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Efficient schemes of joint remote preparation
with a passive receiver via EPR pairs*
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Novel schemes are put forward to execute the joint remote preparation of an arbitrary two-qubit state with a pas-
sive receiver via EPR pairs as the entangled channel. Compared with the previous protocols, the required multi-particle
measurement is simplified and the classical communication cost is reduced. When the number of senders increases, the
advantage is more evident. It means that the proposed schemes are more efficient in practice.
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1. Introduction

The transmission of a quantum state is a primarily im-
portant task in quantum information processing. However,
the state itself should not be directly sent because any en-
emy can easily replace it by a fake one without recognition
of the authorized parties. The first intriguing protocol for
such kind of task is quantum teleportation (QT) which can
transmit an unknown qubit between spatially separated parties
by utilizing a prior shared entanglement and some classical
communication.!!! The QT demonstrates the interchangeabil-
ity of different types of resources and has made considerable
progress.!”>! In case the sender does not own the particle it-
self but owns all the classical information of the state to be
prepared for the remote receiver, Lo proposed another intrigu-
ing method called remote state preparation (RSP) to transmit a
pure known quantum state.[®! It has been shown that for some
special ensembles of states, RSP protocols are more economi-
cal than QT due to the sender’s prior knowledge of the original
state.!”! Bennett et al. studied the trade-off between the classi-
cal communication cost (CCC) and the required entanglement
in RSP distinctly. 8] So far, various theoretical protocols for

9-16] quch as

the generalization of RSP have been addressed, !
RSP via noisy channel, the low-entanglement RSP, the optimal
RSP, RSP of the continuous variable, RSP of mixed states, and
so on. Some RSP schemes have been experimentally imple-
mented by using linear optical elements and nuclear magnetic
resonance technology.[!7-18!

Compared with the traditional RSP with two parties, the
multi-party RSP plays an important role in the general quan-
tum network communication and quantum distributed com-

putation. One type of these multi-party RSP schemes is the
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controlled RSP, in which the controlling party (similar to
the trusted center in classical secure protocols) determines
whether the quantum information is constructed for the re-
ceiver or not. Moreover, the controlling party has no classical
information of the quantum state during the preparation pro-
cedure. The other is named as joint remote state preparation
(JRSP). Different from RSP that all the secret information is
provided by one sender, JRSP deals with the situation that the
complete classical knowledge of the quantum state is indepen-
dently shared among numbers of senders who have to coop-
eratively complete the task. JRSP can be viewed as jointly
reconstructing the quantum state (which may be a secret for
the receiver) at a remote site, which is somewhat reverse to
quantum secret sharing (QSS).!'”) In QSS, the secret is divided
into several different pieces and then distributed to multiple re-
ceivers from one sender. From this point of view, JRSP may
be useful for such a secure communication task. Furthermore,
in the distributed quantum computation, each party should co-
operate with other parties for one quantum task such as Shor’s
algorithm. In this case, JRSP is only one special distributed
quantum task.

Since the first appearance of JRSP,!?’! various JRSP
schemes using different types of quantum entanglement have

[21-36] Most existing JRSP protocols are prob-

been presented.
abilistic. Also, a new direction named deterministic JRSP has
been put forward to get the unit success probability.[>3-3¢] Re-
cently, Xia et al. proposed a deterministic JRSP scheme of
an arbitrary three-qubit state with a passive receiver. >3] They
use the simplest kind of entanglement resource EPR pairs as
the quantum channel since the EPR pair can be more easily

produced and distributed than the GHZ ones. Moreover, the
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receiver only needs to apply proper recovery operators at the
end instead of carrying out some measurements or controlled-
NOT gates and classical communication at the beginning. Fol-
lowing the ideas of Ref. [33], Chen et al. investigated flexible
deterministic JRSP of an arbitrary two-qubit state with a pas-
sive receiver.[**! In their protocol with two senders, four EPR
pairs are used as the shared quantum resource. The senders
Alice and Bob need to perform a four-particle and a two-
particle projective measurement, respectively. Moreover, the
protocol is extended to the case of M > 2 senders. However,
the multi-particle measurement is too large in their protocols,
which makes it harder to realize in practice.

