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Due to the unavoidable interaction between the quantum channel and its ambient environment, it is difficult to generate
and maintain the maximally entanglement. Thus, the research on multiparty information transmission via non-maximally
entangled channels is of academic value and general application. Here, we utilize the non-maximally entangled channels to
implement two multiparty remote state preparation schemes for transmitting different quantum information from one sender
to two receivers synchronously. The first scheme is adopted to transmit two different four-qubit cluster-type entangled
states to two receivers with a certain probability. In order to improve success probabilities of such multicast remote state
preparation using non-maximally entangled channels, we put forward the second scheme, which deals with the situation
that is a synchronous transfer of an arbitrary single-qubit state and an arbitrary two-qubit state from one sender to two
receivers. In particular, its success probability can reach 100% in principle, and independent of the entanglement degree of
the shared non-maximally entangled channel. Notably, in the second scheme, the auxiliary particle is not required.

Keywords: quantum multicast communications, non-maximally entangled states, remote state preparation

PACS: 03.67.—a, 03.67.Hk

1. Introduction

Quantum entanglement as a significant quantum resource
plays an essential role in the field of applications of the quan-
tum information science, and the theory and technology have
achieved some breakthroughs.!'=31 By utilized a shared entan-
gled state, quantum teleportation (QT)!® is firstly proposed to
transmit an unknown qubit from one site to another. Subse-
quently, Lo!”! gave another intriguing method called remote
state preparation (RSP) to transmit a pure known quantum
state. Compared with teleportation, RSP requires less clas-
sical communication cost, and the sender knows the complete
knowledge about the state. Owing to its advantages and fea-
tures, RSP has been investigated by researchers theoretically
and experimentally.’®-1°] Further, RSP is extended to mul-
tiparty quantum information transmission of multiqubit en-
tangled states, and related schemes are proposed via differ-
ent quantum channels,?*>! including maximally entangled
and non-maximally entangled. Apparently, the optimal suc-
cess probability and fidelity can be achieved with the help of
the maximally entangled one. However, due to the unavoid-
able interaction between the quantum channel and its ambi-
ent environment, it is difficult to generate and maintain the
maximally entanglement. So far, the research of multiparty
RSP via non-maximally entangled channels has made dra-
matic progress.[20-3?1
Recently, Chen et al.!*8! put forward the controlled RSP
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of two-qubit state using an eight-qubit partially entangled
channel. In 2017, a multiparty RSP scheme was introduced in
Ref. [29] where the channel consists of two sets of GHZ states.
In 2018, Wei et al.’% gave a probabilistic controlled RSP
with multiparty based on non-maximally entangled state. In
2019, a multicast scheme®!! employing the eight-qubit non-
maximally entangled channel was given for transmitting dif-
ferent two-qubit state to two receivers synchronously. In 2020,
Zhao et al.’?! utilized a six-qubit partially entangled channel
to broadcast the arbitrary single-qubit state to three remote re-
ceivers. Moreover, cluster state is the specific entanglement
and can be efficiently applied to information processing tasks.
In general, a cluster state is expressed as[>*!

1 X ‘
Cn) = 2373 @(0)aoi™ ™ 1)), M
a=1

with the convention O'Z(N+1>

= 1. It has been shown that one-
dimensional N-qubit cluster states are generated in arrays of
N qubits mediated with an Ising-type interaction. Especially,
the cluster state has the properties of the GHZ-class and the
W-class entangled states, and robust against decoherence. 34!
Thus, many authors proceeded to focus on RSP of transmit-
ting cluster-type states in recent years.3>*!] For example, by
two non-maximally entangled GHZ-type states, Wei et al. 3!
presented an efficient RSP scheme of preparing a four-qubit

entangled cluster-type state.
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However, for above-mentioned schemes, the require-
ments about the low complexity and synchronous diverse in-
formation transmission are not satisfied. In this work, we wish
to study the multiparty multicast RSP via non-maximally en-
tangled channel from one sender to multiple receivers. In
the first scheme, with the probability 16{313, we show that
each receiver can obtain different four-qubit cluster-type states
synchronously. In addition, the achievement ratio of such a
kind of multicast schemes using the non-maximally entangled
channels largely depends upon the parameters of the shared
quantum channel. In fact, the non-maximally entangled chan-
nel is inevitably encountered because of the influence from the
environment. Furthermore, we are going to improve the prob-
abilities of such multicast RSP schemes in the second scheme.
It can be implemented successfully, and independent of entan-
gled degree of the channel. We now explain the protocols in
the next two sections, followed by discussions and comparison
in Section 4, and the paper concludes with Section 5.

