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ABSTRACT Quantum teleportation is considered as the most basic process of quantum communication.
It is undoubtedly beneficial for the realization of quantum teleportation while transmitting the maximum
number of quantum bits with the minimum number of quantum channel resources. An improved bidirectional
quantum teleportation protocol based on a quantum channel of six-qubit cluster state is proposed. In this
paper, the user Alice can transmit an unknown three-qubit entangled state to the user Bob, and at the same
time, the user Bob can transmit an arbitrary single-qubit state to the user Alice by utilizing GHz-state
measurement, bell-state measurement, single-qubit Von Neumann measurement, and unitary operations.
Compared with other schemes in quantum resource consumption, necessary operation complexity including
operation difficulty and intensity, classical resource consumption, quantum information bits transmitted, and
intrinsic efficiency, our scheme has the remarkable advantages in transmitting more quantum information
and possesses higher intrinsic efficiency.

INDEX TERMS Quantum teleportation, six-qubit cluster state, bell-state measurement, GHz-state measure-

ment, Von Neumann measurement, efficiency.

I. INTRODUCTION
Quantum teleportation is a communication protocol that
quantum information can be transmitted from one location
to another, with the help of classical communication and pre-
viously shared quantum entanglement between the sending
and receiving location. Since Bennett ef al. [1] presented the
creative quantum teleportation protocol through an entangled
quantum channel of Einstein-Podolsky-Rosen (EPR) pair
between the sender and the receiver in 1993, several quantum
teleportation protocols have been devised by utilizing multi-
particle entangled state as quantum channel, such as EPR
state [2], GHZ state [3], [4] GHZ-like state [S]-[7] W state
[8], [9], W-like state [10], cluster state [11]-[14] et al.
Cluster state is a new multi-particle entangled state pro-
posed by Briegel and Raussendorf [15] in 2001. It is known
that the n-particle (n > 3) cluster state is both robust against
decoherence and maximally connected with the better per-
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sistency than the GHZ state. Based on this intrinsic attribute
the first bidirectional controlled quantum teleportation pro-
tocol demonstrated in 2013 was applying cluster state as
quantum channel [16]. Soon after, several bidirectional quan-
tum controlled teleportation (BQCT) protocols have been
investigated by using multi-particle cluster state as quan-
tum channel. In 2013, A. Yan proposed a protocol by using
six-qubit cluster state as quantum channel. In this protocol,
two users can simultaneously transmit an arbitrary single-
qubit state to each other with the controller Charlie [17]. In
2016, Li et al. [18] proposed an asymmetric bidirectional
quantum controlled teleportation protocol by using six-qubit
cluster state, in which the user Alice can transmit an arbitrary
two-qubit entangled state to the user Bob and at the same time
the user Bob can transmit an arbitrary single-qubit state to the
user Alice. In 2017, B. Choudhury, S. Samanta et al. proposed
an asymmetric bidirectional quantum controlled teleportation
protocol by using nine-qubit cluster state as quantum channel
[19]. In this protocol, the user Alice can transmit a three-qubit
entangled state to the user Bob and the user Bob can transmit
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a two-qubit entangled state to the user Alice. Although the
quantum information bits transmitted have been improved,
the intrinsic efficiency has been greatly reduced

When without controller, the feasibility of bidirectional
quantum teleportation (BQT) protocols using cluster state
as quantum channel has also been proved. For instance,
in 2016 Sang et al. proposed a bidirectional quantum telepor-
tation protocol by using five-qubit cluster state as quantum
channel [20], in which Alice can transmit an arbitrary two-
qubit entangled state to Bob, and at the same time Bob can
transmit an arbitrary single-qubit state to Alice Because the
qubits carrying information are not transmitted in quantum
channel, it is impossible for eavesdropper to intercept the
qubits during message transmission process, i.e., intercept
of communication. A unique approach for eavesdropper to
attack the quantum channel between Alice and Bob is when
controller sends message to Alice and Bob. Hence bidirec-
tional quantum teleportation is safer than bidirectional quan-
tum controlled teleportation.