In this paper, we re-investigate the JRSP of an arbitrary
two-qubit state with a passive receiver under the assumption
of using the same entangled resources and preserving the mer-
its in the original schemes.?* In Section 2, we consider the
case of two senders. New sets of measurement basis are con-
structed which plays a key role in our scheme. It is shown
that the state can be prepared with the unit success proba-
bility if each sender performs a three-particle projective mea-
surement under the basis and the receiver adopts some appro-
priate unitary transformations. Comparing with the previous
protocol,*¥ the proposed one has the following advantages.
(i) Our solution balances the workload of the two senders.
Each sender needs to carry out a three-particle projective mea-
surement. (ii) Our scheme is more operable. In the previous
scheme, one sender needs to perform a four-particle projective
measurement. As we know, the realization of a protocol al-
ways depends on the most difficult operation and four-particle
projective measurement is much harder to realize than three-
particle measurement in practice. (iii) The CCC is reduced.
These advantages are well reflected even in the situation of
M > 2 senders which is discussed in Section 3. While some
discussion and conclusions are given in the last section.

2. JRSP scheme with two senders

Suppose that two senders Alice and Bob want to help the
receiver Charlie remotely prepare an arbitrary two-qubit state

x0/00) +x101) + x2|10) +x3|11), (1)

where x;,j = 0,...,3 are complex numbers and satisfy
% P = 1.
j=0

To achieve the JRSP of an arbitrary two-qubit state
with complex coefficients x; deterministically, one cannot use
the general information splitting method??! that each sender
knows both the partial phase information and amplitude in-
formation. The reason is that there does not exist the nec-
essary joint system operations for general complex coeffi-

cients. Therefore, similar to previous deterministic JRSP

[28-36] the classical information {x; = r; e} of pre-

protocols,
pared state is split into phase information {r;} and amplitude
information {6;} respectively in this paper. In detail, the state

in Eq. (1) can be rewritten as

r0e'®[00) +r1 e [01) +r2e'®[10) +r3e'®(11), ()

where r; elfi = x j» real coefficients r; > O satisfy the normal-

ization condition )i:or% =1,and 0, € [0,27), j=0,...,3. Itis
fully identified by] the data set S = {r;, 6,}, which can be split
into two subsets S; = {r;} and S» = {6;}. The subset S; is
given to one sender Alice, while the subset S, is only known
to the other sender Bob.

Assume that two senders and the receiver share four EPR

pairs
@)y = 5 100) 1),
@)1y = 5 100) 1)1
@)ascy = 5 100)+1)ac
D) 5,5 = —=(100) + [11))gycs, o)

V2
as the quantum channel. The particles (A;, A, A3) belong to
the sender Alice, (Bj, B2, B3) belong to the sender Bob, while
(C1, C,) belong to the receiver Charlie. The distribution of the
shared EPR pairs is shown in Fig. 1.

By

» Bs

Charlie

Fig. 1. Quantum channel via four EPR pairs for two senders (Alice,
Bob) to jointly prepare a general two-qubit state for the receiver Char-
lie. In this and all other figures, a qubit is represented by a dot and
entangled qubits are connected by solid lines.

Hence, the initial state of the whole system can be written
as

|P)a,8, @ |P)ay, @ |P)asc) @ |P)syc,

- %(|000000>+|01001o>+|100100>+|110110>
+1001001) +[011011) +101101)
+|111111>)A|A2A3B|32C|(‘00>+‘11>)B3C2- “4)

In order to realize the JRSP successfully, each sender
should measure her (his) qubits under the proper measure-
ment basis that depends on the secret parameters r;, (Gj),
j=0,...,3 of the prepared state. The construction of the mea-
surement basis are essential to our scheme. Now we demon-
strate the process of our scheme as follows.
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Step 1 The sender Alice performs a three-particle pro-
jective measurement on her particles (Aj, Az, Az) under the

basis {|o),...,|&7) }, which is determined by the subset S
[ 1000)
|C1) 010)
|&2) [101)
| (o o\ s
|4) 0 Us) | oor) |’
|Cs) 011)
[ |100)
[} [110)
where
o r L) r3
| o 3 —n
U4_ —rp —r3 ro r] (6)
-3 r —rn n

Obviously, ), ...,
the 8-dimensional Hilbert space as Uy is a unitary matrix.

|§7) form a complete orthogonal basis in

After the measurement, Alice broadcasts the classical mes-
sage m to Bob and Charlie if the measurement result is |§,),
m e {0,...,7}.

