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Abstract—In the rapidly expanding field of quantum commu-
nication, maintaining state fidelity and transmission efficiency
over long distances remains a fundamental challenge. Classical
quantum repeater protocols rely on entanglement swapping and
Bell-state measurements but remain vulnerable to channel noise,
memory decoherence, and photon loss. This paper introduces
a quantum redundancy and error verification protocol that
integrates a three-qubit repetition code with teleportation-based
repeaters. By distributing logical qubits across multiple par-
allel routes and employing stabilizer measurements to detect
and correct single-qubit errors, the protocol ensures robustness
against both byproduct operations arising from teleportation and
physical channel errors. Our method circumvents the no-cloning
theorem by encoding information across entangled blocks rather
than duplicating quantum states. Through this combination of
redundancy, Pauli-frame tracking, and parity-based error verifi-
cation, the protocol achieves enhanced reliability and scalability,
making it a strong candidate for the backbone of future quantum
internet infrastructures.

Index Terms—Quantum Repeater, Quantum Teleportation,
Pauli Frame Correction, Stabilizer Codes, Quantum Internet

I. INTRODUCTION

Quantum communication, a cornerstone of the envisioned
quantum Internet, offers unparalleled security and introduces
a new paradigm for information transfer [1]. At its foundation
lies the qubit, which employs the principles of quantum super-
position and entanglement to achieve efficient and inherently
secure communication. Despite this promise, the reliable trans-
mission of qubits across long distances remains a fundamental
challenge in quantum networking. Unlike classical signals,
which can be amplified and regenerated using conventional
repeaters [2], quantum states cannot be cloned due to the
restrictions imposed by the no-cloning theorem [3]. This
limitation necessitates fundamentally different mechanisms for
extending the reach of quantum communication.

To address this issue, the concept of the quantum repeater
was introduced [4]. Much like its classical counterpart, which
strengthens weakening signals in traditional networks, a quan-
tum repeater preserves the fidelity of fragile quantum states
over extended distances. A typical repeater is equipped with a
quantum memory and a source of entangled photon pairs. In
operation, the repeater generates an entangled pair, stores one
photon in memory while transmitting the other forward. When
a photon from the previous node arrives, the repeater performs

979-8-3195-2938-1/26/$31.00 ©2026 IEEE

a Bell-state measurement (BSM) [5] on the incoming and
stored photons. This operation enables entanglement swap-
ping [6], effectively extending entanglement between nodes
separated by large distances.

Although entanglement swapping has revolutionized long-
distance quantum communication, several obstacles remain.
High-fidelity quantum memories and reliable entangled photon
sources at every repeater node impose substantial infras-
tructure demands. In addition, quantum states are extremely
fragile; environmental interactions cause decoherence, and
photon loss in optical channels grows with distance, lowering
the effective communication rate. Together, these effects limit
the scalability of conventional repeater networks [7], [8].

In this work, we propose a new protocol based on quantum
route redundancy. The essential idea is to establish multiple
redundant transmission paths between sender and receiver
while embedding an error-detection mechanism directly at
the repeater level. This design mitigates potential disruptions
in qubit transmission and improves reliability. Redundancy
enhances fault tolerance: even if one route experiences inter-
ference or photon loss, other routes can preserve the logical
qubit, reducing the risk of total communication failure. Er-
ror detection across correlated qubits enables the system to
diagnose anomalies and apply corrective operations, ensuring
higher fidelity in the reconstructed state. Finally, the method is
scalable and adaptive, making it suitable for diverse network
complexities and a practical step toward the realization of the
quantum Internet.

II. OPERATION OF A QUANTUM REPEATER

The quantum repeater is the fundamental building block of
quantum communication. Its role is to circumvent exponential
photon loss and decoherence in optical fibers, which otherwise
restrict the range of quantum key distribution and quantum
state transfer. To illustrate the operation of a single repeater,
consider the simple three-party setup depicted in Fig. 1: a
sender A, an intermediate repeater R, and a receiver B. The
interaction among these three entities highlights the essential
principles of state preparation, entanglement distribution, Bell-
state measurement, and state reconstruction.
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Fig. 1. Quantum circuit for transmitting photon X through quantum repeater

A. State Preparation
At the outset, the sender prepares a qubit—represented by
a photon X—in an arbitrary quantum state

) = al0) + B]1),

This qubit encapsulates the information intended for transmis-
sion.