2. The multicast scheme of different four-
qubit cluster-type states via twelve-qubit non-
maximally entangled channel

Firstly let us name the two receivers Bob and Charlie,
while the sender remains Alice. Suppose Alice intends to help
Bob to prepare |u;) and to help Charlie to prepare |(,) syn-
chronously. Here |u;) and |u,) are given by

11 = x0|0000) +x1[0011) +x2|1100) —x3|1111),
[12) = ¥0[0000) + y1|0011) + y2|1100) — y3|1111), (2)

where the parameters x,y are real-valued, satisfy the normal-
ized condition Z?:() zi = 1(z =x,y), and are known to sender
exactly while unknown to receivers. Assume that all the par-
ticipants share previously generated two non-maximally en-
tangled quantum resources, i.e.,

I = (£]000000) + ¢, [000111)
+ &[111000) — &3[111111)) 123456,
IT'%) = (110/000000) +11]000111)
+M2[111000) —n3|111111))780,10,11,12,  (3)

where the real numbers ¢, 1 satisfy Y3 o |o|> =1 (0 = §,n)
and |op| < min{|w;|} (j =1,2,3) (o = {,n). The parti-
cles (2,3,5,6) and (8,9,11,12) are sent to receivers Bob and
Charlie, respectively, sender Alice is in procession of particles
(1,4,7,10). Then the detailed implementation procedures are
shown below.

[(S1)] Concretely, an auxiliary particle with initial state
|0), is firstly introduced by Alice, afterwards she performs a
joint unitary transformation Q,

Q = diag(E», 51, 52, 53) %)

on |4 5,8,4,8;8, ® |0)s, under the basis {|000)4,4,4,

|001) A, Ayays-- -5 [111)4,45a, }» Where Z; are defined as
[ CO/CII Y 1- (CO/Ci)z i=
= (e Vel t) =12

and E; is a 2 X 2 identity matrix. Then Alice gets

|F1>A13132A2333401
= C()(\OOOOOO) +000111) + |111000)
- |111111>)A13132A23334 ® |0>a|

181 (G/6)21000111) + /1 — (8/82)?[111000)

=G/ 1= G/ G a3, @ [y (6)

By measuring the particle |0),, under the basis {|0),[1)}
(donate as M,,), Eq. (6) would turn to |[I'')4, g B,4,8:8, =
1(|000000) + |000111) + [111000) — [111111)) with the
probability 47
IT'2) As¢,cra405c, With the probability 4113 by measuring the

Similarly, Alice may change |I'?) to

introduced auxiliary particle |0),, (donated as M,, ).

Therefore, with the probability 16313, the initial state of
the partially entangled quantum resources turns to @} 12 which
is composed of two six-qubit cluster-type states,

|{i’>12 = ‘F1>A13132A23334 ® |F2>A3C1C2A4C3C4
1
= Z(|OOOOOO> +|000111) + |111000)
- |111111>)A13132A233B4
® (]000000) + [000111) +|111000)
= [111111))a50,0,4465¢4 - )
[(S2)] A projective measurement (donated as My) is per-
formed by Alice on particles (Aj,A3,A3,A4) under a set of

orthogonal bases {|¢!)...|€!®)}, which composed of the com-
putation basis {|0000),|0001),...,|[1111)},

(Je')...1e"))T = My, @ My, (]0000),|0001),...,[1111))T. (8)
Here construct a 4 x 4 matrix M(z),

0 2
—21 20 3 22

M(z) = 9

(2) -2 —z3 20 —21 |’ ©)

3 —2271 20

22 —13

and
MA] :M(X), (Z:X),
My, =M(y) x U, (z2=1Y), (10)

where Uy = diag(1,1,1,—1).
state |¥)12 in Eq. (7) can also be of the form

Therefore, the total systemic

~ 1
P12 = Z[\81>A1A2A3A4(x0\0000>+x1|0011>
+)C2|1100>—X3|1111>)313233B4

090302-2
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(v0/0000) +y1|0011) + y2|1100)