After the measurement, the entangled channel in Eq. (4)
can be expanded in terms of the measurement basis

10),---51&7)
|'¥') 414,438, B2B5C1 Ca
= %HCO)AlAzAgdl (r0,71,72,73)B,B,c; (100) +[11)) By,
+1C1) 4, 4,451 (— (
+182)a,4,4;d1 (=12, —13,70,71) B, B,c, (100) 4+ |11)) By,
+183)a1145d1 (— (100) +[11))55c,
+18a)a,4,45d2(r0,71,72,73) B, Bycy (|00) +[1
) (= (
) (- (
) (= (

r1,70,73, —12)B,B,c; (|00) +[11))Bsc,

3,72, —F1,70)B,ByC

> B3
+|C5 A]A2A3d2 r r(),rg, rz)BlB2C1 |00> |11>)Bic2
+|C6 A1A2A3d2 r2a_r3ar07r1 B1B,Cy |OO> |11>)B3C2

+187)a,4043d2(—13,72,—71,10)B,B,c, (|00) + [11)) B3y - (7)

Here for convenience, we use the following short notation:

dy (uo,ur,u,u3)

= up|000) +u1]010) 4+ u2|101) +u3|111),
da(uo,u1,uz,u3)

= uo|001) +u1 [011) + 12 100) +u3[110).  (8)

Step 2 The sender Bob does not perform the projective
measurement immediately but performs a unitary operation
U™ on his particles (B1,By,B3) conditioned on the received

classical message m, m € {0,...,7}. Here

Ul=I®Iol, Ul=I2XeX,

U?=X®I®I, U’=X0X®X,
Ut=10I®I, U=1X®X,
Ul=X®I®l, U=X0X®X, )

with  being the identity operation, and X being the Pauli op-
eration. Then Bob measures his particles (Bj, B2, B3) under
the complete orthogonal basis {|1o),...,|n7)} which are de-

termined by the subset S

10) |000)
M) l011)
72) 1100)
113) Vi 0 |111)
na) |~ ( 0 V4> 001) |’ (19)
75) 010)
[76) |101)
77) 110)
where the unitary matrix
e—if e—i0i e—if2 e—ifs
1 _e—if0  g-if el _o—ifs
Vi= 2| i _e-ifr  o-ify  o—ifs - (1
_e—if0  o-iO1 -6y o—if

In fact, the transition matrix V4 can be rewritten as H D,
where

1 1 1 1
Iy -1 1 I -1

H=31 _1 1 | (12)
-1 1 -1
is a 4 x 4 Hadamard matrix and
D = diag{e % ¢ 10 ¢71% =i} (13)

is the diagonal matrix of phase factors. Clearly, Bob will ob-
tain a state |1,) (n =0,...,7) with an equal probability 1/8.
He needs also to announce the classical information n to the
receiver Charlie.

Step 3 The receiver Charlie performs unitary operations
conditioned on the two senders’ measurement results m and n
and gets the goal state. Charlie’s recovery operations are listed
in Table 1.

To see how our protocol works, without loss of general-
ity, assume Alice’s measurement result is [{1)4,4,4,. Then the

particles collapse into
(—r1/00000) +r(|01101) + r3|10010) — rp|11111)
—r1]00101) + ry|01000) + r3|10111)
—12|11010))g,B,B4C, Cy - 14)
In this situation, the sender Bob first performs the unitary oper-

ation U' =I®X ®X on his particles (By, By, B3) and obtains

(r0]00001) — r1|01100) — r2|10011) + r3|11110)
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+r9|00100) — r1|01001) — r,|10110)
+r3|11011>)313233clcz. (15)
Then Bob performs a three-particle projective measurement

on his particles (B, By, B3) under the basis {|10),...,|n7)}
defined by Eq. (10). The state in Eq. (15) can be rewritten as