Simultaneously, the repeater generates a maximally entan-
gled photon pair (R1, R2) in the Bell state

[©+) g1 2 = 5 (00) + [11)). )

a,BeC, |a +[8?=1. (1)

Photon R1 is stored in the repeater’s quantum memory, while
photon R2 is immediately sent along the channel toward the
receiver B. This creates a resource that links the repeater to
the receiver before the sender’s qubit even arrives.

B. Bell Measurement and Classical Information

When the sender’s photon X arrives at the repeater, the
critical step of a Bell-state measurement is performed jointly
on (X, R1). This measurement projects the two qubits into
one of the four orthogonal Bell states:

[@F) = 75 (|00) + [11)) , 3)
[®7) = 5 (100) - |11)), )
[T+) = 75 (101) +[10)), Q)
(™) = 75 (|01) — [10)). (6)

The teleportation identity guarantees that this measurement
correlates the state of R2 with the original state of X, though
potentially altered by a Pauli operator:

|1/J>X & |(I)+>RLR2 — {I|w>v X|’(/}>7 ZW}>= ZX|1/J> }327
(7N
depending on which Bell state was observed.
For practical communication, the measurement outcome is
encoded into two classical bits,

M= (mZamX) € {007017 107 11}7 3

where m indicates whether a Z correction is required, and
myx indicates whether an X correction is required. These
two bits are transmitted to the receiver via a conventional
(classical) channel.

C. Receiver State Reconstruction

Receiver B obtains two crucial inputs: photon R2, which
carries the byproduct-modified quantum state, and the classical
information M, which specifies the byproducts. To reconstruct
the original qubit, B applies the correction

(M) =2mzXmx, ©)]

which cancels the byproduct operation and restores the state
to exactly |1)).

Remarkably, photon X never physically travels to the re-
ceiver. Instead, its quantum information is effectively tele-
ported, using only one quantum channel (for R2) and one clas-
sical channel (for M). The security of this process is inherent:
any eavesdropper attempting to intercept the photons collapses
the entangled correlations, producing detectable anomalies.

D. Limitations

While conceptually elegant, this canonical repeater design
suffers from practical challenges that hinder its scalability. The
finite coherence time of the memory photon R1 limits how
far apart repeater nodes can be spaced. Transmission errors
accumulate with distance due to photon loss and environmental
noise, degrading fidelity. Finally, the scheme has no built-in
error detection or correction: teleportation faithfully transfers
states only under ideal conditions, without the ability to
identify or repair physical channel errors.

These limitations motivate the redundancy-enhanced re-
peater protocol presented in Section III, where multiple trans-
mission routes and stabilizer-based verification are introduced
to provide both robustness and error-detection capability.

III. PROPOSED PROTOCOL

The classical operation of a quantum repeater, while ele-
gant, is fragile in practice. Bell-state measurements inevitably
introduce Pauli byproducts, and lossy or noisy channels
inject further stochastic errors into the transmitted qubits.
To overcome these limitations, we propose a protocol that
embeds redundancy and error correction directly into the
repeater framework. Our approach combines three ingredients:
(1) a three-qubit repetition code that distributes the logical
information across multiple parallel routes, (ii) teleportation
along each route with explicit tracking of Pauli byproducts,
and (iii) stabilizer measurements at the receiver to detect and
correct single-qubit bit-flip errors. Together, these components
create a repeater primitive that is robust to both deterministic
teleportation artifacts and stochastic channel faults.

The sender begins with an arbitrary qubit prepared in the
state

[¥) = a|0) + Bl1),

To protect this fragile state, the sender encodes it using
the three-qubit repetition code, which maps the logical basis
states as |0) — |000) and |1) — |111). After encoding, the
transmitted block becomes

[¥) 1, = a]000) + B]111).

a,B€C, |a?+ (8P =1. (10)

(1)
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This block does not constitute three independent copies of
the original state (which would violate the no-cloning theo-
rem), but rather a single logical state distributed across three
entangled rails. The encoded qubits, denoted (A;, Ag, As), are
launched simultaneously along three disjoint quantum routes.