In our work, based on [20], an improved protocol for
implementing asymmetric bidirectional quantum teleporta-
tion using six-cluster state as a quantum channel is proposed.
In our scheme, Alice holds an unknown three-qubit entangled
state consisting of three qubits A, B, C and Bob holds an arbi-
trary single-qubit state comprised of qubit D. The aim of this
scheme is to realize the bidirectional transmission of quantum
state between Alice and Bob. To achieve this scheme, first of
all, particles in quantum channel need to be distributed to two
users, i.e. Alice and Bob respectively. Next, two users need
to perform proper measurement that is Alice performs GHZ-
state measurement, single-qubit Von Neumann measurement
on her qubits and Bob performs Bellstate measurement on his
qubits. Finally, two users have to perform unitary operations
and CNOT operations on their residual states separately to
realize the bilateral exchange of the initial quantum states

The outline of this paper is structured as follows: section
2 demonstrates the selection of quantum information bits
transmitted and quantum channel. Section 3 details the princi-
ple of bidirectional quantum teleportation. Section 4 presents
a comparison between this paper and other BQT schemes.
Finally, a brief conclusion is drawn in section 5.

Il. TNE SELECTION OF QUANTUM INFORMATION BITS
TRANSMITTED AND QUANTUM CHANNEL

A. THE SELECTION OF QUANTUM INFORMATION BITS
TRANSMITTED

1) In THEORETICAL APPLICATION

In the idea environment, bidirectional quantum teleportation
can perfectly realize the bilateral transmission of quantum
states, that is point to point. Since bidirectional quantum tele-
portation protocol was first proposed in 2013, many bidirec-
tional quantum teleportation protocols have been proposed.
However, in these presented protocols, quantum information
bits transferred by two communicating parties are generally
two single-qubit states [16], [17], [21]-[24] a single-qubit
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state and a two-qubit state [20], [25], [26], two two-qubit
states [27], [28], the aim of this paper is to increase the
number of quantum information bits transmitted by com-
municating parties. So, it is an innovational theory to use a
three-qubit entangled state and a single-qubit state as quan-
tum information bits transmitted.

2) IN EXPERIMENTAL APPLICATION

Noise is the key issue in quantum teleportation process.
Unlike traditional communication, weak quantum signal is
transmitted by quantum channel and it is easily affected by
noise. A noisy quantum channel can be a regular communi-
cation channel where the input of a pure quantum state can
produce a mixed state as output as the data qubits become
entangled with the environment. Different noise environ-
ments need different solutions. Our proposed scheme can
solve a common noise environment where quantum channel
only causes an error on single-qubit [29].

When quantum information bits transmitted is a
three-qubit entangled state |@)spc = ao |000) + aj [111),
suppose that quantum channel flips a single-qubit, say the
first one, which can be presented as |¢) ABC, = ap|100) +
ap |011). In order to correct the false quantum state back into
the original quantum state, we should make sure which qubit
has been flipped. The method is expressed as follows.

Firstly, comparing the first two qubits, we find they are
different which is not allowed for any valid codeword. There-
fore, an error is occurred and furthermore, it flips either the
first or second qubit. Note that measuring the first and second
qubit will destroy the superposition in the codeword, so we
just measure the difference between them.

Then comparing the first and third qubit, we find that since
the first qubit was flipped, it will disagree with the third; if
the second qubit had been flipped, the first and third would
have agreed. Therefore, the error is narrowed down to the first
qubit and finally we flip it back.

When quantum information bits transmitted is a
single-qubit quantum state |¢)p = bo |0) + by |1) , suppose
that quantum channel flips a single-qubit, which can be
elaborated as |¢)p = bg|1) + b1 |0) . We can recover the

01
i
on the false quantum state.