+1€2) 4,454, (X0]/0000) 4 x;0011)

+ x5 1100)
(0[001T)
+ e

_x3|1111>)BleB3B4
= 1[0000) +y2[1111) +y3[1100) )¢, coc5¢4

+1€"%) 4, 4,454, (X0 1111) 421 1100)
—x2|0011) 4 x3/0000)) 3, 8,55,

_Y3|1111>)C1C2C3C4

(vo[1111) + y1|1100)
+y3|0000>)C1C2C3C4]'

—y2[0011)

(11)

[(S3)] In response to the different measurement out-

comes of sender Alice, receiver Bob operates on his qubits

(B1,B2, B3, By) with an appropriate unitary transformation U,

and Charlie reconstructs the state U as well. All the situations

are shown in Table 1.

Table 1. Measurement results and unitary operations of each party in multicast scheme of arbitrary four-qubit cluster states via twelve-qubit

non-maximally entangled channel.

Alice’s results

States of particles (By,B2,B3,B4)

Bob’s operation

States of particles (Cy,C»,C3,Cy)

Charlie’s operation

‘8]>A1A7A3A4 xo‘OOOO)+X1|0011>+)C2|1100>—X3‘1111>
|€2)4, 49454, X0|0000) +x1[0011) -+ x2|1100) —x3|1111)
|€3)a, 40434, %0]0000) +2x1[0011) +x5[1100) — x3|1111)
‘84>A1A2A3A4 xo\OOO())+x1|0011>+x2|1100> X3‘1111>
|€5)A, 40434, X0|0011) —x{[0000) +x,[1111) +x3|1100)
1€ A, 40434,  X0]0011) —x{[0000) +x2[1111) +x3|1100)
|€") A a0454,  %0{0011) —x1{0000) +x2|1111) +x3]1100)
€804, 40434, X0|0011) —x{[0000) +x,[1111) +x3/1100)
|€%)a, 40454, X0|1100) —2x1[1111) —x,[0000) — x3|0011)
€194, 40434,  X0|1100) —x1|1111) —x|0000) — x3]0011)
l€M) A 40434, X0|1100) —x;|1111) —x|0000) —x3]0011)
|€12) 0434, X0|1100) —x;|1111) —x,|0000) —x3]0011)
‘8|3>A]A2A3A4 x0\1111>+x1|1100> JC2|00]1>+X"§‘OOOO>
€M) A 40434, X0|1111) +x;|1100) —x|0011) 4 x3]0000)
€15 A 40434, X0|1111) +x1|1100) —x7|0011) 4 x3]0000)
‘8 6>A1A2A3A4 x0\1111>+x1|1100> x2|0011)+x;\0000>

LRLRLRI,
LRLhRL Rl
LheheLel
LRLRLRI,
LRLRX;QY,
LehLheX;QY,
LRLRX30Y,
LRLHRX3RYy
X1 @HheZLzeh
X1 R RZ3Q1y
X1 HheZzeL
X1 @HheZLzeh
1Xo X3 ®0Xy
Y1 0Xo X3R0Xy
V10X 0X30Xs
1Xo X3 20Xy

¥0/0000) + y1[0011) 4 y,|1100) — y3|1111)
¥0[0011) — y1[0000) 4 y»|1111) 4 y3|1100)
Yo/ 1100) — y; |1111) — y2|0000) — y3]0011)
yo|1111) +y1[1100) — y2]|0011) + y3/0000)
¥0/0000) + y1[0011) + y,|1100) — y3|1111)
¥0[0011) — y1|0000) + y2|1111) + y3/1100)
Yo/ 1100) — y; |1111) — y,|0000) — y3]0011)
Yol 1111) 4 y1]1100) — y2|0011) + y3]0000)
¥0/0000) +y1[0011) +y,|1100) — y3|1111)
¥0/0011) — y1|0000>+y2|11]1)+y;\1100)
¥0[1100) — y1[1111) — 2]0000) — y3[0011)
yo[1111) 4 y1|1100) — y2]0011) + y3]/0000)
¥0/0000) +y1|0011) +y|1100) — y3|1111)
¥0[0011) —y1{0000) +y2|1111) -+ y3|1100)
Yo/ 1100) — y; |[1111) — y2|0000) — y3]0011)
)+ ) )

yo|1111) +y1|1100) — y|0011) + y3/0000)