At the repeater, the teleportation mechanism is applied
independently to each route. For route ¢, the repeater prepares
an entangled pair (R1;, R2;) in the maximally entangled Bell
state

[®) = L(j00) + [11)).

The half R1; is retained in memory, while R2; is reserved
for transmission to the downstream node. Upon the arrival of
A;, the repeater performs a Bell-state measurement on the pair
(4;, R1;).

The outcome of this measurement projects the two qubits
into one of the four orthogonal Bell states |®*), |¥*), which
are in one-to-one correspondence with Pauli byproducts on
the transmitted qubit. This correspondence can be under-
stood directly from the teleportation identity. For the system
(X, R1, R2), we have the identity

W) x @[T )r1,r2 = 2 (127) x,R1 (I[¥)) R2
+127)x,r1 (Z]9)) Ro
+ |9 x,r1 (X[¥)) r2
+ V) x,r1 (ZX 1)) R2)-

This expansion makes clear that each possible Bell measure-
ment outcome on (X, R1) leaves qubit R2 in the original state
|1}, up to a Pauli byproduct. For practical communication,
the result is encoded as a two-bit string M = (my,mx) €
{00, 01,10, 11}, where mz indicates whether a Z correction is
needed and mx indicates whether an X correction is needed.
The explicit mapping is summarized in Table I.

12)

13)

TABLE I
MAPPING BETWEEN BELL MEASUREMENT OUTCOMES AND PAULI
BYPRODUCTS ON R2.

Bell outcome | (mz,mx) | Byproduct on R2
[®T) 0,0) I
[w+) 0.1) X
|®7) (1,0) Z
2 (1,1) ZX

The outcome of this measurement projects the two qubits
into one of the four orthogonal Bell states |®*),|¥*), which
are in one-to-one correspondence with Pauli byproducts on
the transmitted qubit. Specifically, the result is encoded as a
two-bit string

M; = (mz;,mx,;) € {00,01,10,11}, (14)
such that the state of R2; after the measurement is
R2;, = ZMZi X™MX1| A;). (15)

The qubit R2; is then forwarded toward the receiver, and the
classical bits M; are sent over a conventional communication
channel.

In a multi-hop network, each intermediate repeater produces
its own Bell-measurement outcomes. Since Pauli operators
form a group under composition, the cumulative byproduct
can be represented compactly as the bitwise XOR of all hop-
wise results. Thus, the effective correction data for route 7 at

the receiver is (o)
tot
M = @5 M; pop,
hops

(16)

where @ denotes bitwise XOR. This formula ensures that
byproduct information propagates additively across the net-
work, allowing the final receiver to compute the exact correc-
tion without intermediate physical gates.

Upon receipt of the three rails (R2;, R22, R23) and the
accumulated classical information (MY, 15" M{*Y), the
receiver first performs Pauli-frame neutralization. For each
route ¢, the receiver applies

(tot) (tot)

(Mi(lot)) — Zmz’i' XmX,i’ (17)

thereby eliminating all deterministic byproducts of teleporta-
tion. If no further noise has acted on the channel, this operation
restores the logical block exactly to its encoded form ).

In practice, however, physical channels may flip one of the
three rails. To detect such stochastic bit-flip errors, the receiver
measures the stabilizers of the repetition code:

S1 =212, So = ZsZ3. (18)

To extract the stabilizer information non-destructively, the
receiver introduces an ancilla qubit a initialized in the state
|0). After entangling a with the data qubits through two CNOT
gates, for example CNOT(q; — a) and CNOT(g2 — a) when
measuring S1 = Z; Z5, the ancilla is measured in the Z basis.
This measurement produces a classical bit

be {0,1},

where b = 0 corresponds to stabilizer eigenvalue +1 (even par-
ity of the Z eigenvalues) and b = 1 corresponds to eigenvalue
—1 (odd parity). Repeating the same procedure with (g2, ¢3)
and a fresh ancilla yields the outcome for Sy = Z5Z3. Thus
the receiver obtains a syndrome (S, S2) that encodes the error
pattern.