This is a quantum error correction scheme for qubit flip-
ping. In order to deal with the phenomenon of qubit flipping
effectively, we need to select an initial state which is only
include states |000) and |111) So, an unknown three-qubit
entangled state ap |000) 4+ a; |111) and a single-qubit state
bo |0) 4+ b1 |1) used as the initial quantum states transmitted
can easily handle the phenomenon of qubit flipping in the
noise environment.

original single-qubit state by using operation of o, =

B. THE SELECTION OF QUANTUM CHANNEL

Efficiency is the key to judge the feasibility of quantum
teleportation, the formula is described as T = g5 / (qu + by)
where ¢, indicates the number of qubits consisting of the

VOLUME 7, 2019



R.-G. Zhou et al.: BQT by Using Six-Qubit Cluster State

IEEE Access

quantum information to be transmitted ¢g,, is the number of the
qubits used as the quantum channel (except for those chosen
for security checking) and b, represents the number of qubits
used as the classical channel. Although b, has no effect on
efficiency which can also be expressed as T = g / qu classical
communication served as the bridge between two communi-
cating parties in quantum teleportation is regarded as an obvi-
ous requirement to avoid the occurrence of faster-than-light
(FTL) signaling. Therefore, the formula of efficiency charac-
terized as T = gy / (qu + by) is more rational than 7 = g5 /g, .
In this paper quantum information bits transmitted in com-
municating parties are an unknown three-qubit entangled
state and a single-qubit state. When the quantum information
bits transmitted are finalized, the measurement basis will
determine whether quantum information resource in quan-
tum channel is consumed in an economic way. We have
summarized it as follows: when our scheme is in the mea-
surement basis consisting of a GHZ-state measurement, a
Bellstate measurement and a single-qubit state measurement,
quantum channel will become a six-qubit entangled state;
when our scheme is in the measurement basis comprised
of three Bell-state measurements and a single-qubit state
measurement, quantum channel will become a seven-qubit
entangled state; when our scheme is in the measurement basis
made up of four Bell-state measurements, quantum channel
will become an eight-qubit entangled state. As is clear from
the above discussion, selecting a six-qubit entangled state
as quantum channel can not only reduce quantum resource
consumption (quantum information bits in quantum channel)
but also improve intrinsic efficiency. In our scheme, six-qubit
cluster state is selected as quantum channel due to cluster
state’s unique superiority, namely maximum connectedness
and a high persistency of entanglement.

lil. BIDIRECTIONAL QUANTUM TELEPORTATION
Our scheme can be described as follows. The framework of
this scheme is illustrated in Figure 1.

Alice < — — — — Classical Channel— — — — — » Bob
qubtits qubit
A B,C D

Quantum Channel—» Six-qubit cluster state «<—Quantum Channel

FIGURE 1. The framework of bidirectional quantum teleportation.

Assume that Alice is in the possession of an unknown
three-qubit entangled state, which is given by

l¢ >ac = apl|000 > +aq|111 > (1)
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where ap, aj are arbitrary complex coefficients with Iaol2 +
lay |2 = 1 . At the same time, Bob possesses an arbitrary
singlequbit state which can be expressed as

lp >p = bol0 > +by|1 > @)

where by, by are arbitrary complex coefficients with Ibol2 +
|by |2 = 1 Here, the three qubits A, B, C belong to Alice and
the single qubit D belongs to Bob.

Now, Alice wants to transmit the three-qubit entangled
state to Bob and Bob wants to transmit the single-qubit state
to Alice through a single quantum channel consisting of
six-qubit cluster state shared by Alice and Bob. The six-qubit
cluster state used as quantum channel has the form

1
|Co) 123456 = 5 (1000000} +[000111) +[111000)
+ [111111)) 123456 3)

where the qubits 1 and 6 belong to Alice and qubits
2,3,4,5 belong to Bob, respectively. Therefore, the initial state
of the total system can be defined as

l©)aBcp123456 = |9)aBc ® l9)p ® |C6)123456
1
=3 (ao 1000)+ayq [111)) ® (b [0)+b1 [1))
® (1000000) - |000111)+|111000)
T+ 111111) (4)