LRLRLE®I
LRL®RX3RY,
X1 @Hh®Z3Q1
YIX X3 ®Xy

LRLRL®I
LReLeX;Y,
XIRYL,®Z3R14
YIXo X3 ®Xy
L®D ®I3 ® 1y
LRLRX3RY,
X1 ®Hh®Z3Q1
V1@X®X30X,
LRLR®RLRIY
LRLRX3RYy
X1 @Hh®Z3Q1
Y1 X, X3 0Xy

According to the above-mentioned three steps, one can see that each receiver can obtain the different cluster-type states

synchronously with the probability 16@'8713, and the detailed steps are shown in Fig. 1.

Alice

auxiliary qubit
S-QPM

Charlie

(step-1)

Fig. 1. Schematic diagram for the multicast scheme implementation of (S7)—(S3). A twelve-qubit non-maximally entangled state is used as the
quantum channel. S-QPM and F-QPM stand for the single- and four-qubit projective measurements, which are performed by Alice. Up and Uc
stand for the appropriate unitary operations on particles (B, B2, B3,B4) and (Cy,C,,C3,Cy), respectively, which are performed by Bob and Charlie.

3. The deterministic multicast scheme of arbi-

trary single- and two-qubit states via the nine-

qubit non-maximally entangled channel

Supposed that there are four parties, under the control of

the supervisor David, sender Alice would like to assist receiver
Bob remotely in the preparation of the arbitrary single-qubit
state |v;) and assists receiver Charlie in the preparation of the

090302-3

(step-2)

F-QPM4g, 4,444,

arbitrary two-qubit states |v3),

Vi) = ou|0) + Bi[1),

Charlie

(step-3)

[v2) = a2[00) + B2[01) + [ 10) + &[11),

Lag+pi+%+p3 =

12)

where the parameters o, 0, B1, 2,72, &, are real, and satisfy

of + B =

known to sender while unknown to the receivers.

1. Note that parameters are
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To accomplish the task of this protocol, three non-
maximally entangled quantum resources shared by four par-
ticipants are shown as follows:

1
MS') = ﬁ(|000> +11[111) + k1 [110)) 123,
1
MS?) = ﬁ(|000> +L[111) +k2[110))456,
1
MS?) = ﬁ(|000> +5[111) +k3[110))789,  (13)

where [; and k; are assumed to be real and li2 +kl.2 =1(i=
1,2,3). Among these nine particles, Alice possesses (1,4,7),
Bob and Charlie are in possession of 2 and (5,8) respectively,
and David owns the rest (3,6,9). Thus, the combined state | D)o
turns to

|(p>9 = ‘M51>A13D1 ® ‘MSZ>A2C1D2 ® ‘MS3>A3C2D3

010,
-0
a1
—01 0
B16>
By
B1 B2

—Bron

o100
—a1f
—ar1n

0,6,

Bix
—B1B2
By

Bi16>

a1
o100
-5,
-y
B1 B2
Bio
—B162
By

ary
010,
100
a1
Bir
B1 62
Bion

B1 B2

While Eq. (14) can also be of the form

1
@) = ﬁ(|gl>A1A2As®|€1>DlDzDzsclcz

+1€2) 4,045 @ |62) Dy DyD3BC,C

+"'+‘€8>A1A2A3®|§8>DlDzD3BC1C2)’ (17)

where |G;) is taken as an example, i.e.,

|61)D,D,D3BCC,

= (0 02/000000) 4 k3 01 B2|000001)
+ 130 21001001) + k> t1 12 |000010)
+ kok30t18,|000011) + kpl3061 3,]001011)
+1019:1010010) + k3 0t 8,|010011)
+ 1300 8,|011011) — k; B 02|000100)
— kik3B1 B2|000101) — ki 1381 B2|001101)
—k1k2f31721000110) — ki kaks 1 62|000111)
—kikal3818,|001111) — k11, 8172|010110)
—kilhk3B18,]010111) — kil 1381 8>|011111)
— 11 B102|100100) — [, k381 B2|100101)
— 111381 B2|101101) — 11 k2 B1 721001 10)
—l1kok3 1 82|100111) — [1kpl38182|101111)
—LLP17|110110) — [11,k3318,|110111)

