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Abstract

This paper proposes a hybrid bidirectional quantum communication protocol, in which two parties si-
multaneously transmit two-qubit states: one via quantum teleportation (QT) and the other via remote
state preparation (RSP). This approach establishes a more flexible model for bidirectional quantum com-
munication. The protocol utilizes a specially designed maximally entangled quantum channel to enable
hybrid bidirectional communication. By performing Bell measurements, joint projective measurements,
and corresponding unitary operations, quantum teleportation from Alice to Bob and remote state prepara-
tion from Bob to Alice can be accomplished synchronously. Furthermore, the robustness of the proposed
protocol is evaluated under three typical noisy environments, namely the amplitude damping (AD) chan-
nel, phase damping(PD) channel and the depolarizing (DP) channel. The proposed protocol provides a
novel framework for efficient bidirectional quantum communication, with potential advantages in enhancing

interactivity and optimizing resource utilization in future quantum networks.

Keywords: Bidirectional quantum communication, Quantum teleportation, Remote state prepara-
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1. Introduction

Over the past two decades, quantum mechanics, information science, and computer science have un-
dergone rapid development and become increasingly intertwined. Quantum entanglement is a fundamental
phenomenon in which the states of two or more particles become correlated, independent of the distance
between them. This correlation is independent of the distance between the particles and represents a

form of non-local correlation. It provides the foundation for many quantum information protocols, the
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most representative of which is quantum teleportation (QT). Bennett et al. proposed the first Quantum
Teleportation (QT) protocol in 1993, which enabled a sender to transmit an unknown quantum state to a
distant receiver through the use of classical communication and one pre-shared Einstein—Podolsky—Rosen
(EPR) entangled pair.QT enables the transfer of an unknown quantum state from one location to another
without physically transmitting the associated particle, by consuming two classical bits of information and
a shared entangled Bell state. This protocol relies on the shared entangled state between the sender and
receiver, as well as classical communication. It holds profound implications for secure quantum commu-
nication, enabling long-distance transmission of quantum information and supporting the development of
quantum networks.

While QT transmits unknown quantum states, Remote State Preparation (RSP) [2] aims to prepare
a known state at a distant location, using shared entanglement and classical communication, without
physically transmitting the quantum system itself. RSP was also first proposed by Bennett et al. with the
goal of improving communication efficiency and reducing the cost as well as resource consumption, which
played a vital role in applications such as distributed quantum computing and quantum cryptography.
By combining entanglement resources with classical communication, RSP enables the manipulation of
quantum information at spatially separated nodes, thereby establishing itself as a core technology for future
quantum networks. This approach opens up promising research avenues for enhancing the scalability and
reliability of quantum communication infrastructures.

To meet the diverse needs of quantum communication in various scenarios, several variants of QT
and RSP have been developed, including Controlled Quantum Teleportation (CQT), Joint Remote State
Preparation (JRSP), and Deterministic Remote State Preparation (DRSP), which enhance security, collab-
oration, and determinism in quantum transmission. Among these, Bidirectional Quantum State Telepor-
tation (BQST) has emerged as a key paradigm, enabling two parties to simultaneously and independently
transmit unknown quantum states. It is of great significance for improving the communication efficiency
of quantum networks and enabling bidirectional interactive control, and it has become an important
branch in the study of quantum communication. Early studies mainly focused on BQST and simple en-
tangled resources. For example, Kazemikhah et al. [13] proposed an asymmetric bidirectional controlled
QT scheme using an eight-qubit cluster state, achieving efficient and secure asymmetric transmission of
two- and three-qubit states. Wang and Li [15] used a five-qubit cluster state for asymmetric transmis-
sion between a two-qubit EPR pair and a single-qubit state, optimizing efficiency and reducing classical
resource usage with local CNOT operations. More recently, Yuan et al. [16] introduced a bidirectional
quantum operation teleportation protocol based on two four-qubit cluster states, allowing remote users to
perform single-qubit operations on each other’ s target states, with advantages in determinism, efficiency,
and experimental feasibility.