110) B, B,831(—X1,%0,%3, =X2) 5

+|M1) B, BB A(—X1, —X0, —X3,—X2)c, ¢,

+|M2) B8B83 A(x1, —X0,%3, —X2) ) ¢,

+|n3) BBy I (—X1, —X0,%3,%2)C, ¢,
+|N4) B, B,By 11 (X0, —X1, —X2,%3) ¢y,

+1|n5) 8,8, M (—x0, —X1, —X2,—X3)C,C,
+1M6) B B,B; A (=0, %1, —X2,X3) ¢

+117) 8,885 7(—X0, —x1,%2,X3)c, ¢ - (16)

where the short notation
h(uo,ul,ug,u3) = Lt()|00> +u1|01> +u2|10> +u3\1 1>. (17

From Eq. (16), one can see whatever Bob’s measurement out-
come is, Charlie can get the prepared state by performing ap-
propriate unitary operation on his collapsed particles. As for
the other seven cases corresponding to Alice’s measurement
results, similar analysis process can be made. Here we do not
depict them one by one. Charlie’s recovery unitary operations
conditioned on the senders’ measurement results |Cy)4,4,455
Mn)B,B,8; (M,n=0,...,

Therefore, the total success probability for jointly prepar-

7) are summarized in Table 1.

ing an arbitrary two-qubit state is unit.

Table 1. The relation among Alice’s and Bob’s measurement outcomes
(m,n), the collapsed state (CS) of the qubits (Cy,C;) after the senders’
measurements, and the receiver Charlie’s recovery unitary operation
(CRUO) on the collapsed state, where m,n € {0,...,7}.

(m,n) CS CRUO
(0,0),(1,5),(6,2),(7,7) h(x0,x1,%2,%3) Ic, Ic,
(0,1),(1,4),(6,3),(7,6) h(x0,—x1,—x2,x3) Ze\ Zc,
(0,2),(1,7),(6,0),(7,5) h(—xp, —x1,X2,X3) Ze,Ic,
(0,3),(1,6),(6,1),(7,4) h(—x0,X1,—X2,X3) Ie, Zc,
(0,4),(1,1),(6,6),(7,3) h(x1,%0,%3,%2) Iey Xc,
(0,5),(1,0),(6,7),(7,2) h(—x1,X0,X3,—X2) Zc\Ye,
(0,6),(1,3),(6,4),(7,1) h(—x1,—x0,X3,X2) Zc, Xc,
0,7),(1,2),(6,5),(7,0) h(xy,—x0,X3,—X2) Ie, Yc,
(2,0),(3,5),(4,2),(5,7) h(—x2,—x3,X0,X1) Ye,Ic,
(2,1),(3,4),(4,3),(5,6) h(—x2,x3,—X0,X1) Xe, Zc,
(2,2),(3,7),(4,0),(5,5) h(x2,x3,%0,X1) Xc,Ie,
(2,3),(3,6),(4,1),(5,4) h(xp,—x3,—X0,X1) Ye, Zc,
(2,4),(3,1),(4,6),(5,3) h(—x3,—X2,X1,X0) Ye, Xc,
(2,5),(3,0),(4,7),(5,2) h(x3, —x2,%1, —Xo) Xei Yo,
(2,6),(3,3),(4,4),(5,1) h(x3,%x2,x1,X0) Xc, Xc,
(2,7),(3,2),(4,5),(5,0) h(—x3,%2,X1,—Xo) Ye, Y,

3. JRSP scheme with M > 2 senders

The more senders that participate, the higher level of se-
curity can be made. In this section, we consider the situation
of M > 2 senders. Suppose Alice, Bob, Boby, ..., Bobys_» are
the senders.

However, the execution with an arbitrary M senders is
more complicated. Fortunately, the general outline goes as
that of the case of M = 3 senders. Thus, for simplicity we just
take M = 3 for an explicit demonstration. In this case, the data
subset S» = {6;} is divided into two pieces S = {610} and
S5 = {6]} such that 67 + 6] = 6;, j =0,...
only to Bob, while S} is given to Bob;.

