
(m)
AB = ρ̃

(m)
AB /pm, we obtain

S(ρASLSRB) =
∑
m

Cm
(
ρ̃
(m)
AB

)
. (28)

Therefore,

S(ρASLSRB) =
∑
m

Cm [TrSLSR
(MmρASLSRBMm)] . (29)

3.3 Worked Single-Switch Entanglement-Swapping Derivation

The single-switch architecture provides the basic derivation used by the general network model.
Let the elementary left and right Bell states be

|Φ+⟩ASL
=

1√
2

(|00⟩ASL
+ |11⟩ASL

), |Φ+⟩SRB =
1√
2

(|00⟩SRB + |11⟩SRB). (30)

The initial four-qubit density matrix is

ρ
(0)
ASLSRB = ρ

(0)
ASL

⊗ ρ
(0)
SRB, (31)

where

ρ
(0)
ASL

= |Φ+⟩ASL
⟨Φ+|, ρ

(0)
SRB = |Φ+⟩SRB⟨Φ+|. (32)

The two communication links are then acted on by their structured link maps. In the independent-
environment case this gives

ρ
(1)
ASLSRB =

(
N SQN

ASL
⊗N SQN

SRB

)(
ρ
(0)
ASL

⊗ ρ
(0)
SRB

)
. (33)

The Bell measurement at the switch acts only on SLSR. For outcome m, the unnormalized
endpoint state is

ρ̃
(m)
AB = TrSLSR

[(
IA ⊗ ΠSLSR

m ⊗ IB
)
ρ
(1)
ASLSRB

(
IA ⊗ ΠSLSR

m ⊗ IB
)]

, (34)

and its probability is

pm = TrAB

[
ρ̃
(m)
AB

]
. (35)

For pm > 0, the normalized conditional state is

ρ
(m)
AB =

ρ̃
(m)
AB

pm
. (36)
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After applying the standard Pauli correction Cm, the end-to-end state for the single-switch path
is

ρoutAB =
∑
m

pmCm
(
ρ
(m)
AB

)
=
∑
m

Cm
(
ρ̃
(m)
AB

)
. (37)

This expression is the explicit density-matrix form of SQN-modified entanglement swapping.
For the ideal noiseless case, the derivation reduces to the standard entanglement-swapping

identity. Expanding the two Bell pairs gives

|Φ+⟩ASL
|Φ+⟩SRB =

1

2

(
|Φ+⟩SLSR

|Φ+⟩AB + |Φ−⟩SLSR
|Φ−⟩AB + |Ψ+⟩SLSR

|Ψ+⟩AB + |Ψ−⟩SLSR
|Ψ−⟩AB

)
.

(38)
Therefore projection onto any Bell outcome at SLSR prepares the corresponding Bell state on

AB, up to a known Pauli correction. The SQN model keeps this same measurement structure

but replaces the ideal four-qubit input by ρ
(1)
ASLSRB, thereby allowing structured link evolution to

modify the post-swapping endpoint state.
If the link outputs are Bell-diagonal,

ρ
(1)
ASL

=
∑
α

qα|Φα⟩⟨Φα|, ρ
(1)
SRB =

∑
β

rβ|Φβ⟩⟨Φβ|. (39)

then the corrected endpoint state is also Bell-diagonal,

ρoutAB =
∑
κ

wκ|Φκ⟩⟨Φκ|, (40)

where

wκ =
∑
α,β

qαrβ χκ(α, β). (41)

Here χκ(α, β) ∈ {0, 1} is the Bell-label composition rule determined by the Bell-state measure-
ment outcome and the Pauli correction. This form is useful because it makes the metric calculations
in Section 4 directly computable from the SQN-induced Bell weights.

3.4 Network Composition Principle

Proposition 1 (Network Composition Principle). For a quantum-switched optical path containing
SQN link maps and Bell-state-measurement-based switching maps, the end-to-end state is deter-
mined by the ordered composition of link and switching operations.

The composition formulas below are a path-level effective ordered-composition abstraction.
They do not replace the explicit four-qubit parallel-link entanglement-swapping derivation in Sec-
tion 3.3. Instead, each N SQN

k represents the effective structured-noise evolution associated with the
corresponding elementary link or link segment, while each Sk represents the Bell-state-measurement-
based switching operation that composes adjacent elementary links. Thus Eqs. (42)–(62) describe
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the ordered network-level composition of effective link and switching maps, not a literal replacement
of the parallel Bell-pair preparation model used in the microscopic single-switch derivation.

