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Abstract
In this article, a protocol for information lossless teleportation using W states is pro-
posed. Firstly, the information lossless teleportation of an unknown state with a maxi-
mally entangled W‐state channel, which protects the original unknown state information
even in case of teleportation failure is investigated. Next, we generalise our scheme to
non‐maximally entangled W‐state channels. Finally, the principle of the proposed scheme
is validated by performing experiments on the quantum circuit simulator Quirk. Our
study shows that W states can be used to teleport any quantum state without information
loss through single‐qubit measurements and local unitary operations.
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1 | INTRODUCTION

Quantum communication is a method of transmitting infor-
mation that uses the unique properties of quantum physics to
ensure its security. Quantum entanglement [1] is one of the most
common quantum mechanical phenomena in quantum
communication which plays a key role in different quantum
information processing tasks, such as quantum teleportation
(QT) [2], quantum secret sharing [3], quantum cryptography [4]
and so on. Entanglement pairs are the basic resources for QT. So
far, there have been many teleportation protocols based on
different entangled states, such as Bell states, W states, and GHZ
(Greenberger–Horne–Zeilinger) states [5, 6]. The original QT
protocol was proposed by Bennett et al. [7] in 1993, which used
pre‐shared Einstein‐Podolsky‐Rosen (EPR [8]) pairs and local
operations to enable the sender (Alice) to teleport an unknown
state to the receiver (Bob) with the help of classical communi-
cation. Bouwmeester et al. [9] implemented the first experi-
mental QT [10] in 1997, which indicated that QT would be a
critical ingredient for quantum computation networks [11]. In
ref. [12], the authors proposed the first probabilistic QT scheme,
which confirmed that it was possible to teleport an unknown
state with unit fidelity but less than unit probability with non‐
maximally entangled states. Luo et al. [13] proposed a scheme
for teleportation of arbitrary high‐dimensional photonic quan-
tum states in 2019 and demonstrated an example of teleporting a
qutrit. This breakthrough paved the way for advanced quantum

technologies in high dimensions. In 2020, Hu et al. [14]
demonstrated the teleportation of high‐dimensional states in a
three‐dimensional six‐photon system, which opened up possi-
bilities for remotely reconstructing complex quantum systems.
In 2021, Kumar et al. [15] theoretically and experimentally
demonstrated the teleportation of two‐qubit and three‐qubit
states through five‐qubit and seven‐qubit cluster states respec-
tively. Additionally, in ref. [16], the author proposed a modified
QT protocol in 2022, which enabled Alice to reset the state of
the entangled pair to its initial state using only local operations.

In refs. [17, 18], the authors found that three‐partite GHZ
[19, 20] states and W states could also be used as quantum
channels for teleportation [21]. W states are maximally sym-
metrically robust against the loss of any single qubit, making
them effective for quantum secure communication. Various QT
protocols have been developed based on W states. In 2002, a
scheme was presented to produce an entangled W state of four
photons using linear optical devices and a four‐photon coin-
cidence detection [22]. In 2007, Wang et al. proposed a protocol
to prepare a partially entangled W state. Jaewoo Joo et al. pro-
posed a teleportation protocol with a probability of 2/3 that
used Bell state measurement and unitary operations [23]. To
improve the success probability of QT, Pankaj et al. proposed a
teleportation method with a specific set of W states [18]. It has
also been proven that W states retain information better and
have high security. In refs. [24], Zha et al. presented two
schemes for the remote preparation of a four‐qubit W state
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using a six‐qubit maximally entangled state as the quantum
channel in 2015. In this protocol, the success probability for a
general state was 1/4, and it could be improved to 1/2 or even 1
for certain states. Tang et al. [25] proposed a two‐step efficient
quantum dialog protocol with a three‐particle entangled W
state. In 2015, Debmalya et al. [9] experimentally constructed a
three‐qubit entangled W state using an Nuclear Magnetic
Resonance quantum information processor. In 2018, Zhou
et al. [23] proposed a multi‐hop teleportation scheme via W
states. To enhance the teleportation fidelity in a strong noisy
channel, Liang et al. [26] investigated the teleportation of an
arbitrary single‐qubit state through a three‐particle W state
under various environments in 2020. Refs. [27] proposed the
dissipative preparation of W states in trapped ion systems in
2021. Wen et al. proposed an authenticated semi‐quantum key
distribution protocol with W states in 2022. Although W states
have been widely studied as potential quantum channels due to
their robustness against single‐qubit loss, almost all QT
schemes based on W states are probabilistic, which leads to the
risk of unknown information loss when the transmission fails.