,3. Sg is given

The quantum channel is served as six EPR pairs

@) a,m, = 7<|oo> 1)as,
@)z, = 5 (100)+ 1))y
@) a0, = %uom )
@)aici = (100 +11)agc
@) = 7=(100) + 1))
@)sicy = 5100+ 1)ncy as)

As shown in Fig. 2, qubits (A, Az, A3, As4) belong to the
sender Alice, qubits (B, Bz, B3, Bs) to the sender Bob, qubits
(b1, by) to the sender Boby, and qubits (C;, C>) to the receiver
Charlie.

Al ¢ ° Bl
A, @ ® 3,
Alice b b Bob
Az o e o o B,
Ay .\\ Bob; e B,
?1. /
c,o”
Charlie

Fig. 2. Quantum channel via six EPR pairs for three senders Alice,
Bob, Bob; to jointly prepare a general two-qubit state for the receiver
Charlie.

Hence, the initial state of the whole system can be written
as

|P)a,B, @|P) a8, @ | DP)ash,
®[P)ayc, @ | Py, ® [Py

- %(|00000000>+|10101010>+|01010101>+|11111111>
+]00010001) + |[10111011) + [01000100) -+ [11101110)
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+]00100010) + [10001000) + [01110111) +[11011101)
+]00110011) + [10011001) + 01100110
+[11001100))4,4,454,8,Byb1C

x(100) +[11))p3p, (|00) + [11))B,c - (19)

The process of our protocol for M = 3 senders is de-
scribed as follows:

Step 1 The sender Alice performs a four-particle pro-
jective measurement on her particles (A, Az, Az, A4) un-
der the complete orthogonal basis {|&),...,|15)}, which
has the following relationship to the computation basis:
{]0000},...,[1111)}:

180) 0000)
1€1) 1010)
&2) 0101)
|S3) [1111)
|E4) 0001)
|Es) [1011)
1E6) Ua 000\ 1 jor00)
1&7) 0 Ua 00 o)
g | Lo o w0 | o |
&) 00 0 T 1000
1€10) 0111)
|E11) 11101)
|€12) |0011)
€13) 11001)
|14) |0110)
ISE) |1100)

where the unitary matrix Uy is defined by Eq. (6). Alice broad-
casts classical information m to Bob and Charlie if the mea-
surement outcome is |&,), m € {0,...,15}.

For simplicity, without loss of generality, we describe the
proposal under the assumption that Alice’s measurement result
is [€1)4,4,454, in the following.

Step 2 The sender Bob first performs a unitary operation
U' =1®X ®I®X on his particles (B;, B>, B3, By) condi-
tioned on Alice’s measurement result [§1)4,4,4,4,. Then Bob
performs a four-particle projective measurement on his par-
ticles (By, By, B3, B4) under the complete orthogonal basis
{]70),...,|715)} which are defined by

|70) [1111)
T1) 0110)
|22) [1001)
|73) |0000)
|4) [1110)
|75) 0111)
|76) vPo o0 0 11000)
o) [ _ ] © vy 0o o0 |0001) e
|75) 0 0 V2o |1101)
| 7o) 0 0 0V |0100)
|T10) 11011)
|T11) |0010)
|T12) 11100)
T13) |0101)
‘T14> ‘1010>
T15) |0011)

Bob broadcasts classical message n to Bob; and Charlie if his
measurement outcome is |7, ), n € {0,...,15}.

Step 3 Bob; performs I, X}, on his particles if Bob’s
measurement result lies in |7,) g, 8,8;8,. 1 € {0,...,7}. Other-
wise, he performs Iy, I,,. Then Bob; performs a two-particle
projective measurement on his particles (b;,b;) under the
complete orthogonal basis {|1no),...,|n3)} which are defined
by

I70) 10)
)| _ v 00) | 22)
2) [11)
I113) 01)
Here the transition matrices in Egs. (21) and (22) are defined
as
ei0)  o—ifl  o—if) -6
1] e i ool oi6h it
Vi= 2| Lo iy _oif o) o-i6y | 1=0,1. 23
_e—if) o—if] _o—if) o—if)

After the measurement, Bob; publishes the classical informa-
tion n; to the receiver Charlie if the measurement outcome is
|T]nl>, ny e {07 .. .,3}.

