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Deterministic remote state preparation of arbitrary three-qubit state
through noisy cluster-GHZ channel
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We propose a novel scheme for remote state preparation of an arbitrary three-qubit state with unit success probability,
utilizing a nine-qubit cluster-GHZ state without introducing auxiliary qubits. Furthermore, we proceed to investigate the
effects of different quantum noises (e.g., amplitude-damping, phase-damping, bit-flip and phase-flip noises) on the systems.
The fidelity results of three-qubit target state are presented, which are usually used to illustrate how close the output state
is to the target state. To compare the different effects between the four common types of quantum noises, the fidelities
under one specific identical target state are also calculated and discussed. It is found that the fidelity of the phase-flip noisy
channel drops the fastest through the four types of noisy channels, while the fidelity is found to always maintain at 1 in

bit-flip noisy channel.

Keywords: deterministic remote state preparation, arbitrary three-qubit state, cluster state, quantum noises

PACS: 03.67.Hk, 42.50.Lc

1. Introduction

As a fundamental property of quantum mechanics, quan-
tum entanglement has led to many important discoveries,
such as quantum teleportation (QT),['=3 quantum key dis-
tribution (QKD),*’! quantum secret sharing,!®! quantum
dialogue,!”! quantum dense coding,®! and remote state prepa-
ration (RSP).[>!% Compared with their classic methods, in
principle, quantum protocols can guarantee a higher security.
Research in the fields of quantum system control/!!=161 and
quantum information processing!!’->’1 have been extensively
studied in recent years. The idea of QT was first proposed by
Bennet er al.''1 in 1993, in which the sender wished to transmit
an arbitrary single-qubit state to a distant receiver via the max-
imally entangled Bell state. Neither the sender nor the receiver
knows any information about the state to be transmitted. Later,
the concept of remote state preparation was proposed by Lo
et al.”! in 2000, where the sender could remotely prepare an
arbitrary single-qubit state for the receiver by classical com-
munication and a pre-shared entangled state. Different from
QT, the sender prepares a known state for the receiver with
a pre-shared quantum channel and appropriate measurements.
Until now, there are already many different kinds of RSP pro-
tocols reported, such as deterministic RSP (DRSP), [?!2?] joint
RSP (JRSP)23-24] and controlled RSP (CRSP). 25261 The main
advantage of DRSP over RSP protocol is that DRSP proto-
cols can guarantee unit success probability. Various DRSP
protocols have been proposed over the past few years and
many entangled states (e.g., Einstein—Podolsky—Rosen (EPR)
pairs,?’-301 GHZ state,>'3%) cluster state, >33 y state,[>?]
Brown state!>] and Bell state'*®!) have been used to imple-
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ment DRSP. In 2013, Zhan et al.®”! proposed a DRSP scheme
by using six EPR pairs, where a four-qubit cluster state was
remotely prepared. In 2015, Hou et al.’® presented several
DRSP schemes of four-qubit W state via EPR pairs and GHZ
states. In 2017, Zhang et al.!*?! and Ma et al.'>3! put forward
two DRSP protocols, in which arbitrary two- and three-qubit
states were prepared by taking yx state and Brown state as the
entangled channels. In 2018, Wei et al. gave an efficient
DRSP scheme for preparing an arbitrary n-qubit equatorial
state via multiple two-qubit maximally entangled states. In
2020, Zha et al.'*! proposed two DRSP protocols, where an
arbitrary four-qubit cluster state could be prepared using two
Bell states. In these schemes, the ideal channels were used.
However, noises inevitably influence the process of the quan-
tum information transmission.