To implement bidirectional quantum teleportation,
the scheme is executed in the following way. Alice firstly
performs a GHZ-state measurement on her three qubits A, B,
1 in the measurement bgsm consisting of [£%) 5 A0d ¢ %) 51"
which can be characterized as

1
N = 5
| )ABI V2
1

+
hap = =
= 5

After Alice tells her measurement results to Bob via clas-
sical means Bob performs a Bell-state measurement (BSM)
on his two qubits D, 5 in the measurement basis made up of
|¢i>D5 and |<pi)D5, which have the form

(1000) & [111))4p1

(1001) £ 110))4p:1 &)

+ 1
W)m=:5wmiumm
4 1
0*))s = —=(101) £ 10))ps (6)

V2

Afterwards Bob informs Alice of his measurement result
by classical communication Based on Bob’s measurement
result, Alice takes single-qubit Von Neumann measurement
on her qubit C in the measurement basis comprised of the
following elements

1
V2

1
—)c=—=(10) — |1 7
I=)c ﬁ(|> 1) 0

[+l = —= (10) +11)
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and her measurement result is then conveyed to Bob through
a classical channel. Therefore, the initial state of the total

system can be transformed into the state

lp) _ABCD123456 = |@)apc ® 19¢)p ® |C6) 123456

= bar|§+)

AB1

+[67),, 17

AB1 D5

+[¢7)
+&7)
+&%)
+[&7)
+[¢7)
+&7)
+[&7)
+[¢7)
+[¢7)
+[¢7)
+[¢7)
+[¢7)
+[&7)
+[&7)
+¢*
+]¢t
+]¢*
+]¢t

)

)

)

)

)
+]¢*)
)

)
7)
+¢7)
)

+]¢

ABI}
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TABLE 1. The collapsed states composed of qubit 2,3,4,6 after GHZ-state
measurement, bell-state measurement and single-qubit measurement.

Sagb [0000) + agy [0011) + ayby [1100) + aysy [1111)

m>
7
" [

Sagbg [0000) + aghy [0011) = aybg [1100) = aypy [1111)

Zagbg [0000) - agby |0011) +ay5, [1100) - ayty [1111)

=l >2 Sagbg [0000) — agy 0011) — ayby [1100) +ayy [1111)

7 )1y 000 [0011) + agby [0000) + ayb [1111) +ayby |1100)

7;]3> Sagbg [0011) + agby [0000) - ayb [1111) - 4,8, [1100)
2346

Sagbg [0011) — agby [0000) + aybg [1111) - ;2 [1100)

[
>

sz 0% [0011) ~ agby [0000) — aybg [1111) + ayy [1100)

36 902 [1100) + aghy [1111) + ayb, [0000) + ayby [0011)

Sagbg [1100) + agby [1111) - aby [0000) - 4y J0011)

s 0% [1100) — agdy [1111) + a;b [0000) — ayy J0011)

30
2346

Sagbg [1111) + agh; [1100) + aby [0011) + ayby [0000)

. Sagbg [1111) + agh; [1100) — ayb [0011) — ayb, [0000)

346 9000 [1111) = agb; [1100) + ayb [0011) = a5 |0000)

,,27> Sagbg [1100) = agby [1111) = a,b [0000) + a,, |0011)
2346

e 0% [1111) = agy [1100) — ayb [0011) + a5y |0000)

where |ni>23 46(1' = 1,2,3,...32) are mutually orthometric
four-qubit state shown in Table 1.

It can be seen from the above formula that after three times
measurements, the total quantum system can be collapsed
into |n),5,¢ - Although |5}, has 32 possible quantum
states, Table 1 shows that half of the 32 possible quantum
states are the same. So broadly speaking, there are only
16 possible collapsed states in this scheme, which can lessen
operation complexity. On the basis of above measurement
results, Alice and Bob perform appropriate unitary transfor-
mation on their own qubits respectively and the different
unitary operations used for different measurement results are
summarized in Table 2. After performing unitary operations,

the collapsed state ), can be evolved into

aobo [0000) + agby [0011)+a1b |1100)+arby [1111)  (9)

Then Alice and Bob carry out CNOT operation in twice.
For the first time, Bob performs CNOT operation on
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TABLE 2. The possible outcomes of measurement and corresponding
unitary operations.