Step 4 Depending on the received classical message n,
ny, the receiver Charlie performs the unitary operation shown
in Table 2 on his qubits (C;, C;) to recover the prepared state.

To see how our protocol works, let us express the quan-
tum channel in terms of the measurement basis |&y), .. ., |;s).
The state in Eq. (19) can be expanded as

[¥)a 142434481 By B3B4b1b,CCy

= g[|€0>A1...A4f1(”07r1a7’27"3)B|sz|C1
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X (‘OO> + ‘11> sz2(|00>
+1&1)a, .4 N1
X (|00) +[11)) 535, (100) +[11))5,c,

111))Bsc,
)
)
+1E)a,. A f1(—=12,—13,70,71)B,Bob €y
)
r)
)

r,ro,r3, —nr B1Byb1Cy

)
(—
)
(—
x (|00) +[11)) 35, (100) + [11))g,c,
+183)a,..a,f1(—=r3,72,—71,70)B,B,b,
x (|00) + [11))3p, (|00) + |11))5,c,
+184)a, .. a4 f2(10,71,72,73) B, Byt €
X (|00) + [11))gyp, (|00) + [11))5,c,
+185)a,.. Ay fo(—T1,70,73,—72)B,Bob €,
x (100} +[11)) 35, (|00) + [11))p,c,
+1&6)A,..agfo(—12,—13,70,71)B,Byb O,
% (|00) + [11))p5p, (|00) + |11)
+1&7)a, .. a3 f2(— r0)
% (100) +[11)) B35, (100) + [11))g,c,
+1&E8)a, .4, f3(r0, 71,72, 73) B, Boby €y
x (|00) +[11)) B35, (100) + [11))g,c,
+1&0)a,..a, f3(—=r1,70,73,—12) B, Byb
x (|00) + [11))3p, (|00) + [11))5,c,

)B4C2

r3,r2, —ri,r

+‘§10>A1 AgJ3 ( ra, —r3,ro,r B1Bb1Cy

)
r)
X (00) +[11)) 535, (100) +[11))5,c,
r)
)

+1811)a,..a,03(—73,72,—71,70) B, Byby
x (100) +[11)) 35, (|00) + [11))5,c,
+1812)4,..44f4(ro, 71, 72,73) B, Byb €y
x (100} +[11)) 35, (100) +[11)),c,
+1&13)4,..a,f4(=r1,70,73,—12) BBy,
% (|00) +[11)) B35, (100) + [11))g,c,
+1814)a; Ay fa(=12,—13,70,71)
)
r0)
)

1)B1Baby €y
x (|00) + [11))p3p, (|00) + |11)
+1815)A,..4,fa(=73,72, = 71,70) B, Bybi €

% (100) + [11)) 35, (|00) + [11))p,c, - (24)

B4Cy

Here short notation

Si(uo,ur,uz,u3)
= MQ|OOOO> +u1‘1010> +u2|0101> —|—u3|1111>,

fouo,ur,uz,u3)
= u60001) + 11| 1011) +12/0100) +u3] 1110},

f3(uo,ur,uz,u3)
= 10|0010) + 11 |1000) + 12[0111) + u3|1101),

Sa(uo,ur,uz,u3)
= up|0011) + 11 |1001) + 2|01 10) + 3] 1100).  (25)

If Alice’s measurement result is |§1)4,4,4,4,, the particles

collapse into

(—r1/00000000) 4 r3|0101001 1) + ro|10101100)
—rp|11111111) — r;|00010001) + r3|01000010)
+ro|10111101) — r»|11101110) — r1|00100100)
+r3|01110111) + r9[10001000) — r»|11011011)
—r1]00110101) + r3|01100110) + r(|10011001)
—1r2]11001010)) g, B,B3B4b, byC, Cs - (26)
In this situation, Bob performs the unitary operation U' =
I, Xp,Ip, Xp, and obtains
(ro/11111100) — r1]01100101) — r,|10011010)
+r3/00000011) +ry[11101101) — r{|01110100)
—72/10001011) 4 r3]00010010) 4 r(|11011000)
—71]/01000001) — r»|10111110) 4 r3]00100111)
+1rp/11001001) — r1|01010000) — r,|10101111)
+73]/00110110)) g, B,B3B4b, byC,Cs - 27
Then Bob performs a four-particle projective measurement on