Recently, Roa et al. [28] proposed a nondestructive tele-
portation scheme without information loss if the teleportation
failed. This protected the integrity of information and offered
the chance to repeat the teleportation process. Fu et al. [29]
explored the nondestructive probabilistic teleportation which
could restore the original state even if the teleportation failed.
In 2021, Pan et al. [30] proposed a novel quantum network
coding scheme that achieved perfect transmission of quantum
states without information loss. This breakthrough allowed for
savings in both quantum and classical channel resources. The
idea of nondestructive teleportation has the advantage that the
unknown state can be recovered by the sender when telepor-
tation fails. This advantage offers the chance to repeat the
teleportation process as many times. It should be noted that
constructing and maintaining a perfect quantum channel poses
significant challenges, and the process can be both difficult and
expensive. While Bell states, GHZ states, and cluster states
have all been explored as potential channels in quantum
communication, it is worth noting that W states stand out due
to their exceptional robustness and security features. As a
result, they are particularly appealing for use in quantum
communication. Hence, we suggest using W states as the
quantum channel for our nondestructive teleportation proto-
col. By re‐teleporting the original unknown state through other
available quantum channels, non‐destructive teleportation via
W states can enhance the reliability and efficiency of quantum
communication.

In this paper, we utilise a non‐maximally entangled W‐state
as the quantum channel to develop a non‐destructive tele-
portation scheme that ensures the integrity and safety of the
original information. We verify this scheme by implementing
the teleportation process using a non‐maximally entangled W‐
state channel on the quantum circuit simulator Quirk. Our
proposed method for teleportation relies only on single‐qubit
measurements and local unitary operations, representing an
important innovation that simplifies the experimental setup
and reduces the resource requirements for QT.

The paper is structured as follows: Section 2 presents our
information lossless teleportation method based on a maxi-
mally entangled W‐state channel. Section 3 further discusses
our information lossless teleportation method, this time based
on non‐maximally entangled W‐state channels. In Section 4,
we present the simulation results. Section 5 provides a dis-
cussion and comparison of our method. Finally, we conclude
the paper with a brief summary in Section 6.

2 | INFORMATION LOSSLESS
TELEPORTATION METHOD BASED ON
MAXIMALLY ENTANGLED W‐STATE
CHANNEL

Suppose that Alice wishes to teleport an arbitrary quantum
state to Bob which is written as

jχ〉t ¼ aj0〉t þ bj1〉t ð1Þ

where a and b are complex numbers, and satisfy the relationship
jaj2 þ

�
�bj2 ¼ 1. The maximally entangled W‐state is written as

jW 〉ABC ¼
1
ffiffiffi
3
p ðj100 〉þ j010〉þ j001〉ÞABC ð2Þ

As shown in Figure 1, three participants share the
following maximally entangled W‐state. The particle A belongs
to the sender Alice. The particle B is in the receiver Bob's
possession. The particle C is owned by the controller Charlie.

The total state of the system can be written as

jϕ〉tABC ¼ jχ〉t ⊗ jW 〉ABC

¼
1
ffiffiffi
3
p ðaj0〉þ bj1〉Þt ⊗ ðj100 〉þ j010〉þ j001〉ÞABC

¼
1
ffiffiffi
3
p ðaj0100〉þ aj0010〉þ aj0001〉þ bj1100〉

þ bj1010〉þ bj1001〉ÞtABC
ð3Þ

In order to teleport the unknown state jχ〉t from the
sender Alice to the receiver Bob, this scenario can be divided
into the following three steps.