This paper presents a novel controlled hybrid bidirectional quantum communication protocol for two-
qubit states. By integrating quantum teleportation (QT) for unknown state transmission and remote

state preparation (RSP) for known state preparation within a single framework, the proposed scheme



breaks the boundary of conventional single-mechanism bidirectional protocols, enabling asynchronous yet
synchronous bidirectional quantum information exchange.

To support this hybrid architecture, a specially designed 11-qubit maximally entangled quantum
channel is constructed, which effectively decouples the QT and RSP subsystems to eliminate cross-talk
and mutual quantum interference during parallel execution. Meanwhile, a third-party controller (TP)
provides deterministic operational control over the entire transmission process, guaranteeing a 100% theo-
retical success rate under ideal conditions. Furthermore, to evaluate practical feasibility, we systematically
investigate the protocol’s robustness across three representative noisy environments—amplitude damping
(AD), phase damping (PD), and depolarizing (DP) channels—under a single-sided noise model that mimics
asymmetric physical setups. Theoretical evaluations demonstrate the operational viability of the scheme
under realistic weak decoherence, while highlighting the distinct phase sensitivity of the RSP subsystem
to guide future error mitigation strategies. The proposed scheme achieves a favorable balance between en-
tanglement resources and functional versatility, providing a scalable and flexible building block for future

heterogeneous quantum networks.

2. Bidirectional Hybrid Transmission of Two-qubit States

Here we present a hybrid scheme for a two-qubit quantum communication system consisting of QT
of an unknown state and RSP of a known state under ideal conditions.

The protocol involves three participants: Alice, Bob, and a third-party controller TP. Let’s ignore
the global factors. The entanglement channel shared by Alice, Bob and TP is in the following form
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The distribution of particles among the parties is illustrated in Figure 1. Alice holds particles 1, 3,
7, 10; while Bob holds particles 2, 4, 5, 6, 8, 9; and TP holds particle 11.

The QT subsystem consists of particles 1, 2, 3, and 4, while the RSP subsystem consists of particles
5,6,7,8,9, and 10.
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Fig. 1. The two-qubit bidirectional communication protocol.

In this scheme, quantum information is transmitted from Alice to Bob via QT, and from Bob to Alice

via RSP. The unknown state to be held by Alice |¢) is defined as follows

[€)aran = (a0]00) + a1[01) + a2[10) + as[11))a; a, (2)

where a; are unknown and they satisfy the normalization conditions |ag|” + |ay|* + |as|” + |as|* = 1.

The state to be prepared by Bob |¢) is given by

l©) = bo |00) 4 bye™ |01) 4 bae™2 [10) + bze™s |11) (3)

where b; satisfy the normalization conditions b3 + b 4+ b3 + b2 = 1 and \; € [0, 27).

To complete the hybrid quantum communication of two-qubit states, the following steps are required.
Now, turn to the QT subsystem from Alice to Bob. After receiving TP’s measurement result, Alice
performs Bell-state measurements (BSMs) on her two particle pairs (aq,1) (az,3). In the two-qubit case,

the Bell measurement basis is given by

1 1
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If TP agrees to the quantum communication, then particle 11 will be measured by the two bases
|0);; and [1),, and TP will report the measurement result to both Alice and Bob. Then Alice will apply

CNOT gates on the two pairs of particles (a1, 1) (az,3). Here, we assume that the measurement result of



the third-party TP particle is |0),,. Now, the state of the QT subsystem then becomes

|C1>a1a21234 = CNOT,,1CNOT,,3 |C>a1a21234

a0 |000000) + ag [000011) + ag [001100) + ao [001111)
+a1 |010010) + a; [010001) + a, [011110) + a; [011101) (5)
+a5 [101000) + a5 [101011) + a5 [100100) + a5 [100111)
+a3[111010) 4+ a3 |111001) 4 a3 |110110) + a3 [110101)

a1a21234
Subsequently, Hadamard (H) operations are applied to the two particles (ai, 1) (az,3) to complete

the Bell-state measurement. Now, the state of QT subsystem can be written as

1€2) arap 1231 = Har Has [€1) 4 an1234

= {ao [(]0) + 1)) (JO) + [1)) (]0000) + [0011) + |1100)) + |1111)]

+ a1 [(]0) + 1)) (|0) — |1)) (]0010) + |0001) + |1110) + |1101))] (6)
+ as [(]0) — 1)) (|0) — |1)) (]1000) + |1011) + |0100) + [0111))]

