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We propose a proto ol transferring an arbitrary unknown two-qubit state using the quantum hannel of a fourqubit genuine entangled state. Simplifying the four-qubit joint measurement to the ombination of Bell-state
measurements, it an be realized more feasible with urrently available te hnologies.
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their hara terization and lassi ation are still open,
and are being studied by numerous resear hers [310℄.
We note that mu h attention has been paid to a
lass of four-qubit entangled states that is dierent
from GHZ or W states under SLOCC and optimally
violates a new Bell inequality [7℄. It an be viewed
as a genuine entangled state similar to an EPR state,
by whi h a two-qubit arbitrary state an be teleported
with only one state as a quantum hannel. Additionally, it annot be redu ed to the produ t state of two
EPR pairs.
In theory, a proto ol to teleport a two-qubit arbitrary state using the entangled state was put forward in [6℄. Based on the idea of dense oding [11℄, a
se ure proto ol of two-party quantum ommuni ation
was proposed in [12℄. In addition, exploiting entanglement swapping [13℄, several quantum ommuni ation
proto ols were presented [1418℄. A deterministi seure quantum ommuni ation proto ol with in omplete
quantum teleportation was proposed in [19℄. For realizing four-party ommuni ation, a proto ol of quantum ommuni ation [20℄ employing the de oy-state
method [21℄ was designed. Adopting the two-step proto ol [22℄, a three-party quantum se ret sharing protool was on eived in [23℄.
So far, only the measurement basis of a four-qubit
genuine entangled state was explored, while it is well

1. INTRODUCTION

Quantum me hani s with many amazing phenomena dierent from those in lassi al world is a harming
and hallenge subje t in modern s ien e. Among its
appealing hara teristi s, quantum entanglement is in
fo us of the attention of resear hers due to its potential and important appli ations to the tasks of quantum
information pro essing.
Depending on an EPR pair, a quantum teleportation proto ol is proposed [1℄ by whi h the state of one
parti le an be transferred to another remote pla e.
Naturally, the resear hers onsider that multi-qubit entangled states as a quantum hannel an be utilized to
teleport quantum states of ompli ated systems. Moreover, a multi-qubit entangled state is the basement of
quantum omputing.
The simplest lass of all entangled states, the
two-qubit entangled state, is an EPR state. A little
more ompli ated, three-qubit entangled states an be
generally lassied into GHZ states and W states under
sto hasti lo al operations and lassi al ommuni ation
(SLOCC) [2℄. However, some problems of the quantum
entanglement of multi-qubit systems with regard to
* E-mail:
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Subsequently, Ali e measures qubits (1; 2) using the
basis of
f 1 ; 1 g

known that the operation feasibility in pra ti al appliations is very important and riti al and needs to be
taken into a ount. Considering the feasibility in experiment, we present a quantum teleportation proto ol
of an arbitrary unknown two-qubit state, whi h an
be realized with a ombination of Bell-state measurements.
This paper is stru tured as follows. In Se . 2, we
des ribe a two-party se ure distribution of a four-qubit
genuine entangled state. As an appli ation, a detailed
quantum teleportation proto ol of a two-qubit arbitrary unknown state is presented in Se . 3. We dis uss
and summarize our work in Se . 4.
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represent the four Bell states.
Finally, they analyze the se urity of the quantum
hannel by omparing their measurement results. If the
distribution su eeds, their measurement results should
be in a ord with Eq. (2),

ENTANGLED STATE

Above all, the quantum hannel onsisting of a fourqubit genuine entangled state should be shared su essfully by two parti ipants. The expli it pro ess is as
follows.
The sender, Ali e, prepares a good number of qubits
that are in the four-qubit genuine entangled states denoted as

00

= 21 ( 1 j0+i + +1 j0 i +
+ 1 j1+i + +1 j1 i)1 2 3 4 =
= 21 ( +2 j+0i + 2 j 0i
+ j+1i
2 j 1i)1 2 3 4 :
2
; ; ;

= p1 (j0000i j0011i j0101i + j1001i +
2 2
+ j0110i + j1010i + j1100i + j1111i): (1)

; ; ;

(2)

On e the quantum hannel is shared su essfully by
two parti ipants, a quantum teleportation proto ol of
a two-qubit arbitrary unknown state an be realized
based on it.