By) under the basis {|1),...,|7is)} de-
fined by Eq. (21) and broadcasts his measurement result » to

his particles (By, ...,

Bob; and Charlie. The state in Eq. (27) can be rewritten as

i6) i6? i69 169
|70)B,..8,81(r0e"™, —r1 "1, —r2e'2 , r3e'3 )4 1,010,

i9° i90 i90 i69
+|71)B,..B,81(—r0e™0, —r1 €1, —re'™2  —r3e' )} 1,00,
6 o eif) i) . o163
+17)8,. 8,81 (—r0e'% 11 —rye% r3e'%), 00,
ig0 i60 i)
+ |73 B)..B481 roe % ,—r1e1, rne™ rye' 3)b1b2C|CZ
i6) e 09
+|t4)8,...8,82(r0 rle —re"2,1r3e"3 )y 000
—re'2, —r3e'3 )y 010

00 e
+|16 By..B482 ro O rle ! 7}"23 2 r3e 3)b1b2C1C2
i6f i6)

90
+|77)8,..8,82(—710 —r1et,rne'™2 3" )y p,0,0,

) (—
) (-
) (roe
+|75)B,...8,82(—710 —ry el
) (-
) (=
) (
)B, (—=r

00 6 69
+|18)B,...8,83(10 —rie’t, —rne'”2 re' *)blbzclcz
+1%)8,..8,83(—r0€’ % —r166‘ —f”ze92 —rye! 3)b1b2C1C2
+710)B,...8,83 06190 re® —re® el 3)blbzclcz
+|711)B,..8,83 (=70 —re® rel® rel 3)b1b2c1c2

i0? i69 i69

1,—re'™2.r3e'% )y 000
i6? 169 169
I,—re 2 _rSe g)b]bzclc'z

)8,.5,83(—
) (-
+|Tl2>31...34g4(7‘06 5 —rel
+T13)8,. 5,84 (10 —ry
) (-
)81..8:84(—

9

19 i6? i69
roe 0 rle —rpe 2 }’36 3)h1b2C]C2

+|714)B,..8,84

00 00 ie0  ig?
+|715)B,...8,84(—roe"™0 —rle1 1,rpe'™2,r3e"3 ),y (28)

where
g1 (uo,ur,uz,u3)
= up|1100) + u;|0101) + u>|1010) + u3]|0011),

g2(uo, uy,uz,u3)
= up|1101) + 141 0100) + 12 1011) + 13]0010),

g3 (uo, ur,uz,u3)
= 1] 1000) + 1410001 + 12| 1110) + 3]0111),
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g4(uo,ur,uz,u3)
— up|1001) + 11 |0000) + o | 1111) +u3[0110).  (29)

For example, if Bob’s measurement result is |71)g,5,8;8,
Bob; performs I, X;, on his particles. The collapsed
state turns into (r eifh |1000) + 7 elfl |0001) + 1 eit? [1110)+
r3 ei®s |0111))p,5,¢,c,» Which can be rewritten in terms of the

measurement basis |19),...,|n3) as

IM0) b,y 1(X0,X1,X2,X3)c,Cy + | M1) by, (—X0, X1, X2, —X3) ¢y,
+(M2) 6,5, H(—X0, —X1,%2,%3) 05

+M3) b5, A(—X0, X1, —X2,X3)C, ¢y - (30)

Here h(uo, u1,us,u3) = uo|00) 4 u1|01) 4+ u2|10) + u3|11).
From the above equation, one can see in this situation
Charlie can get the prepared state by performing appropriate
unitary operations on his collapsed particles. In summary,
when Alice’s measurement result is |&;)4,4,4;4,, Charlie’s
recovery unitary operations conditioned on Bob and Bob;’s
measurement results |T,)p,B,8;8,5 |Tn )bybys (0 =0,...,15,
n;=0,...

can be made for other possible measurement outcomes.