Alice,;,  Bob,,  Alice, ~ Measurement  unitary
results transformation

S Whe W . heheen
) 1) 1k ) SBenELEL
&), o), e 7). 0 ®0; ®c; ® 1
w9 e . hesfecer
) 1 e 7 ) e 1,801,807 0%
&) o) e 7°),... 1,807 80} @0}
S0 T I I L - LOLE @)oY
a1 1 7 LedediEeiod)
€0 1) e 1) Sh@L@I G
€0 1#)0 1k 7)1 L ®L®1,®l
€0 9 e "), 1,805 ®07®1
€Y, o). Ik %).... 0 90 ®0 B,
[ o Fle M neciecies
£) . o). ke 7). .0 11,003 80
Y VR W,
I R
28 J T N L # ") .. SRR
e e e ) iofesieciec
O ) e ) ofecfere
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TABLE 2. The possible outcomes of measurement and corresponding
unitary operations.
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0 ) e ), edestesier
) P T ) e oFO0FOL 807
[ P U R L R e
0 PP (2 W 2 L N
o P 0 T L 7). 3G @) 0
o PP 0 P 2 L P L

2

3

4 & >

6

FIGURE 2. CNOT operations on qubits 2,3,4,6.

qubits 3 and 4, where qubit 3 as control qubit and qubit 4 as
target qubit. For the second time, Alice performs CNOT
operation on qubits 4 and 6, where qubit 6 as control qubit
and qubit 4 as target qubit. The CNOT operations on qubits
2,3,4,6 are shown in Figure 2.

Finally, the desired quantum states which are defined as
aogbg 10000) +agby |0001) +a1bg [1110)+a1b; |[1111) can be
reconstructed successfully. The theoretical quantum circuit of
this scheme is shown in Figure 3.

Now, let us take an example to demonstrate the principle
of this asymmetric bidirectional quantum teleportation.
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Qubit A GSM

) 3 ml- — — — —Classical commnication =
" —@
u

¢ N Classical |
Sommnication

Qubit D
Bob = - 1
Qubit 1 = Classical conmumcanlonl I
: 1il

Quantum

3

channel
U outputs
6

FIGURE 3. Quantum circuit of bidirectional quantum teleportation by
using six-qubit cluster state in which Alice has an unknown three-qubit
entangled state and Bob has an arbitrary single-qubit state.

Suppose that Alice’s measurement outcome is |§‘ +) 5 and
at the same time Bob’s measurement outcome is |¢+A>D5 the
corresponding collapsed state of qubits C, 2,3,4,6 are given
as

|9} c2346 = (aobo 100000) + agby |00011) + aybg [11100)
+aiby [11111)) 2346  (10)

Subsequently, Alice takes singlequbit Von Neumann mea-
surement on his qubit C. If Alice’s result is |[+)¢ , then the
remaining qubits 2,3,4,6 are collapsed into the state

|©)2346 = (aobo |0000) + apby [0011)+aibg |1100)
+aiby |[1111))9346  (11)

Then Alice and Bob perform unitary operations which
are I and I ® I3 ® 14 respectively

And after that Bob needs to carry out a Controlled-NOT
operation on his qubits with qubit 3 as control qubit and
qubit 4 as target qubit, then the state in (11) can be evolved
nto

“/”>2346 = (apbo 10000) + apb; |0011) + a1bg |1110)
+a1by [1101))346  (12)

Finally, Alice performs another Controlled-NOT operation
on his qubit with qubit 6 as control qubit and qubit 4 as target
qubit, then the state becomes the following state

[$)2346 = (aobo 10000) + apby |0001) + a1bg [1110)
+aiby [1111)))346
= (ap 1000) + a1 [111))234 ® (bo |0) + b1 [1))6
(13)

Thus, the asymmetric bidirectional quantum teleportation
is successfully realized and the scheme is fully described for
all cases in Table 2.