+a3 [([0) — [1)) (|0) — |1)) (]1010) + [1001) + [0110) 4 [0101))]},, 01254

By extracting particles 2 and 4 from the QT subsystem, the state to be teleported |¢) is obtained. In

specific terms, the QT subsystem can be expressed as

|¢s) =
[ |0000) o, 10,3 (a0|00) 4+ a1|01) + a2|10) + as|11))as + [0001) 4, 10,3(a0|01) + @1]00) + az|11) + a3|10))2y
+10010) 0, 1055 (@] 10) + a1 [11) + @2]00) + a5]01))aq + [0011) 0, 1053(a0|11) + a1|10) + as|01) + a5|00))s
+]0100) 4, 1053(a0|00) — a1|01) + a2|10) — a3|11))2s + [0101) 4, 10,3(@0]01) — a1]00) 4 as|11) — a3]10))aq
10110}, 10353 (0] 10) — a1 [11) + @2]00) — a5]01))2q + [0111)a, 10y3(a0]11) — ar|10) + as]01) — a3]00))2s
+]1000) 0, 10,3 (a0]|00) + a1|01) — a3]10) — az]|11))2s + [1001) 4, 10,3 (a0|01) + a1]00) — a2|11) — a3|10))as
H]1010) 4, 1055 (@] 10) + a1 [11) — @2]00) — a5]01))aq + [1011) 0, 1003(a0|11) + a1]10) — as]01) — a5|00))2s
) (a0]00) ) ) ) ) (a0/01) ) ) )
) (ao[10) ) ) ) ) (ao|11) ) ) )

+|1100 a1las3 CL()‘OO —(11|0]. —a2|10 +CL3|].]. 24+‘1101 a1las3 a0|01 +(11|00 —CL2|].]. )24

+|1110 a1las3 ao\l() —(lll].l —a2|00 +CL3|01 24+‘1111 a1las3 (lol].]. —a1|10 —CL2|01 +a3|00 )24

(7)

Similarly, if the measurement result for the single particle 11 is |1),,, the same measurement results
for the four particles (o, 1, e, 3) can be obtained after the Bell measurements. Now, the QT subsystem,

composed of Alice and Bob can be rewritten as



1G3) =

10000 0, 10,3 (0] 00) — @1[01) — @2]10) + @3]11))24 + |0001) e, 10y3(—a0]01) + @1 ]00) + az|11) — a5]10))as
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F[1110) 0y 10p3(—00[10) — a1[11) — a5]00) — a5[01))as + [1111) 0y 1053(a0|11) + a1]10) 4 as01) + a5]00))2s

(
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The relationship between all possible combined measurement results (from TP and Alice) and the

corresponding unitary operations applied to particles 2 and 4 to recover |e) is provided in Table 1. For

instance, if the measurement result of TP is |1) and («, 1, a2, 3) is |0010), the required unitary operation

on

particle (2,4) is ZX ® Z.

Table 1. The relationship between all possible combined measurement results (from TP and Alice) and the corresponding unitary operations

applied to particles 2 and 4.

The TP particle The a1, 1, as,3 par-  Operations to  The TP particle The 1,1, as,3 par-  Operations to

ticle particles 2,4 ticle particles 2,4
0 |0000) IelI 1 |0000) ZQZ
0 |0001) I1®X 1 |0001) ZQRZX
0 |0010) X®I 1 |0010) zZX ®Z
0 |0011) X®X 1 |0011) XZ®XZ
0 |0100) I1®Z 1 |0100) Z Q1
0 |0101) I1®XZ 1 |0101) Z®X
0 |0110) X®Z 1 |0110) XZ®I
0 |0111) X®XZ 1 |0111) XZ®X
0 |1000) Z®1 1 |1000) I1® 272
0 |1001) Z®X 1 |1001) I1®XZ
0 [1010) XZ®I 1 [1010) X®Z
0 [1011) XZ®X 1 [1011) X®XZ
0 [1100) Il 1 [1100) ZQZ
0 |1101) ZQRXZ 1 |1101) I®X
0 [1110) XZ®Z 1 [1110) X®I
0 [1111) XZ®XZ 1 [1111) X®X