The syndrome outcomes uniquely identify the location of
a single bit-flip error. If both stabilizers return +1, no error
is present. Otherwise, the specific pattern determines which
qubit has flipped, as summarized in Table II.

TABLE II
SYNDROME-TO-ERROR MAPPING FOR THE THREE-QUBIT REPETITION
CODE.
Syndrome (S1,52) | Most likely error | Correction
(+1,+1) none 1
(-1,41) X on qubit 1 X1
(-1,-1) X on qubit 2 Xo
(+1,-1) X on qubit 3 X3

Once the syndrome has been identified, the receiver applies
the appropriate corrective X gate to the indicated rail, restoring
the logical block to its intended encoded state |4) .
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Finally, if the communication session requires a single-
qubit output, the receiver decodes the block by applying the
inverse of the encoding operation. Two CNOTs suffice to map
«|000)+3|111) back to «|0)+3|1). Alternatively, the encoded
block can remain intact for further multi-hop transmission,
with stabilizer checks performed periodically to prevent error
accumulation. Thus, depending on the network requirements,
the logical block can either be decoded into a single qubit or
preserved in its encoded form for extended routing.

In summary, the proposed protocol extends the conventional
repeater by embedding a redundancy code across three routes,
by systematically propagating Pauli byproducts through XOR-
accumulated classical bits, and by incorporating stabilizer
measurements to correct single-qubit errors. This design en-
sures that the logical state survives both the deterministic dis-
turbances of teleportation and the stochastic noise of realistic
quantum channels, thereby providing a scalable primitive for
long-distance quantum communication.

IV. ILLUSTRATIVE EXAMPLES

This section instantiates the proposed protocol with concrete
state vectors so that each transformation—encoding, telepor-
tation byproducts, Pauli-frame correction, stabilizer readout,
and (optional) decoding—can be inspected step by step. We
present two complementary cases: an error-free transmission
and a transmission with a single physical bit flip. Throughout,
we keep the byproduct convention from Section III: a Bell
outcome is encoded as M = (mgz,mx) € {00,01,10,11}
and implies a Pauli correction CORR(M) = Z™2z X™X (i.e.,
ZX when both flags are 1). Bell outcomes across multiple
hops XOR-accumulate routewise before the final correction,

Mi(tOt) = @hops Mi7h0P'

Prepare |l/})on X (will serve as A1) Encode X > (A1,A2,A3) Output logical rails (A1, A2, A3)
X>A
A2 L

A3 ©

Fig. 2. Repetition encoding: |¢) — «|000) 4 3|111).

A. Error-Free Transmission

Input. The sender prepares an equal superposition

¥) = Z5(10) +11)).

Encoding. Repetition encoding maps as shown in Fig.2
[¥) = [¥)r = J5(|000) + [111)). (20)

The three physical rails (A, A, A3) traverse three disjoint
routes.

At the repeater. On each route ¢, the repeater pre-
pares |<I>+>( R1;,R2;). performs a Bell-state measurement on
(4;, R1;), forwards R2;, and sends the two classical bits M;
to the receiver. This process can be represented by the quantum
gate circuit shown in Fig. 3.

19)

A V.
R1 (@

R2 O — :
mz = | \ A |
mX = AL

Fig. 3. Repeater operation for one route: preparation of |®1), Bell measure-
ment on (A;, R1;), and forwarding of R2; with classical bits M;.

Suppose the outcomes are

M; =(0,0), M, =(0,1), Msz=(1,0). 21

Equivalently, the byproducts on R2 are I, X5, and Z3. Before
any correction at the receiver, the block arriving at B is

(I ® X2 ® Z3) %(|000> +|111)) = %(|010> —|101)),
(22)

where the minus sign arises from Z|1) = —|1) on the third
rail of |111).

At the receiver. Receiver B aggregates (M7, Ma, M3) (here
only one hop, so totals equal per-hop values) and performs the
Pauli-frame correction

CORR(M,, My, M3) = (I, Xo, Z3), (23)

which exactly cancels the byproducts (up to a global phase),
restoring the encoded block

91 = J5(/000) +[111)).