For the single-switch architecture A → S → B,

ρ1 = N SQN
1 (ρ0). (42)

ρ2 = S1(ρ1). (43)

and

ρ
(1)
f = N SQN

2 (ρ2). (44)

Substituting ρ2 and then ρ1, we obtain

ρ
(1)
f = N SQN

2

[
S1

(
N SQN

1 (ρ0)
)]

. (45)

or

ρ
(1)
f =

(
N SQN

2 ◦ S1 ◦ N SQN
1

)
(ρ0). (46)

For identical links,

ρ
(1)
f =

(
N SQN ◦ S1 ◦ N SQN

)
(ρ0). (47)

In general,

N SQN ◦ S1 ◦ N SQN ̸= S1 ◦
(
N SQN

)2
. (48)

Theorem 1 (Ordered Composition Theorem). Let N be a structured link map and S be a Bell-
state-measurement-based switching map acting on the appropriate network state space.

If there exists a reachable state ρ such that

N (S(N (ρ))) ̸= S(N (N (ρ))) , (49)

then

N ◦ S ◦ N ̸= S ◦ N 2. (50)

Equivalently, nonzero commutator action

[N ,S](ρ) = N (S(ρ)) − S(N (ρ)) ̸= 0 (51)

for a reachable intermediate state implies switching-order sensitivity.

Proof. The equality

N ◦ S ◦ N = S ◦ N 2

is an equality of maps.
If it held, then for every admissible input state ρ,

(N ◦ S ◦ N )(ρ) = (S ◦ N 2)(ρ). (52)
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Expanding the compositions gives

N (S(N (ρ))) = S(N (N (ρ))) . (53)

Therefore, the existence of one reachable ρ for which the two sides differ disproves the map
equality.

The commutator statement follows by setting τ = N (ρ).
If

[N ,S](τ) ̸= 0,

then

N (S(τ)) ̸= S(N (τ)),

and substituting τ = N (ρ) gives the claimed ordering inequality.

For the two-switch architecture A → S1 → S2 → B, the state sequence is

ρ1 = N SQN
1 (ρ0), ρ2 = S1(ρ1), ρ3 = N SQN

2 (ρ2), (54)

ρ4 = S2(ρ3), ρ
(2)
f = N SQN

3 (ρ4). (55)

Substituting step by step gives

ρ
(2)
f =

(
N SQN

3 ◦ S2 ◦ N SQN
2 ◦ S1 ◦ N SQN

1

)
(ρ0). (56)

For an N -switch path,

A → S1 → S2 → · · · → SN → B. (57)

there are N + 1 SQN link maps and N switching maps.
The recursion is

ρ2k−1 = N SQN
k (ρ2k−2), k = 1, . . . , N + 1, (58)

and

ρ2k = Sk(ρ2k−1), k = 1, . . . , N. (59)

The final state is

ρ
(N)
f = ρ2N+1 = N SQN

N+1 (ρ2N ). (60)

Substitution yields

ρ
(N)
f =

(
N SQN

N+1 ◦ SN ◦ N SQN
N ◦ SN−1 ◦ · · · ◦ S1 ◦ N SQN

1

)
(ρ0). (61)

For identical links and switches,

ρ
(N)
f = N SQN ◦

(
S ◦ N SQN

)N
(ρ0). (62)

11



3.5 End-to-End Performance Metrics

The final network state ρ
(N)
f determines all end-to-end performance metrics. The fidelity is

FN = F (ρ0, ρ
(N)
f ). (63)

where

F (ρ, σ) =

(
Tr
√√

ρσ
√
ρ

)2

. (64)

Therefore,

FN =

(
Tr

√√
ρ0ρ

(N)
f

√
ρ0

)2

. (65)

Substituting the ordered-composition formula gives

FN =

(
Tr

√
√
ρ0

[
N SQN

N+1 ◦ SN ◦ · · · ◦ S1 ◦ N SQN
1

]
(ρ0)

√
ρ0

)2

. (66)

For a two-qubit final state, concurrence is obtained by defining [13]

ρ̃
(N)
f = (σy ⊗ σy)

(
ρ
(N)
f

)∗
(σy ⊗ σy). (67)

and

RN = ρ
(N)
f ρ̃

(N)
f . (68)

Let λ
(N)
1 ≥ λ

(N)
2 ≥ λ

(N)
3 ≥ λ

(N)
4 be the square roots of the eigenvalues of RN . Then

CN = max
{

0, λ
(N)
1 − λ

(N)
2 − λ

(N)
3 − λ

(N)
4

}
. (69)

Negativity is obtained from the partial transpose [4, 7, 8, 11]:

EN =

∥∥∥∥(ρ(N)
f

)TB

∥∥∥∥
1

− 1

2
. (70)

If µ
(N)
j are the eigenvalues of (ρ

(N)
f )TB , then

EN =

∑
j |µ

(N)
j | − 1

2
. (71)

If the input state carries a parameter ϕ, then

ρ
(N)
f (ϕ) =

[
N SQN

N+1 ◦ SN ◦ · · · ◦ S1 ◦ N SQN
1

]
ρ0(ϕ). (72)