Meanwhile, the RSP process from Bob to Alice is carried out simultaneously. When the measurement

result of TP particle is |0),,, a set of mutually orthogonal basis vectors (MOBVs) performed on the particle




pairs (5,8) to obtain amplitude information is given by

|100) = bo [00) + b1 [01) + b2 [10) + b3 |11

|to1) = b1]00) — bg [01) + b3 |10) — b2 |11

)= ) ) ) )
) ) ) ) )
|10) = b2 |00) — b3 [01) — bo [10) + by [11)
[11) = b3 00) + b2 [01) — by [10) — bo [11)
Now the RSP subsystem can be decomposed as

|Ca) = % |1100) 55 (bo [0000) + by [0101) + by [1010) + bz [1111))59-1,

+ % |1101) 5 (bo [0000) — by [0101) 4 by [1010) — bs [1111)) 4471,

+ % |1110) 55 (Bo [0000) — by [0101) — by [1010) + bs [1111)) 44710

+ % |111) 5 (Bo [0000) + by [0101) — by [1010) — by |[1111)) 441 (10)

= 5 (oo} + Hor)gs Xo ® ZX10 + linohss X® (27 © Zuo) +

lp11) (X @ Xo) @ (ZX7 ® X10)) (bo |0000) + by |0101) +

by |1010) 4 b3 [1111)) 49710

Table 2. The relationship between amplitude measurement bases and corresponding operations applied to Bob’s particles (6,9) and

Alice’s particles (7,10).

Amplitude measurement bases  Operations to particles 6,9  Operations to particles 7,10

|oo0) Ie®I IQI

[o1) I®X I®ZX
[110) X®I ZX® Z
[pe11) X®X ZX Q@ X

After Bob performs a measurement on the particle pair (5,8), Alice can obtain the amplitude infor-
mation. She then applies unitary operations on her own particles (7,10) and, depending on the protocol,
might also influence Bob’s particles (6,9) to recover the state. The relationship between amplitude mea-
surement bases and the corresponding operations is shown in Table 2. For example, if the measurement
result of the particle pair (5,8) is |uo1), Bob applies X to particle 9 and Alice applies ZX to particle 10.
After this step, the state of the remaining RSP system becomes b, |0000) + b, |0101) + b9 [1010) 4 bg [1111).

To extract the phase information, Bob then measures particles (6,9) using a second set of mutually

orthogonal basis vectors, defined as

1 77, 1 71 2 72
(Bho) = 5 (100) + ¢~ 01) + ¢~ [10) + &= [11))
1 —i 1 e A2 e A3
(i) = 5 (100) = e 01) + ¢~ [10) — e~ |11))
1 i\ i\ i\ (11)
[Bho) = 5 (100) + ¢~ 01) — ¢~ [10) — e~ 1))
1 —’L 1 —l 2 —z
(@) = 5 (100) — e 01) — ¢~ [10) + &= 1))

Under the measurement result of the joint projective measurement bases, the state of the remaining



RSP subsystem can be rewritten as

1¢5)69710 = |€00)60 @ (I7 @ T10) |@)710 + 1901 )60 @ (I7 @ Z10) |0)710 (12)

+ [010)60 @ (Z7 ® T1o) [0)710 + [011)60 @ (Z7 @ Z10) @) 710

Table 3. The relationship between phase measurement bases and unitary operations on 7 and 10.

Phase measurement bases  Operations to particles 7,10

60, I®1
[©01) I1® 7
[#10) zZelI
l11) zZ®Z

After Alice receives the measurement result sent by Bob, she can obtain the required phase informa-
tion. Then Alice can perform the corresponding operation to restore the state |¢). For example, if the
measurement result of the (6,9) particle pair is |¢f,), the required operation on Alice is I7 ® I1o. The other
relationship between phase measurement bases and operations to particles 7,10 is shown in Table TII.