—libl3B1&:[111111))p, p,DyBCy C, - (18)

1
22
® (]000) + L[ 111) 4 k[110)) a0,

@ (|000) 4 13| 111) + k3| 110)) a5 -

(1000) +1;|111) +k;|110))4, 5D,

(14)

The detailed steps of the deterministic multicast scheme
via the non-maximally entangled quantum channel are shown
in the following.

[(S1)] A projective measurement is made by Alice on par-
ticles (A,A2,A3) in the orthogonal basis {|&')} (i=1,2,...,8)
composed of computational bases {|000),]001),...,[111)},

(|e"),1€%),...,1e¥N)T = M4 (]000),]001),...,[111))T, (15)

where M4 in Eq. (15) is taken to be

P =B B —Pid
BB —Prw —Pid&  Pin
Bir Bi&h P —Bip:
16 B BB P (16)
o Py ap b
—ouf o sk -y
-y —udh oy ouf
ai,  —ap o oo

After sender’s projective measurement, by classical com-
munication, she broadcasts her measurement outcomes to Bob
and Charlie synchronously.

[(S2)] If controller David consents to provide the assis-
tance, he will perform three measurements on particles D,
D», D3 in the following bases synchronously,

10D, = ——— (1 4+k7)[0) + 1;| )],

B+ (1+kj)?
N = 1—k;)[0) —1;]1)],
), z;+(1_k,>z[( 210) =151
(j:1,2,3). (19)

As an example, one can see that if Alice’s result is |g|),
David’s results are |7, )p,|7+)p,|T+)p,. the states of particles
B and (C;,(,) evolve as

[7+)p, |T4)D, |7+) Dy
61)DDyD3BCICy —

5110} Bi[1)a s (e0l00)
+B2[01) + 12[10) + &[11)) ¢y

where pi = /12 + (1 +k1)2 /B + (1+ k)2 /B + (1 +K3)2
[(S3)] According to the above measurement outcomes,

(20)

two receivers perform recovery operations on their particles
to obtain |v;) and |v,), respectively. Cases under |¢') AAyAs
are taken as an example listed in Table 2.

090302-4
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Table 2. Measurement results and unitary operations of each party in deterministic multicast scheme of arbitrary single- and two-qubit states
via the nine-qubit non-maximally entangled quantum channel under the orthogonal basis vectors |¢') A AyAs -

Alice’s results

David’s results of (Dy,D;,D3)

Bob’s operation Charlie’s operation

|7+)p,
|7+)p,
|7-)p,
|81>A1A2A3
|74+)D,
l7-)p,
|7-)p,

‘T+>D3 O I®1

PN o I®o0.

IT4)p; o; o, ®1
)Ds O 0;®0;
)D; 1 101
)Ds 1 I®o;
) I o.®l
) I 0, ®0;

To be simplified, the other cases of Alice’s results
(|82>A|A2A3 ...|£8>A1A2A3) are no longer depicted here as they
are the similar analyses. For all the 64 measurement results,
Bob can always obtain the arbitrary single-qubit state |v;) by
appropriate unitary operations Up, and Charlie obtains arbi-
trary two-qubit state [v2) by Uc,c, synchronously. Thus, the
success probability of this scheme is 100%. For clarity, its
implementation of quantum circuit is displayed in Fig. 2.

Ay
Ay
As

: LI
classical communication
'

'
%y

1)
o *} i)

Fig. 2. Schematic quantum circuit for deterministic multicast scheme of
arbitrary single- and two-qubit states via the nine-qubit non-maximally
entangled quantum channel. S-QPM and T-QPM denote single- and
three-qubit projective measurements under a set of complete orthogo-
nal basis vectors {|€)}4,4,4; and {|7)}p, respectively. Up and Uc,c,
stand for the appropriate unitary operations on particles B and (C;,C,),
respectively, which are performed by receivers.