The Quantum Fisher Information is

F
(N)
Q = Tr

[
ρ
(N)
f (ϕ)L2

ϕ

]
. (73)

where Lϕ is defined by
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∂ϕρ
(N)
f (ϕ) =

1

2

(
ρ
(N)
f (ϕ)Lϕ + Lϕρ

(N)
f (ϕ)

)
. (74)

If

ρ
(N)
f (ϕ) =

∑
a

p(N)
a |aN ⟩⟨aN |, (75)

then

F
(N)
Q = 2

∑
a,b

∣∣∣⟨aN |∂ϕρ
(N)
f |bN ⟩

∣∣∣2
p
(N)
a + p

(N)
b

, (76)

with zero-denominator terms omitted.
If the network maps are independent of ϕ, then

∂ϕρ
(N)
f =

[
N SQN

N+1 ◦ SN ◦ · · · ◦ S1 ◦ N SQN
1

]
(∂ϕρ0). (77)

3.6 Scalar-Noise Comparison and Predictions

In a conventional scalar-noise model, each link is represented by a memoryless channel Eγ . For
identical links and switches,

ρ
(N)
f,scalar = Eγ ◦ (S ◦ Eγ)N (ρ0). (78)

If the dominant per-link survival factor is p, then

F scalar
N ∼ F0p

N+1. (79)

Writing p = e−Γ gives

F scalar
N ∼ F0e

−Γ(N+1). (80)

The SQN prediction is instead

F SQN
N = F

(
ρ0,N SQN ◦

(
S ◦ N SQN

)N
(ρ0)

)
. (81)

Since N SQN may contain structured environmental dynamics, recurrence, and coherence redis-
tribution,

F SQN
N ̸= F0e

−Γ(N+1). (82)

in general.
The derivation leads to four network-level predictions.
First, SQN network fidelity need not follow a single exponential hop-count law.
Second, switching order matters because

N SQN ◦ S ◦ N SQN ̸= S ◦
(
N SQN

)2
. (83)

Third, fidelity and entanglement need not degrade identically because FN , CN , and EN probe
different properties of the same final state.
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Table 1: Performance metrics for SQN quantum-switched optical networks.

Metric Symbol Network meaning

Fidelity FN End-to-end state preservation
Concurrence CN Bipartite entanglement survival
Negativity EN Entanglement under partial transpose

Quantum Fisher Information F
(N)
Q Parameter sensitivity after network evolution

Fourth, QFI may reveal structured environmental effects even when fidelity appears close to
scalar-noise behavior:

F
(N),SQN
Q ̸= F

(N),scalar
Q . (84)

4 Performance Analysis

The mathematical formulation in Section 3 produces a direct performance-analysis workflow. The
input to the analysis is the initial state ρ0, the SQN link map N SQN, the switching map S, and the

number of switching nodes N . The output is the final state ρ
(N)
f , from which all network metrics

are computed.

4.1 Metric Summary

Table 1 summarizes the metrics used in the analysis.

4.2 Interpretation of the Scaling Laws

For memoryless scalar channels, degradation is governed primarily by the number of links and a
scalar channel parameter:

F scalar
N ∼ F0e

−Γ(N+1). (85)

The SQN model replaces this scalar law by an ordered operator expression:

F SQN
N = F

(
ρ0,N SQN ◦ (S ◦ N SQN)N (ρ0)

)
. (86)

The difference is structural. In the scalar model, increasing N primarily multiplies loss factors.
In the SQN model, increasing N increases the number of ordered interactions between structured
link evolution and Bell-state-measurement-based switching.

4.3 Numerical Illustration

To demonstrate the computational application of the proposed framework, the numerical results
presented below are obtained by direct evaluation of the analytical expressions developed in this
section. The scalar reference model uses the target Bell weight

wscalar
1 (N) = pN+1, (87)

and the SQN model uses the same baseline attenuation with a structured recurrence correction,
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Table 2: Computed scalar and SQN benchmark data for N = 1, . . . , 10. Negativity is not listed
separately because EN = CN/2 for this Bell-diagonal benchmark.

N F scalar
N F SQN

N Cscalar
N CSQN

N F scalar
Q,norm F SQN

Q,norm

1 0.9409 0.9522 0.8818 0.9045 0.2224 0.1819
2 0.9127 0.8586 0.8253 0.7171 0.3188 0.4857
3 0.8853 0.8611 0.7706 0.7221 0.4062 0.4785
4 0.8587 0.8917 0.7175 0.7834 0.4852 0.3863
5 0.8330 0.8605 0.6659 0.7211 0.5565 0.4800
6 0.8080 0.7916 0.6160 0.5833 0.6206 0.6598
7 0.7837 0.7586 0.5675 0.5171 0.6780 0.7326
8 0.7602 0.7650 0.5205 0.5299 0.7291 0.7192
9 0.7374 0.7574 0.4748 0.5149 0.7745 0.7349