Measuring the stabilizers S = Z1Z5 and Sy = Z5 73 with
ancillas yields (+1,+1), as expected when no physical error
occurred. Optional decoding (two CNOTs) returns the single-
qubit state |1).

In a clean channel, teleportation byproducts are determinis-
tic and removed entirely by the Pauli frame; stabilizer checks
confirm the block is in the codespace.

(24)

B. Single Bit-Flip Transmission and Correction

In this subsection, we restrict our analysis to the case of
a single bit-flip error, since the three-qubit repetition code
is designed precisely to correct such faults. Although more
complex error models exist in practice, this simplified as-
sumption provides a clear and instructive demonstration of
how redundancy and stabilizer checks enable reliable error
detection and correction while preserving the encoded logical
state. To demonstrate error localization and correction, we now
choose explicit (real) amplitudes and inject one bit flip on a
single rail.
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Input. Let
) = V0.610) + VOA1).
Encoding. The sender prepares
[) 1 = v/0.6]000) + v/0.4]111).
At the repeater. Suppose the Bell outcomes are

M, = (030)7 Ms = (071)7 M3 = (170)a

(25)

(26)

so the uncorrected block at the receiver B is
(I1 ® Xo ® Z3) |), = V0.6 |010) — v/0.4]101).

At the receiver: Pauli-frame step. Applying (I, X», Z3)
restores the encoded block

[¥)2 = v0.6]000) + V0.4]111).

Channel error after the frame step. Now, assume that
during the R — B hop (or in storage at B) the second rail
suffers a physical bit flip X5. The block becomes

|6) = v0.6[010) + V0.4]101).

Stabilizer readout and diagnosis. Using ancillas initialized
in |0), the circuit

27)

(28)

(29)

CNOT(ql — al), CNOT(QQ — (11)

followed by a Z-measurement of a; yields the eigenvalue of

S1=2125.
Similarly,
CNOT(g2 — az), CNOT(gs — az)
measures
Sy = ZsZs.
Since 0 1 Lo
Al B T}
we have
X[0) = [1), X[1) =[0), Z[0)=10), Z[1)=—[1).

For both computational components [010) and |101), the
outcomes are

Si=-1, S=-1,

pinpointing an error on rail 2 (the middle qubit).
Correction and (optional) decoding. Applying X5 yields

Xo|¢) = v0.6|000) + V0.4[111) = [¢)r,  (30)

and inverse encoding (two CNOTS) recovers |1)).

Takeaway. Pauli-frame correction removes only the tele-
portation byproducts; stabilizer measurements then detect and
locate stochastic channel flips, which are corrected by a single-
qubit X on the indicated rail. The amplitudes «, 5 propagate
unchanged by these discrete Pauli operations, except for global
phases (physically irrelevant).

As the number of nodes increases, the protocol scales
naturally by extending the stabilizer framework. Each extra rail
requires only one additional stabilizer check, so the complexity
grows linearly with the network size. An n-qubit repetition
code uses n — 1 stabilizers (Z;Z;+1) and can correct up to
[(n —1)/2] bit-flip errors. Thus, while longer codes improve
resilience, the stabilizer overhead remains linear and keeps the
protocol feasible even in larger multi-hop configurations.

V. NUMERICAL PERFORMANCE ANALYTICS

We present a minimal numerical study quantifying the relia-
bility gain provided by three-route redundancy under four core
parameters: channel loss rate, quantum-memory coherence,
Bell-state-measurement success, and gate error rate.

Consider one teleportation hop (sender — repeater or re-
peater — receiver). We model the probability that a single
physical rail succeeds as

Paop = (1 = Dross) (1 = Pate)pmsme /7, 31)

where piogs is the channel loss probability, pe.. the aggregate
gate error rate, pgsm the BSM success probability, o, the
memory coherence time, and ¢ the relevant storage/latency
window.