Moreover, in the case where TP’s measurement result is |1),,, the initial state of the RSP subsystem
after his measurement is different, which can be written as

1
ICa) = B (11400) 55 + |1001) 55 Xo ® ZX 10 + |110) 55 X6® (ZX7 ® Z19) + (3)

1) (X6 ® Xo) @ (ZX7 ® X10)) (b |0000) — by [0101) — by [1010) + b3 [1111)) 69710

To bring this state into the same standardized form as in the |0) case, an additional unitary operation,
7 ® Z19, must be applied to particles 7 and 10 at the end of the protocol. After this step, the left RSP
subsystem becomes b, [0000) + by [0101) + by [1010) + b5 [1111) as shown in Equation. (10), so the phase
measurement procedure is identical to that described above. Therefore, when the TP measurement result
is |1),,, an additional unitary operation Z; ® Z;o must be applied at the end to recover |p).

By executing the QT and RSP processes in parallel as described above, Alice and Bob successfully
exchange their respective two-qubit quantum information, thereby completing the bidirectional hybrid
communication protocol.It should be noted that QT and RSP can be performed simultaneously within
the quantum communication system. Furthermore, this hybrid bidirectional communication system can

also be extended to the cases where both Alice and Bob mutually perform QT or RSP simultaneously.

Finally, the system offers improved time efficiency, with the TP particle playing a crucial controlling role.

3. Noise Analysis

In practical quantum communication systems, environmental decoherence inevitably affects the en-
tangled quantum channel, resulting in the degradation of transmission fidelity. Therefore, it is necessary
to investigate the robustness of the proposed bidirectional hybrid quantum communication protocol under
noisy environments. In this section, three common quantum noise models are considered, namely the
amplitude damping (AD) channel, the phase damping (PD) channel, and the depolarizing (DP) channel.
The noisy channels are assumed to affect only particles 1,3,7 and 10 held by Alice.The initial entangled



quantum channel can be written as

E(9X(q (14)

where state |¢) is defined in Equation. (1).

In practical quantum communication, network nodes often exhibit physical asymmetry. For instance,
central server nodes (TP) or stationary receivers (Bob) can be well-protected using high-grade quantum
memories or error-shielding hardware, whereas end-user nodes (Alice) operate in noisier local environ-
ments. Therefore, to evaluate the performance lower bound under asymmetric decoherence, we adopt
a single-sided noise model where noisy channels independently affect Alice’s qubits (1, 3, 7, 10), while
decoherence on Bob’s qubits, TP’s qubit, and ideal classical channels is assumed to be comparatively
negligible. This assumption is commonly used in quantum communication literature to evaluate the ro-
bustness of protocols against asymmetric noise and provides a lower bound on performance when one side
is less protected.

(a)Amplitude Damping Noise Analysis

The amplitude damping channel describes the energy dissipation process caused by spontaneous

emission. The Kraus operators of a single-qubit AD channel are given by

1 0 0 VA
EO - 7E1 = AP (15)

0 v1—2Aup 0 0

where Aap(0 < Aap < 1) denotes the decoherence parameter of the AD channel 1,3,7, and 10, the total

Kraus operators can be expressed as
Ky = EV @ B @ BV @ EM” (16)
where u, v, k,l € {0,1}.Thus, the noisy density matrix under the AD channel becomes

pap = > KumpoK!,, (17)

u,v,k,l
After completing the QT and RSP procedures, the fidelity between the ideal output state [¥) (the

state that would be obtained in the noiseless case) and the actual output state p9%4 is defined as:

Fap = (¥]p3p |¥) (18)

where |¥) denotes the ideal output state without noise.
Under weak decoherence conditions, the dominant contribution originates from the non-decay com-

ponent ESM. Therefore, the fidelity can be approximately simplified as
Fap = (1—Xap)" (19)

This expression indicates that the fidelity decreases monotonically as the decoherence parameter A4 p
increases.

(b)Phase Damping Noise Analysis



Phase damping (PD) noise describes the loss of quantum coherence without energy dissipation and
mainly affects the phase information encoded in quantum states. Since the proposed hybrid bidirectional
communication protocol contains a phase-sensitive remote state preparation (RSP) subsystem, investigat-
ing the influence of PD noise is essential for evaluating the robustness of the protocol.