10 0.7153 0.7177 0.4306 0.4353 0.8146 0.8105

wSQN
1 (N) = pN+1

[
1 + ϵe−αN cos(ωN)

]
. (88)

The SQN model is characterized by the parameters

p = 0.97, ϵ = 0.08, α = 0.12, ω = 1.4. (89)

where p represents the baseline link survival factor, ϵ characterizes the magnitude of structured
coherence redistribution, α governs the attenuation of structured environmental effects with network
depth, and ω characterizes the recurrence behavior associated with the structured environmental
dynamics. These physically meaningful SQN model parameters characterize the predicted end-to-
end network behavior.

For each value of N , the fidelity is computed directly from Eq. (87) or Eq. (88) as FN = w1(N).
The concurrence and negativity are then computed from the Bell-diagonal formulas

CN = max{0, 2w1(N) − 1}, EN =
CN

2
. (90)

The normalized QFI proxy used for this reproducible benchmark is

F
(N)
Q,norm = 4FN (1 − FN ). (91)

The numerical results presented in Table 2 and Figure 3 are obtained by direct evaluation of
Eqs. (87)–(91). The computed results illustrate the network behavior predicted by the proposed
SQN framework and provide a reproducible computational benchmark for comparison with con-
ventional scalar-noise models.

4.4 Comparison with Conventional Models

The principal theoretical result of this work is not that Structured Quantum Noise necessarily
improves quantum network performance. Rather, the proposed framework predicts a different
mathematical description of end-to-end network evolution than conventional scalar-noise models.
The ordered composition of SQN link maps and Bell-state-measurement-based switching opera-
tions leads to experimentally testable predictions, including switching-order sensitivity, departures
from simple exponential fidelity scaling, and metric-dependent network behavior. Determining the
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Figure 3: Computed comparison of scalar attenuation and SQN-modified structured recurrence for
N = 1, . . . , 10, obtained by direct evaluation of the analytical model using the SQN parameters
defined in Section 4.3. The plotted points correspond to the computed values reported in Table 2.

magnitude of these effects in practical quantum communication systems is an important direction
for future theoretical and experimental investigation.

5 Summary and Conclusions

This paper investigated the incorporation of Structured Quantum Noise into quantum-switched
optical networks. Unlike conventional scalar or memoryless quantum channel models, the pro-
posed framework represents each communication link as interacting with a structured quantum
environment, allowing repeated environmental interactions to accumulate naturally as quantum
information propagates through multi-hop communication networks.

A general quantum-switched optical network architecture employing entanglement distribution
and Bell-state-measurement-based entanglement swapping was first introduced. Structured Quan-
tum Noise was then associated with each communication link, providing a unified mathematical
framework for analyzing the cumulative effects of structured environmental interactions on end-to-
end quantum communication.

The resulting network formulation establishes ordered compositions of SQN link maps and Bell-
state-measurement-based switching operations for single-switch, two-switch, and general N -switch
architectures. These formulations provide a systematic basis for evaluating end-to-end quantum
communication using fidelity, concurrence, negativity, and Quantum Fisher Information, while
enabling direct comparison with conventional depolarizing, dephasing, and amplitude-damping
channel models.

The principal contribution of this work is not the introduction of a new environmental model,
but the extension of the previously developed Structured Quantum Noise framework to quantum-
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Table 3: Comparison between scalar-noise and SQN network models.

Aspect Conventional scalar model SQN network model

Link model Memoryless channel Eγ Structured map N SQN

Environment Phenomenological parameter Quantum environment with
internal structure

Network evolution Multiplicative attenuation Ordered composition of link
and switching maps

Typical fidelity law F0e
−ΓN F (ρ0, ρ

(N)
f ) from ordered evo-

lution
Switch role Routing/repeater operation Noncommuting map in state

evolution
Prediction type Exponential degradation Possible non-exponential and

metric-dependent behavior

switched optical networks. The resulting analysis predicts that structured environmental inter-
actions can produce network behavior that differs from conventional scalar-noise models, includ-
ing switching-order sensitivity, departures from simple exponential fidelity scaling, and metric-
dependent performance degradation. These predictions arise directly from the ordered composition
of structured link evolution and Bell-state-measurement-based switching operations developed in
this paper.

Future work will extend the present framework in several directions. First, closed-form analyt-
ical expressions for end-to-end network evolution under Structured Quantum Noise will be devel-
oped. Second, the framework will be extended to quantum repeater architectures, heterogeneous
quantum networks, and large-scale quantum internetworks. Finally, comparisons with experimen-
tal quantum communication systems may help determine the practical significance of structured
environmental interactions and assess the predictive capability of the proposed framework for next-
generation quantum networking technologies.
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