2.1 | Step 1

Alice performs a controlled‐not gate (CNOT) operation on
particle t (labelled as a control qubit) and A (labelled as a target
qubit). Which is written as follows:

CNOT ¼

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

2

6
6
4

3

7
7
5 ð4Þ
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Note that CNOT2 = I and CNOT−1 = CNOT.
Then, Alice performs a Hadamard gate operation on par-

ticle t. The matrix of the Hadamard gate is represented as
follows:

H ¼
1
ffiffiffi
2
p

1 1
1 −1

� �

ð5Þ

Here H2 = I. The inverse of the Hadamard gate (H−1)
equals to the Hadamard gate itself, H−1 = H.

After these operations, the total state of system can be re‐
expressed as follows:

jϕ〉tABC ¼
1
ffiffiffi
6
p ½aðj0100 〉þ j1100〉þ j0010〉þ j1010〉

þ j0001〉þ j1001〉Þ þ bðj0000〉 − j1000〉

þ j0110〉 − j1110〉þ j0101〉 − j1101〉�tABC

¼
1
ffiffiffi
6
p

j00〉tA ⊗ ðaj10〉þ bj01〉þ bj00〉ÞBC
þ j01〉tA ⊗ ðaj00〉þ bj10〉þ bj01〉ÞBC
þ j10〉tA ⊗ ðaj10〉þ aj01〉 − bj00〉ÞBC
þ j11〉tA ⊗ ðaj00〉 − bj10〉 − bj01〉ÞBC

2

6
6
6
6
6
4

3

7
7
7
7
7
5

ð6Þ

2.2 | Step 2

Charlie performs the single‐qubit measurement with the basis
of |0〉 and |1〉 on particle C and tells the measurement
outcome to the receiver Bob. If the measurement outcome of
the auxiliary particle is |0〉c, the receiver Bob performs step 3.
Otherwise, step 30 is performed to achieve information lossless
teleportation.

2.3 | Step 3

If the particle C is measured as |0〉c, the state of the remaining
qubits collapses into the following state:

jϕ〉tAB ¼
1
2

j00〉tA ⊗ ðaj1〉þ bj0〉ÞB
þ j01〉tA ⊗ ðaj0〉þ bj1〉ÞB
þ j10〉tA ⊗ ðaj1〉 − bj0〉ÞB
þ j11〉tA ⊗ ðaj0〉 − bj1〉ÞB

2

6
6
6
4

3

7
7
7
5

ð7Þ

Then Alice performs the single‐qubit measurement of the
basis {|0〉, |1〉} onto her particles. Bob then performs the
unitary operation onto particle B based on Alice's measure-
ment outcome. The relationship between the measurement
outcomes of Alice and the corresponding operations per-
formed by Bob are shown in Table 1.

Finally, we can see that the information has been suc-
cessfully transmitted from Alice to Bob.

2.4 | Step 3’

If the measurement of particle C is |1〉t, the scheme will fail.
The state of the remaining particles t, A, and B can be
expressed as follows:

jϕ〉tABC ¼
1
2

j00〉tA ⊗ aj01〉BCð Þ

þ j01〉tA ⊗ bj01〉BCð Þ

þ j10〉tA ⊗ aj01〉BCð Þ

þ j11〉tA ⊗ −bj01〉BCð Þ

2

6
6
6
4

3

7
7
7
5

ð8Þ

In this case, Alice first performs H−1 operations onto the
particle t.

H−1 ¼
1
ffiffiffi
2
p

1 1
1 −1

� �

ð9Þ

Then Alice performs CNOT−1 operations onto particles t
and A.