IV. COMPARISON

In this scheme, without controller a six-qubit cluster state
is used as quantum channel for the purpose of bipartite
exchange of an unknown three-qubit entangled state and an
arbitrary single-qubit state. Now, let us make some compar-
isons among our scheme and other schemes [20], [21], [28].
Comparisons are made from five aspects, namely the quan-
tum resource consumption, the necessary operation complex-
ity including operation difficulty and intensity, the classical
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TABLE 3. Comparisons between four BQT protocols.

Protocol QRC NO CRC QIBT T

\ EPR 4 SM 4 2 1/3

. 2 BSM
M Five-Q CS 1 SM 5 3 3/10
S Eight-Q ES 8 SM 8 4 1/4

1 BSM
Our Six-Q CS 1 GSM 5 4 4/11

1 SM

QRC quantum resource consumption, Q qubit, CS cluster state, ES entangled
state, NO necessary operation, CRC classical resource consumption, QIBT
quantum information bits transmitted, SM single-qubit measurement, BSM
Bell-state measurement, GSM GHZ-state measurement.

resource consumption, quantum information bits transmit-
ted and the intrinsic efficiency, which is defined as t =
qs / (gu + by) in section II. The comparisons are summarized
in Table 3.

From Table 3, the quantum information bits transmitted
in V, M, S schemes are respectively two single-qubit states,
a two-qubit state and a single-qubit state, two two-qubit
states. with the number of quantum information bits transmit-
ted increasing, quantum resource consumption and classical
resource consumption will both become more complex and
efficiencies are corresponding decreasing in V, M, S schemes.

Our scheme is an innovation and expansion on the basis of
the M scheme, so comparing the M scheme with our scheme,
we can see several differences which are shown as follows:
(1) the quantum resource consumption in the M scheme is less
than our scheme. (2) the operation complexity in our scheme
is more difficult than the M scheme. (3) the remarkable
advantages in our scheme are transmitting more quantum
information and possessing higher intrinsic efficiency.

V. CONCLUSION

In summary, an ideal of asymmetric bidirectional quantum
teleportation by using six-qubit cluster state as quantum
channel is proposed. In our scheme, Alice and Bob are
not only senders but also receivers. Alice can transmit an
unknown three-qubit entangled state to Bob and Bob can
transmit an arbitrary single-qubit state to Alice by using quan-
tum measurements and corresponding unitary operations.
What’s more, we have not only certified the feasibility of
the scheme but also demonstrated the scheme’s innovation
by comparing our scheme with other schemes in quantum
and classical resource consumption, operation complexities,
quantum information bits transmitted and intrinsic efficien-
cies. Finally as we all know, quantum secure direct commu-
nication (QSDC) considered as an elegant means for secret
communication can be used in some urgent circumstances.
Based on quantum teleportation, many QSDC schemes have
been devised [30], [31]. And the bidirectional quantum
teleportation regarded as the expansion of quantum telepor-
tation can also be used to implement bidirectional QSDC,
this method can make the implementation of QSDC simple
and secure. But at present, bidirectional QSDC can only
encode one-bit message on single-qubit and transmit one-
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bit information every time by using bidirectional quantum
teleportation [23], so we hope that more information can
be transmitted at a time in bidirectional QSDC by using our

(24]

[25]

Y. J. Duan, X. W. Zha, X. M. Sun, and J. F. Xia, “Bidirectional quantum
controlled teleportation via a maximally seven-qubit entangled state,” Int.
J. Theor. Phys., vol. 53, pp. 2697-2707, Aug. 2014.

Y.-Q. Yang, X.-W. Zha, and Y. Yu, “Asymmetric bidirectional controlled

proposed bidirectional quantum teleportation in the future.
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