For a multi-hop path with H hops, assuming independence:

H
Pyee = (Phop)H = |:(1_ploss)(1_pgate)pBSM€7t/Tmh:| . (32)

With three parallel rails and a single-bit-flip correction
capability, the logical block succeeds if at least two rails
succeed. Under independence,

3
3 .
Poic: Pk 1_Psuc<:37k
log kzzz (k) succ( S ) (33)
= Ps?lcc + 3Ps%mc(1 - PSUCC) = 3jt)s?lcc - 21Ds?lcc'

Equation (33) is the binomial majority formula and directly
reflects the error-detect/correct ability of the three-qubit repe-
tition code.

Using H = 1 and representative values pioss = 0.10, pgae =
0.01, pgsm = 0.90, Tcon = 1ms, we compare two storage
times:

e t=0.1ms:
Pyyee = 0.7256,  Pogic ~ 0.8154.
e t=0.2ms:

Py = 0.6565,  Bogic ~ 0.7271.

Observation: Redundancy boosts the effective success
probability from Py (single rail) to Pogc (three rails), e.g.,
0.726 — 0.815 for ¢ = 0.1 ms. This demonstrates robustness
against storage-induced decoherence.

Scaling with distance: For H > 1, Eq. (32) decays
with hop count, but Eq. (33) systematically improves logical
reliability over single-rail transmission.

Independence assumption: We assume independent
rails/hops; correlated errors reduce absolute gain but preserve
qualitative majority benefit.
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Fig. 5. Logical success probability Pogjc versus hop count H

In Fig. 4, we plot the logical success probability as a
function of the per-hop channel loss probability pj.s for
H = 2. The curve shows that as channel loss increases
from 0.01 to 0.1, the success probability of a single rail
decays rapidly. In contrast, the three-rail redundant scheme
maintains a consistently higher success probability across the
entire range. The nonlinear curvature of the decay highlights
the exponential effect of increasing loss and underscores the
protective role of redundancy.

Fig. 5 examines the effect of increasing the number of hops
H (with fixed pjoss = 0.01). As expected, both schemes exhibit
reduced success probability as the network grows longer,
since every hop introduces additional opportunities for error.
However, the slope of degradation is significantly shallower
for the redundant scheme.

It should be noted that Eq. (33) does not guarantee a
monotonic improvement for every value of Pyy... When Py, is
low, the logical success probability Pgic can in fact fall below
Pyucee, since the majority rule favors cases where at least two

physical rails succeed. Thus, the redundancy benefit emerges
only in the moderate-to-high fidelity regime, consistent with
the practical operating range of quantum repeaters [9].
Together, Figs. 4 and 5 illustrate, rather than prove defini-
tively, that route redundancy can improve resilience under an
idealized error model. These numerical results provide only
a probabilistic validation of the proposed mechanism; a full
hardware-realistic evaluation remains future work [10].

VI. CONCLUSION, LIMITATIONS, AND OUTLOOK

We introduced a redundancy-enhanced quantum repeater
protocol that integrates repetition encoding, multi-route tele-
portation with Pauli-frame tracking, and stabilizer-based syn-
drome readout. Together, these elements establish a scalable
primitive for long-distance quantum communication, resilient
to both teleportation byproducts and stochastic channel noise.
By encoding a single qubit into a three-rail logical block, the
protocol detects and corrects single-rail faults through XOR-
based Pauli-frame updates and stabilizer checks, restoring the
logical state with high fidelity.

It is worth noting that the proposed protocol still relies
on quantum memories and entangled photon sources at each
node—an inherent demand of all repeater-based architectures.
Among candidate memories, solid-state platforms such as rare-
earth—doped crystals and nitrogen-vacancy centers are partic-
ularly promising, offering long coherence times and photonic
compatibility. Moreover, route redundancy increases channel
overhead, and the present analysis is limited to single bit-flip
errors, leaving more complex error models for future study.
Stabilizer-based checks also introduce modest synchronization
costs. While the analysis employs analytical probability mod-
els rather than hardware-level simulations, it nevertheless cap-
tures the conceptual gain expected from multi-route encoding;
experimental validation on real or high-fidelity simulated plat-
forms (e.g., Qiskit Dynamics or quantum-network emulators)
will be pursued in future work.
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