CNOT−1
¼

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

2

6
6
6
4

3

7
7
7
5

ð10Þ

F I GURE 1 The information lossless
teleportation based on the maximally entangled W‐
state channel.
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In this scheme, the sender, the receiver and the third party
directly share the maximally entangled W‐state channel. On the
basis of Charlie's measurement result, the unknown quantum
state can be recovered at Bob. Alice can also restore the
original unknown state after the failure of teleportation to
ensure the integrity of the unknown quantum state.

3 | INFORMATION LOSSLESS
TELEPORTATION METHOD BASED ON
NON‐MAXIMALLY ENTANGLED W‐
STATE CHANNELS

Now we turn to a general protocol for transmitting the un-
known quantum state over quantum channels that are not the
maximally entangled W states. Assume that Alice intends to
send the quantum state |χ〉t in Equation (1) to Bob.

The three parties share the non‐maximally entangled W
state jϕ〉ABC ¼ ðαj001〉þ βj010〉 + γj100〉)ABC, where α, β, γ
are real numbers, and satisfy the relationship α2 + β2 + γ2 = 1
(β < γ). As shown in Figure 2, three participants share the non‐
maximally entangled W‐state. Particle A belongs to the sender
Alice. Particle B is in the possession of the receiver. Particle C
is owned by the controller Charlie.

Firstly, Bob introduces an auxiliary particle e with the initial
state |0〉e. We can rewrite the initial product state |ϕ〉tABCe =
|χ〉t ⊗ |φ〉ABC ⊗ |0〉e as

jϕ〉tABCe ¼ jχ〉t ⊗ jφ〉ABC ⊗ j0〉e ¼
1
ffiffiffi
3
p ðaj0〉þ bj1〉Þt

⊗ ðαj100〉þ βj010〉þ γj001〉ÞABC ⊗ j0〉e
¼ aðαj00010〉 þ βj00100〉 þ γj01000〉ÞtABCe

þ bðαj10010〉 þ βj10100〉 þ γj11000〉ÞtABCe
ð11Þ

In order to transmit the unknown quantum state from the
sender Alice to the receiver Bob, the information lossless
teleportation method is divided into the following four steps.

3.1 | Step 1

Alice performs a CNOT operation onto the particle t (labelled
as a control qubit) and A (labelled as a target qubit). Then she
performs the Hadamard gate operation on the particle t.

After those operations, the state of the total system can be
re‐expressed as follows:

jϕ〉tACBe

¼
1
ffiffiffi
2
p

j00〉tA ⊗ ðaαj100〉þ aβj010〉þ bγj000〉ÞCBe þ
j01〉tA ⊗ ðaγj000〉þ bαj100〉þ bβj010〉ÞCBe þ
j10〉tA ⊗ ðaαj100〉þ aβj010〉 − bγj000〉ÞCBe þ

j11〉tA ⊗ ðaγj000〉 − bαj100〉 − bβj010〉ÞCBe

2

6
6
6
4

3

7
7
7
5

ð12Þ

3.2 | Step 2

Charlie performs the single‐qubit measurement with the basis
of |0〉 and |1〉 on the particle C, The measurement result of
the particle C is |0〉c or |1〉c.

3.3 | Step 3

While step 2 is executed, Bob performs U1 onto his particles B
and e, as follows:

TABLE 1 The relationship between the measurement results of
particles t and A hold by Alice and the corresponding operations
performed by Bob.

Measurement results of particles t and A Bob's operation

|00〉 X

|01〉 I

|10〉 Y

|11〉 Z

F I GURE 2 The information lossless
teleportation based on the non‐maximally entangled
W‐state channel.
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U1 ¼