She then sends the rst two qubits of the four-qubit
entangled states to the re ipient, Bob, and keeps the
remaining qubits to herself.
After he re eives the transmitted qubits, Bob randomly sele ts a su iently large subset to he k the
se urity of the quantum hannel. Many se urity he k
te hniques su h as the de oy-state method an be
used [21℄, and we here follow the se urity he k method
proposed in [24℄ to analyze the se urity of the two-party
distribution of four-qubit entangled states.
Bob performs randomly single-qubit measurements
on qubits (3; 4) in the basis of

3. A QUANTUM TELEPORTATION
PROTOCOL OF AN ARBITRARY
UNKNOWN TWO-QUBIT STATE

As is known, a two-qubit arbitrary unknown state
annot be teleported by only one EPR pair (either one
GHZ state or one W state). With only one four-qubit
genuine entangled state, the teleportation task an be
fullled by using the four-qubit joint measurement [6℄.
In the present proto ol, instead of the four-qubit joint
measurement, the ombination of Bell-state measurements is applied to fulll the task of teleportation of
an arbitrary unknown two-qubit state. We depi t the
proto ol in the Figure, and explain it as follows.
A two-qubit arbitrary unknown quantum state an
be denoted as

fj0i ; j1ig fj+i ; j ig
fj+i ; j ig fj0i ; j1ig;

where

j+i = p1 (j0i + j1i); j i = p1 (j0i j1i);
2

= p1 (j00i  j11i);
2



OF THE FOUR-QUBIT GENUINE

or
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where

2. THE SECURE TWO-PARTY DISTRIBUTION

00

:::

2

and informs Ali e of the positions of the qubits sele ted
to he k the se urity.

j i = (a j00i + b j01i + j10i + d j11i) 1

a ;a2

21

;

(3)
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j 0 i 1 2 j00 i1 2 3 4 = 41 
[j+ i 1 1 j+ i 2 2 (aj00i+bj10i j01i dj11i)3 4 +
+j+ i 1 1 j i 2 2 ( aj11i+bj01i j10i+dj00i)3 4 +
+j i 1 1 j+ i 2 2 ( aj11i bj01i+ j10i+dj00i)3 4 +
+j i 1 1 j i 2 2 (aj00i bj10i+ j01i dj11i)3 4 +
+j+ i 1 1 j + i 2 2 (aj10i+bj00i j11i dj01i)3 4 +
+j+ i 1 1 j i 2 2 ( aj01i+bj11i j00i+dj10i)3 4 +
+j i 1 1 j + i 2 2 ( aj01i bj11i+ j00i+dj10i)3 4 +
+j i 1 1 j i 2 2 (aj10i bj00i+ j11i dj01i)3 4 +
+j + i 1 1 j+ i 2 2 (aj10i+bj00i+ j11i+dj01i)3 4 +
+j + i 1 1 j i 2 2 (aj01i bj11i j00i+dj10i)3 4 +
+j i 1 1 j+ i 2 2 (aj01i+bj11i+ j00i+dj10i)3 4 +
+j i 1 1 j i 2 2 (aj10i bj00i j11i+dj01i)3 4 +
+j + i 1 1 j +i 2 2 (aj00i+bj10i+ j01i+dj11i)3 4 +
+j + i 1 1 j i 2 2 (aj11i bj01i j10i+dj00i)3 4 +
+j i 1 1 j + i 2 2 (aj11i+bj01i+ j10i+dj00i)3 4 +
+j i 1 1 j i 2 2 (aj00i bj10i j01i+dj11i)3 4 ℄: (6)

A s heme of the expli it teleportation pro edure of a
two-qubit arbitrary unknown state

; ; ;

a ;

where the unknown omplex oe ients a, b, , and d
satisfy the normalization ondition

jaj2 + jbj2 + j j2 + jdj2 = 1;
and whi h an also represent the produ t state of two
single-qubit quantum states.
As the sender and the re ipient, Ali e and Bob
se urely share qubits (1,2) and (3, 4) in the state
j00 i1;2;3; 4 in Eq. (1) by the methods mentioned in
Se . 2. Ali e wants to teleport the arbitrary unknown
two-qubit quantum state in Eq. (3) to Bob, and the
state of the whole system an be des ribed as

j ij00 i = p1 (aj00i + b j01i + j10i +
a ;a

; ; ;

d j11i)a1 ;a2 : (5)

After the above preparation, Ali e performs Bellstate measurement on the qubits (a1 ; 1) and (a2 ; 2):
a ;a