For a single qubit, the Kraus operators corresponding to the PD channel are given by

1 0 0 0
By = B = , (20)

0 \/1—)\131) 0 \/)\PD

where A\pp(0 < App < 1) represents the decoherence parameter of the phase damping channel.
Assuming that the transmitted qubits 1,3,7and 10 are affected independently by the PD noise. Now

the the total kraus operatorsl can be expressed as
Ky = EY @ E® @ B @ BV (21)
where u, v, k,l € {0,1}.Thus, the noisy density matrix under the PD channel becomes

ppPD = Z KuuklPonwkl (22)

u,v,k,l
Consequently, the fidelity between the ideal output state |¥) and the actual output density matrix
out

PP is given by

Fpp = <‘I’|P(}>u1t)|q’> (23)

To evaluate the overall performance, we integrate over all possible input state configurations. By

strictly preserving all diagonal normalization terms and all off-diagonal interference contributions under

the 4-qubit single-sided PD noise channel, the exact average fidelity over the entire parameter space of
input states is derived as:

14+3(1—App)?

; (24)

Fpp =

From Equation (24), it can be seen that the fidelity decreases gradually as the decoherence parameter
increases. Unlike amplitude damping noise, phase damping does not induce energy loss but suppresses
the quantum coherence between basis states. Therefore, the RSP subsystem, which strongly depends on
phase information, exhibits higher sensitivity to PD noise.

(c)Depolarizing Noise Analysis

The depolarizing channel describes the random occurrence of Pauli errors during quantum transmis-

sion. The Kraus operators of a single-qubit depolarizing channel are given by

EO - 1 - I, El - )(7
. 4 . 2 (25)
E2 — Vv 2DP}/’ Eg _ 2DPZ

where represents App(0 < App < 1) the depolarizing probability.

10



Similarly, the depolarizing noise acts independently on particles 1,3,7 and 10. Therefore, the combined

Kraus operators can be written as
Ky = BV @ E® @ E" @ B (26)
where u, v, k,l € {0,1,2,3}.

The noisy density matrix under the depolarizing channel becomes

ppp = Z KuvklpOKlvkl (27)
uvkl

The total number of combined Kraus operators is therefore 256. After the communication procedure

is completed, the exact fidelity under the depolarizing noisy channel can be expressed as
Fpp = (¥[ppp|¥) (28)

Under weak depolarizing noise, the dominant contribution originates from the identity operator.

Hence, the fidelity can be approximately simplified as

3Apr )
Fpp = (1 - 4DP> (29)
1.0 - - * — ]
S - A =QO25, Fap =0.9037
g (1[0 S — ]
2>
5 08}
o
L == AD (Fap)
= — PD (Fi)
| | == DP (Fpp)
0.7 = =+ Threshold (F = 0.90)
0.00 0.02 0.04 0.06 0.08 0.10

Decoherence Parameter (1)

Fig. 2. Variations of average state fidelity under AD, PD, and DP noisy channels with respect to the decoherence parameter

A

Figure 2 illustrates the average state fidelity F versus the decoherence parameter A € [0,0.10] for AD,
PD, and DP noise channels. As required by quantum physical constraints, all three fidelity curves start
precisely from F = 1.00 at A = 0.

In summary, our analysis demonstrates that the protocol exhibits distinct robustness under different
environmental noise channels. While Phase Damping (PD) noise affects only the phase coherence without
causing population relaxation—yielding a remarkably high fidelity of Fpp ~ 0.9874 at A\pp = 0.025—
Depolarizing (DP) noise introduces isotropic randomization across all Pauli operators, resulting in Fpp =
0.9270. Amplitude Damping (AD) noise, which models energy dissipation to the environment, imposes the
most stringent limit on transmission fidelity (Fap = 0.9037). Consequently, the AD channel serves as the
primary bottleneck determining the protocol’s practical performance bound. By enforcing an operational
noise parameter threshold of A < 0.025, the state transmission fidelity is rigorously guaranteed to remain
above the 90% benchmark under all three noise models simultaneously, confirming the physical feasibility

of the proposed scheme in realistic noisy environments.

11



In addition, the noise analysis reveals that the protocol exhibits asymmetric sensitivity to different
types of noise: it is relatively robust against amplitude damping and depolarizing noise in the weak-
noise regime, while phase damping has a more pronounced effect on the RSP component due to its
phase-sensitive nature. The numerical results indicate that the proposed protocol maintains moderate
fidelity under realistic noise conditions, and its performance can be further enhanced by incorporating

entanglement purification or quantum error correction codes.