,3) are summarized in Table 2. Similar discussion

Therefore, the receiver Charlie can reestablish the pre-

pared state deterministically.

Table 2. Assume Alice’s measurement outcome is |&;) AjAyAsA,- The relation among the Bob and Bob;’s measurement outcome
(n, ny), the collapsed state (CS) of qubits C; and C,, and Charlie’s recovery unitary operation (CRUO) on the collapsed state.

(0,0),(1,1),(2,2),(3,3),(8,0),(9,1),(10,2),(11,3)
(0,1),(1,0),(2,3),(3,2),(8,1),(9,0),(10,3),(11,2)
(0,2),(1,3),(2,0),(3,1),(8,2),(9,3),(10,0),(11,1)
(0,3),(1,2),(2,1),(3,0),(8,3),(9,2),(10,1),(11,0)
(4,0),(5,1),(6,2),(7,3),(12,0),(13,1),(14,2),(15,3)
(4,1),(5,0),(6,3),(7,2),(12,1),(13,0),(14,3),(15,2)
(4,2),(5,3),(6,0),(7,1),(12,2),(13,3),(14,0), (15,1)
(4,3),(5,2),(6,1),(7,0),(12,3),(13,2),(14,1),(15,0)

CS CRUO
h(—xo,xl,xz,—x3) ch ZCZ
h(x0,x1,%2,%3) Ie,Ic,
h(—x0,X1,—X2,X3) Ie, Z,
h(—xo,—xl,xz,xg) ZC] [C2
h(xy, —xo,—x3,X2) Ze Yo,
h(x1,x0,x3,X2) Ic, Xc,
h(xy, —x0,%3, —X2) Ie Ye,
h(—x1,—X0,%3,X2) Zcy Xc,

4. Discussion and conclusions

Considering the protocol for deterministic JRSP of an ar-
bitrary two-qubit with two senders,**! it uses four EPR pairs
as the shared quantum resource. The two senders perform a
four-particle and a two-particle projective measurement, re-
spectively. The total CCC is 10 cbits. In fact, the sender Alice
needs to broadcast 4 cbits to the sender Bob and the receiver
Charlie, and Bob need to send 2 cbits to Charlie. Moreover,
this protocol is extended to the general case of M senders.

In this paper, our concern is to realize the deterministic
JRSP more efficiently under the promise of using the same en-
tanglement resource. To achieve this target, we make improve-
ments on the existing proposal and present new protocols. It
is shown that the proposed protocols are not only easier to be
carried out but also spend less CCC. We first investigate the
case with two senders. A novel three-particle measurement
basis is constructed with the aid of 4 x 4 unitary matrice as
the diagonal sub-block of the 8 x 8 transition matrix. It is
worth mentioning that construction of the measurement ba-
sis plays a key role. In our protocol, three-qubit projective
measurement is needed instead of four-qubit measurement. In
reality, the difficulty of performing projective measurement
increases geometrically as the number of particles increases.
In other words, three-particle projective measurement is much
easier to be carried out than four-particle measurement, which
makes our scheme easier to be realized. As far as the CCC

is concerned, the sender Alice broadcasts to Bob and Charlie
3 cubits, and Bob sends Charlie 3 cubits. Thus, 9 cubits are
required in the whole process. Moreover, we adopt the strat-
egy that Bob performs unitary operations before performing
measurement to avoid choosing different measurement basis
depending on Alice’s measurement result. As for arbitrary M
senders, the sender Alice must perform a 2M-particle projec-
tive measurement, and other senders perform two-particle pro-
jective measurement in the previous scheme. It means that the
more senders, the more complicated projective measurements
are needed to be carried out by the sender Alice. While in the
proposed scheme, it is the most complex to measure (M + 1)
particle. It implies that our protocol is more applicable when
M becomes larger. In conclusion, we have presented efficient
JRSP protocols of an arbitrary two-qubit state by using the
same EPR pairs as the quantum channel. Compared with the
existing protocol, the most important advantage is that the pro-
jective measurement operation is simplified, which means the
proposed protocol is more practical.
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