β=γ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2=γ2

p
0 0

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − β2=γ2
q

β=γ 0 0
0 0 1 0
0 0 0 1

2

6
6
6
4

3

7
7
7
5

ð13Þ

Then the state of the five‐particle system becomes:

jϕ〉tACBe

¼

j00〉 ⊗

aβj010〉þ a
αβ
γ
j100〉

−aα
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − β2=γ2
q

j101〉

þbβj000〉 − b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γ2 − β2
q

j001〉

0

B
B
B
B
B
B
@

1

C
C
C
C
C
C
A

þ

j01〉 ⊗

bβj010〉þ b
αβ
γ
j100〉

−bα
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − β2=γ2
q

j101〉

þaβj000〉 − a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γ2 − β2
q

j001〉

0

B
B
B
B
B
B
@

1

C
C
C
C
C
C
A

þ

j10〉 ⊗

aβj010〉þ a
αβ
γ
j100〉

−aα
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − β2=γ2
q

j101〉

−bβj000〉þ b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γ2 − β2
q

j001〉

0

B
B
B
B
B
B
@

1

C
C
C
C
C
C
A

þ

j11〉 ⊗

−bβj010〉 − b
αβ
γ
j100〉

þbα
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − β2=γ2
q

j101〉

−aβj000〉 þ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γ2 − β2
q

j001〉

0

B
B
B
B
B
B
@

1

C
C
C
C
C
C
A

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

tACBe

ð14Þ

Bob then performs a single‐qubit measurement with the basis
of |0〉 and |1〉 on his particle e.

3.4 | Step 4

If the measurement outcomes of the particles e and C are |0〉e
and |0〉C, the state of the three‐particle system collapses to:

jϕ〉tAB ¼
1
2

j00〉tA ⊗ ðaj1〉þ bj0〉ÞB
þj01〉tA ⊗ ðaj0〉þ bj1〉ÞB
þj10〉tA ⊗ ðaj1〉 − bj0〉ÞB
þj11〉tA ⊗ ð − aj0〉 − bj1〉ÞB

2

6
6
6
4

3

7
7
7
5

ð15Þ

At this moment, Alice carries out the single‐qubit mea-
surement of the basis {|0〉, |1〉} onto particles t and A. Then
Bob performs a unitary operation onto particle B based on
Alice's measurement outcome. The relationship between the

measurement outcomes of Alice and the corresponding op-
erations performed by Bob is shown in Table 2.

After performing the unitary operation, the unknown state
has been successfully transmitted to the receiver Bob.

3.5 | Step 4’

If the measurement outcome of the particles e and C are not
|0〉e|0〉C. In this case, Alice performs H−1 operation on par-
ticles t, and then performs CNOT−1 operation on particles t
and A, which restores the unknown state to the sender Alice.

In this scheme, we extend the maximally entangled channel
in Section 2 to the non‐maximally entangled channel, which
improves the versatility of the scheme. Different from the
scheme in Section 2, Bob needs to perform a unitary operation
onto his particles B and e in advance. With the aid of the
auxiliary particle, Alice can restore the initial state if teleporta-
tion fails. Due to the idea of information lossless teleportation,
this scheme can avoid the loss of information to ensure integrity.

4 | SIMULATION

Quirk is a quantum circuit simulator [31] that allows users to
visualise and simulate quantum circuits. It uses a state vector
approach to accurately simulate circuits of up to 16 qubits. We
used Quirk to verify our scheme without considering the
impact of noise. To prepare a three‐qubit non‐maximally
entangled W state in the simulator, we applied an H gate, a

Ry gate [32] (RyðθÞ ¼
cos

θ
2

−sin
θ
2

sin
θ
2

cos
θ
2

2

6
6
4

3

7
7
5) and a CNOT gate, as

shown in Figure 3.

TABLE 2 The relationship between the measurement results of
particles t and A hold by Alice and the corresponding operations
performed by Bob.

Measurement results of particles t and A Bob's operation

|00〉 X

|01〉 I

|10〉 Y

|11〉 ZYX

F I GURE 3 The quantum circuit of generating one three‐qubit non‐
maximally entangled W state.
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To illustrate the experimental process, we generated one
non‐maximally entangled W state. Figure 4 shows the experi-
mental circuit we used to transmit an arbitrary quantum state
using this W state, for specific verification.