2 2
+ d j11i) 1 2 (j0000i j0011i j0101i +
+j1001i+j0110i+j1010i+j1100i+j1111i)1 2 3 4 :

j10i +d j00i

(4)
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After the measurement, Ali e obtains one of sixteen
potential ombinations of Bell states, and then she tells
Bob the measurement results. On the basis of the measurement results from Ali e, Bob performs single-qubit
operations on qubit 3 and qubit 4. As a onsequen e,
the two-qubit arbitrary unknown quantum state has
been teleported su essfully from Ali e to Bob.
For arti ulate des ription, we onsider an example
where the measurement results on qubits (a1 ; 1) and
qubits (a2 ; 2) are j+ ia1 ;1 and j ia2 ;2 . The state of
the whole system then ollapses onto the state

In general,
four-qubit joint measurements
[6; 1416; 18; 19℄ are performed to realize the quantum
information pro essing. However, the four-qubit joint
measurement is di ult to be operated in pra ti al
appli ations. To redu e the di ulty of experiment, we
adopt the ombination of Bell-state measurements to
realize quantum teleportation of an arbitrary unknown
two-qubit state in the present proto ol.
For implementing teleportation, Ali e performs beforehand the following operations on the state to be
teleported. First, she operates a Controlled-NOT gate
on the two-qubit arbitrary unknown state, with the
qubit a1 as the ontrol qubit and the qubit a2 as the
target qubit. After that, a Hadamard gate is performed
on the qubit a1 by Ali e. Finally, another ControlledNOT gate with the qubit a1 as the ontrol qubit and
the qubit a2 as the target qubit is performed. As a
onsequen e, the state to be teleported an be hanged
to

+ 1 1  2 2 j 0 i 1 2 j00 i1 2 3 4 =
= 14 ( a j11i +b j01i j10i + d j00i)3 4 :
a ;

a ;

a ;a

; ; ;

;

(7)

To obtain the state that originally resided in Ali e's
pla e, Bob should perform (XZ , X ) gate operations on
qubits (3, 4). After that, Bob obtains the same state
as the state to be teleported on his qubits (4, 3). As an
22

ÆÝÒÔ,

òîì

143, âûï. 1, 2013

Teleportation of a Two-qubit arbitrary

Table.
Details of the pro ess whereby Bob obtains
the two-qubit arbitrary unknown quantum state teleported from Ali e. Ali e publi izes the lassi al information C:I:a1 ;1 and C:I:a2 ;2 of Bell-state measurements on qubits (a1 ; 1) and (a2 ; 2). After he re eives
Ali e's information, Bob performs single qubit operations (SQO3 , SQO4 ) on qubits (3, 4) a ording to the
lassi al information (C:I:a1 ;1 and C:I:a2 ;2 ) from Alie, and thus he re onstru ts the state that Ali e wants
to teleport. The dieren e between the re onstru ted
states and the original ones an be found in the olumn
of remarks, where I stands for the identi al one, and
exp(i ) denotes the phase dieren e 

C:I:a1 ;1 C:I:a2 ;2

j+ i
j+ i
j i
j i
j+ i
j+ i
j i
j i
j +i
j +i
j i
j i
j +i
j +i
j i
j i
Note:

j+ i
j i
j+ i
j i
j +i
j i
j +i
j i
j+ i
j i
j+ i
j i
j +i
j i
j +i
j i

SQO3
I

XZ (ZX )

SQO4
Z

Z

I

I

X

Z

I

Z
I

ZX (XZ )
X
Z
I

ZX (XZ )

XZ (ZX ) I (exp(i ))

X

exp(i)

I

I (exp(i ))

I

I

X

I

XZ (ZX ) I (exp(i ))

ZX (XZ ) I (exp(i ))
Z

I (exp(i ))

I

I

I

X

X

I

Z

Z

I

ZX (XZ ) ZX (XZ )

the elements in the bra kets in the

and
the

SQO4 )