4. Discussion and comparison

According to the theoretical analysis in Sections 2 and 3,
by non-maximally entangled channel, we propose two quan-
tum multicast schemes including one sender and multiple re-
ceivers, which enable each receiver to obtain different quan-
tum states synchronously. Next, we will give the discussion
and comparison about our schemes by the following two as-
pects.

4.1. Success probability

In this section, we will analyze the success probabilities
of two schemes, which are mathematically expressed as fol-
lows. For the first one, the total success probability (TSP;)
reads

TSPy = Z Z ZPMQI1”1141,,2\1141(11PMA\Axlazzwg1
May Moy My

1
16><E-4C§-4n§

= 16{5n;5. Q1)

The relationship between the total success probability
(TSP) and parameters ({p and 7o) is shown in Fig. 3. If the
parameters are chosen at the beginning, the channels will be-
come maximally entangled.

Fig. 3. The relation among TSP and the parameters {y and 1 of chan-
nel entanglement.

For the second one, the total success probability (TSP;)
can be expressed as

TSP, = ), )

MA1 MDIMDZMD3

8 LN (I o s 2
><<M> X(S) (P +p5+--+p5)
— 1. (22)

Puta, Prap, Mp, Mp, My,

It is shown that the second scheme is deterministic. As
different states can be synchronously obtained by the multi-
ple receivers, its efficiency for qubits approaches the maximal
value.

4.2. Communication efficiency and comparisons

Intrinsic efficiency!*?!

schemes is defined as

of remote state preparation

4dp

H= Ge+x:’ @3
where g, denotes the number of prepared state, g. stands for
the number of quantum channel and auxiliary particles, and
the number of classical bits is expressed as x;. Applying
Eq. (23), we compare the efficiencies of our proposed schemes
with some other RSP schemes using non-maximally entangled

channels in Table 3.
It is apparent that the intrinsic efficiencies of our schemes
are highest among the others. Actually, the comparison of ef-

ficiency is only a part reflection of the actual situation. Our
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proposed schemes have several other nontrivial features: (1)
the non-maximally entangled channels are easy to generate
compared to maximally entangled states; (2) for the second
scheme, the assistance of auxiliary particle is not required,

whereas in some present schemes; 2646491 (3) the success

probability of the second scheme is independent of the chan-
nel parameters, and higher than the RSP protocols using non-
maximally entangled channels. 3132431

Table 3. Comparison with some other RSP schemes using non-maximally entangled channels.

Schemes The number of Quantum The number of Intrinsic
prepared states (qgp) consumption (gc) classical bits (x;) efficiency (i)
Ref. [43] 1 6(6+0) 5 1
Ref. [44]-S; 4 11(11+0) 7 2/9
Ref. [44]-5> 4 13(13+0) 9 211
Ref. [45] 2 8(8+0) 6 17
Scheme 1 8 14(12+2) 6 2/5
Scheme 2 3 9(9+0) 6 1/5

5. Conclusions

In addition to the conventional RSP with two parties, mul-
tiparty RSP plays a significant role in the general quantum net-
work communication and quantum distributed computation.
Different from joint remote state preparation, our concern is to
investigate the multicast-based RSP with one sender to mul-
tiple receivers taking non-maximally entangled state as the
shared entangled resources. In particular, each receiver can
obtain different quantum information synchronously.

To this aim, we put forward two three-party multicast
schemes based on the non-maximally entangled channels,
where sender Alice remotely help receivers Bob and Char-
lie prepare different quantum states synchronously. Firstly,
sender and controller construct two sets of completely orthog-
onal bases. After their measurements, two receivers recover
the states by unitary operations. In the first scheme, each re-
ceiver can obtain the different four-qubit cluster-type states
probably, and its probability depends on the channel param-
eters (o and 1)9). To improve the probabilities of such multi-
cast RSP using the non-maximally entangled channel, by the
nine-qubit partially entangled channel, the determined multi-
cast CRSP scheme is given in the second scheme, so that Bob
can obtain an arbitrary single-qubit state, and Charlie obtains
an arbitrary two-qubit state synchronously. It is worth em-
phasizing that the probability of the second scheme can reach
100%, irrespective of /; and k;, and auxiliary resources are not
required. It is shown that the non-maximally entangled chan-
nels may offer some significant advantages in quantum infor-
mation transmission.
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