We simulated the circuit shown in Figure 4 using Quirk and
applied the corresponding recovery matrix Ry(−0.43π) to
obtain |t〉 = cos(−0.43π/2)|0〉 + sin(−0.43π/2)|1〉. Following
the procedure outlined in Section 3, we can then recover the
randomly generated quantum state |t〉 on particle B. This
simulation demonstrates the feasibility of our proposed scheme.

5 | DISCUSSION AND COMPARISON

Several schemes for QT based on W states have been pro-
posed in recent years. Table 3 compares the differences be-
tween previous schemes and our proposed scheme.

In scheme 1 [33], the sender used a maximally entangled W
state to perform a Bell state measurement in order to teleport
an arbitrary single‐qubit state. However, the success probability
of this scheme was only 66.7%. In scheme 2 [33], a positive
operator valued measurement was used. Although the success
probability of this scheme was 83.3%, it did not show any
advantage over the standard teleportation of Scheme 1.
Instead, it was helpful in exploring the properties of quantum
information processing using W states. In scheme 3 [34], the
W‐class state was used as the quantum channel. After the
sender performed von Neumann measurements, the receiver

needed to apply local unitary operations based on the sender's
three‐qubit von Neumann measurement outcomes. However,
the success probability of this scheme could not reach 100%.
In scheme 4 [35], a unique entangled W state was chosen as the
communication channel. The sender performed a single‐qubit
measurement, and the success probability of this protocol
could only reach 100% when the teleported state was
1=

ffiffiffi
2
p �
�0 〉 þ1=

ffiffiffi
2
p �
�1〉.

In contrast, our proposed scheme uses a non‐maximally
entangled W state as the quantum channel and is able to
weaken the requirements of the quantum channel, making it
more convenient and practical in physical experiments.
Furthermore, even if the teleportation fails, our scheme pro-
vides an alternate path to ensure the integrity of the original
quantum state, making it a promising approach for future
research in quantum communication with W states.

6 | SUMMARY

In conclusion, we have proposed an information lossless
teleportation scheme using a non‐maximally entangled W‐
state as the quantum channel. Our scheme extends the
study of information lossless teleportation based on the
maximally entangled W‐state channel and weakens the re-
quirements of the quantum channel, making it more
convenient and practical for physical experiments. Even if
the teleportation fails, our scheme provides an alternative

F I GURE 4 Verification experimental circuit for transmitting an arbitrary quantum state using one non‐maximally entangled W state.

TABLE 3 The differences between the previous schemes with our scheme.

Quantum state to be
transmitted Alice's measurement

Success
probability Communication channel

Scheme 1 [33] Arbitrary single‐qubit state The bell measurement 66.7% Maximally entangled W‐state channel

Scheme 2 [33] Arbitrary single‐qubit state The POVM measurement 83.3% Maximally entangled W‐state channel

Scheme 3 [34] Arbitrary three‐qubit state The von neumann measurements <100% W‐class state channel
1
2 ðj010 〉 þj100〉 þ

ffiffiffi
2
p
j001〉Þ

Scheme 4 [35] Arbitrary single‐qubit state The single‐qubit measurement <100% a unique three‐atom entangled W state
1
2 ðj010 〉 þj100〉 þ j001〉 þ j000〉Þ

Our scheme Arbitrary single‐qubit state The single‐qubit measurement 100% Non‐maximally entangled W‐state
channel

WANG ET AL. - 205

 26328925, 2023, 4, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/qtc2.12062 by D

E
SY

 - Z
entralbibliothek, W

iley O
nline L

ibrary on [16/04/2024]. 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



path to ensure the integrity of the original quantum state
using an auxiliary particle. If the teleportation succeeds, the
sender can perform a single‐qubit measurement, and the
receiver can obtain the quantum state using corresponding
unitary transformations. To facilitate the implementation of
our proposed scheme, we have created a detailed circuit
diagram and step‐by‐step instructions, which were simulated
using the quantum circuit simulator Quirk. We hope our
scheme can contribute to future research on quantum
communication with W‐states.
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