Using the quantum oheren e of qubits, many fun tions that annot be realized by the lassi al method
an be perfe tly implemented, and therefore the study
of the quantum information pro essing of multi-qubit
entanglement is important.
In the previous quantum teleportation s heme using
four-qubit entanglement, the four-qubit joint measurement is adopted in general, whi h is not easy to be
exe uted. To over ome the in onvenien e, we propose
the present proto ol where the ombination of Bell-state measurements is exploited rather than four-qubit
joint measurements. Before Bell-state measurements,
Ali e needs to perform the gate operations in luding
two Controlled-NOT gates and one Hadamard gate to
hange the state to be teleported. And then, she performs the ombination of Bell-state measurements and
publi izes the measurement out omes. A ording to
Ali e's publi ized information, Bob performs singlequbit transformations on qubits on his side. Finally,
the teleported state an be re onstru ted on Bob's
qubits.
For transmitting ea h two-qubit arbitrary unknown
state, Ali e needs to send Bob four lassi al bits
of information about Bell-state measurements, whi h
is equivalent to the teleportation s heme using the
four-qubit joint measurement. In the present proto ol,
only some single-qubit operations, two-qubit gate operations in the preliminary preparation, and the ombination of Bell-state measurements are ne essary, whi h is
simpler in pra ti al implementation than the four-qubit
joint measurement. The present proto ol an therefore
de rease the di ulty in experiment.
We next onsider the feasibility of implementing the
present proto ol.
Owing to the important appli ations, the generation s hemes of four-qubit genuine entangled states are
onsidered in quite a few physi al systems. Wang and
Yang [25℄ presented the theoreti al generation proto ol
of the four-qubit genuine entangled state in an ion-trap
system. Assisted by onventional photon dete tors and
linear opti al elements, Wang and Zhang [26℄ showed
that it an be ee tively realized. The su ess probability of generation of four-qubit genuine entangled state
rea hes 3:0  10 9 even when the quantum e ien y of
the dete tor is  = 0:75. The large detuning intera tion
of atoms with a single-mode avity eld was onsidered
in [27℄. It was noted that the entangled state an be
reated, additionally driven by a strong lassi al eld.
A s heme for entangling four atoms in separated optial avities into the entangled state was presented [28℄,

I

I (exp(i ))

X

4. DISCUSSION AND SUMMARY

Remarks

X

:::

I (I )

SQO3

olumns (

denote another Bob's operation sele tion and

orresponding ones in the line Remarks are the states

obtained by Bob.

alternative option, Bob an also obtain the teleported
state by performing (ZX , X ) gate operations on qubits
(3, 4). Only a minor dieren e o urs if Bob adopts
the se ond option,  a phase dieren e  generated
between the re onstru ted state and the original one.
However, it an produ e no ee t on the required state
sin e it is only a global phase on qubits (3, 4).
For all possible measurement results of Ali e, the
orresponding operations that should be performed by
Bob to re onstru t the original state are listed in the
Table.
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where the ine ien y of photon dete tors does not affe t the quality of the generated entangled states but
de reases the su ess generation probability of the state
to be  2 when the quantum e ien y of ea h photon
dete tor is  . In addition, a generating s heme of the
state among four atoms with avity quantum ele trodynami s exploiting atomeld intera tion with large
detuning was also onstru ted in [29℄. The required
atomthermal- avityeld intera tion time is of the order of t  3  10 4 s, and the total time to perform the
s heme is t  9  10 4 s, and hen e the time required to
omplete the whole pro edure is mu h shorter than the
radiative time tr = 3  10 2 s. Re ently, the generation
s hemes of four-qubit genuine entangled states with
harge-qubits and ux-qubits were on eived [30; 31℄,
in whi h the intera tions between qubits and a superondu ting transmission line resonator or an LC iruit are mediated by adjusting the ontrol parameters
of harge qubit or ex hanging virtual photons rather
than real photons be ause of the large detuning between them.
Bell-state measurement and Controlled-NOT gates
are ne essary in the present proto ol, and many efforts are devoted to these topi s. A quantum teleportation experiment in whi h nonlinear intera tions
are used for Bell-state measurement was reported [32℄.
All four Bell states an be distinguished in prin iple in
their experiment, and they showed that the pra ti al
a hieved teleportation delity is 0:83. Another neardeterministi Bell-state analyzer setup with linear opti s was presented in [33℄, whose e ien y is over 90 %
for an ideal sour e of photons on demand. Moreover,
many opti ally Controlled-NOT gates [24; 34; 35℄ were
also designed. Up to the present, some ommuni ation
proto ols based on teleportation [19, 36, 37℄ and physi al implementation of teleportation with avity [36℄
or ross-Kerr nonlinearities [38℄ were studied in theory and experiment. Re ently, experimental teleportation [39℄ and the generation of eight-photon entanglement [40℄ were reported. We therefore expe t that the
present proto ol an be realized in the orresponding
quantum information pro essing experiments.
In summary, we present a proto ol for transferring
a two-qubit arbitrary unknown state with a four-qubit
genuine entangled state, repla ing the four-qubit joint
measurement with a ombination of Bell-state measurements, whi h de reases the implementation di ulty
and is more feasible with urrently available te hnologies. The present method an be extended to the quantum information pro essing using multi-qubit entanglement, by whi h the di ulty of operations an be
largely redu ed.
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