4. Conclusion

The efficiency 7 of the quantum communication system is typically evaluated using the formula:

¢
p+q

n (30)

Here, c represents the number of qubits to be transmitted, p denotes the number of particles in the
pre-shared entangled state (i.e., the quantum channel), and q is the number of classical bits consumed,
including all classical communication required for measurement outcomes from all parties involved in the
protocol.

In this scheme, c=4 corresponds to the two-qubit state teleported from Alice to Bob via QT and the
two-qubit state prepared for Alice via RSP. The quantum channel consists of p=11 qubits as defined in
Eq. (1). The classical communication cost must account for all measurement results that are necessary for
the recovery of the transmitted states.Alice performs two Bell-state measurements on her particle pairs
(a1,1) and (g, 3). As shown in Table 1, there are 16 possible combined measurement outcomes, which
require log, 16 = 4 classical bits to be transmitted from Alice to Bob. Bob performs two sets of joint
projective measurements on his pair of particles. The first set on particles (5,8) yields one of four possible
outcomes {|uo0) , [101) s |1410) 5 |p011) }, Tequiring 2 classical bits. The second set on particles (6,9) yields
one of four possible outcomes {|¥y,) , [€01) s [¥%0) 5 |¢11) }» requiring another 2 classical bits. These 4 bits
must be transmitted from Bob to Alice. The third-party controller TP measures particle 11 in the basis
{10);;,11);;}- This single-bit result must be sent to both Alice and Bob independently, because Alice
needs it to select the correct unitary operations from Table 1 (specifically, whether to use the |0) or|1)
column), while Bob needs it to determine whether an additional operation Z; ® Z, is required at the end
of the RSP procedure. Therefore, this step contributes 2 classical bits (1 bit to Alice and 1 bit to Bob).

Summing all contributions, the total classical communication cost is

g = GAlice—Bob T qBob— Alice + ¢TP—Alice T ¢TP—Bob = 4 +4 4+ 141 = 10. (31)

Thus, the efficiency of the proposed protocol is

4 4
— ~19.05%. (32)

"TTr10 21

Although the inclusion of RSP and the controlled quantum channel leads to a moderate efficiency

compared to some simpler bidirectional teleportation schemes, the protocol offers greater versatility. It is
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adaptable to a wider range of communication scenarios, as it integrates two different types of quantum
information transmission (QT and RSP) within a single framework. Table 4 provides a comparison of
several bidirectional quantum communication protocols, where all efficiency values are calculated under
their respective original definitions.It should be noted that in Table 4 BQT (2022), proposed by Mafi et
al., achieves higher efficiency yet only performs bidirectional quantum teleportation, unlike the scheme in

this paper, which simultaneously realizes RSP during QT.

Table 4. Comparison of Four Bidirectional Quantum Communication Protocols.

Scheme ¢ (qubits transmitted)  p (entangled qubits) q (classical bits) n
BQT (2022)(Mafi et al. [14]) on - 4n 28%
CBQC(2025)(Yang [33]) 3 8 2 21.43%
BQT(2022)(Cao et al. [34]) 2 6 2 20%
BAQCT (2015)(Zhang et al. [12)) 3 8 1 18.75%
BQOT (2024)(Yuan et al. [16]) 2 8 2 12.5%
Proposed Scheme 4 11 10 19.05%

In light of recent progress in versatile quantum teleportation architectures and bidirectional quantum
communication protocols [35-37], this paper presents a novel bidirectional hybrid quantum communication
protocol for two-qubit states. It enables two parties to simultaneously exchange quantum information
through distinct mechanisms: QT for transmitting unknown states and RSP for transmitting known states.
Specifically, one party performs a Bell-state measurement on the state to be teleported by applying CNOT
and Hadamard (H) gates, while the other party reconstructs the state via a joint projective measurement.
Based on the exchanged classical information, both parties implement appropriate unitary operations to
recover the desired quantum states.

Furthermore, the proposed scheme can be extended to higher-dimensional systems (e.g., qudits) and
can be adapted to symmetric scenarios where both parties perform QT, both perform RSP, or any hybrid

combination of the two.
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