Recently, researchers have examined the effects of quan-
tum noise on DRSP of one-qubit,[*! two-qubit*>*3! and
three-qubit!*+*] states. In 2019, Zhang et al.'*?! proposed
two DRSP schemes of arbitrary two-qubit state via the ) state
channel in noisy environment. In 2020, Qian et al. [41] pre-
sented a DRSP scheme, in which arbitrary one-qubit state
working in noisy environment was prepared via one interme-
diate node. Dash er al.[*3] investigated the effects of differ-
ent quantum noises on DRSP of arbitrary two-qubit system.
The effects of quantum noise have been taken into consider-
ation in these DRSP schemes. There have been many stud-
ies previously published on the RSP of arbitrary three-qubit
state.[*=47 In 2016, Falaye et al.'**! put forward a JRSP pro-
tocol of three-qubit states via three tripartite GHZ entangled
states in noisy quantum channel, by putting some special cases
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into consideration, in which the success probability could be
ameliorated to 1. In 2018, Sun et al.[*3! studied the effects of
noise on two DRSP protocols of an arbitrary three-qubit state,
where J state and Brown state were used as the quantum chan-
nel, respectively.

Cluster states have played a crucial role in quantum in-
formation processing tasks in recent years. It is worth not-
ing that there has been no study on the DRSP of three-qubit
states when the cluster-GHZ channel are used so far. Here,
we present a deterministic remote state preparation protocol
for remotely preparing arbitrary three-qubit state in ideal en-
vironment, where the sender Alice and the receiver Bob share
a composite cluster-GHZ state as the quantum channel. Alice
performs two three-qubit measurements based on her knowl-
edge of the original states. Finally, according to Alice’s mea-
surement results, the receiver Bob can reconstruct the respec-
tive target state by preforming appropriate unitary operations.
In this paper, we also analyze the impact of four kinds of quan-
tum noises, such as amplitude-damping, phase-damping, bit-
flip and phase-flip noises, on DRSP of an arbitrary three-qubit
state via a nine-qubit cluster-GHZ state channel. Further, we
provide the fidelity results of arbitrary three-qubit target state.
The results of this study indicate that the fidelities depend on
the noise parameters, the amplitude parameters and the phase
information of the initial state. The detailed analysis will be
given in Section 3. The structure of the paper is arranged as
follows. In Section 2, we introduce a novel DRSP protocol of
arbitrary three-qubit state via a nine-qubit cluster-GHZ state
channel. In Section 3, we proceed to investigate the effects of
noises on the quantum channel and analyze the fidelities ob-
tained. Finally, we discuss the performance of our scheme and
close the paper with a brief summary in Section 4.

2. Remote state preparation of an arbitrary
three qubit state

In this section, we discuss the remote state preparation of
an arbitrary three-qubit state under ideal channels. Suppose
that there are two participants: Alice and Bob. Alice intends
to prepare an arbitrary three-qubit state for Bob. Here the state
is known by Alice. The receiver does not have any knowledge
about the original state at all. The desired state is described as

follows:

X5y, = X0€'®[000) +x1¢'% [001) +x,¢'* [010)
+x3e1%011) +x4e%[100) +x5¢'% [101)
+x6e'%[110) +x7¢'% [111), (1)

where x; and 6; € [0,27), (i=1,2,3,. ) are real numbers,

and satisfy the normalization condition Z x = 1. In addi-

=0
tion, in order to realize the DRSP, we assume that the quantum
channel |y) shared initially by the two participants consists of

one six-qubit cluster state and one GHZ state. The entire quan-
tum system can be rewritten as

1
ly) = E(\OOOOOO)+|000111>+|111000>
- |111111>)a1u2bla3a4b2

2 - (1000) +[111))

\/Q a5a6b3
1
= —~=(/000000000) + |000111000) + |111000000
273 )+ )+ )

— [111111000) 4 [000000111) +[000111111)
+ \ 1110001 11) — [TTTT T ) gy 055y asasbaasachs
= (1000) © [000000) +001) ©[001001)

2f
+1010) ®]010010) +[011) ®]011011)

+]100) ® |100100) + |101) ® |101101) — |110)
® [110110) — [111) @ [ 111111 ) 4y asasasasaghybabs - (2)

Here, qubits ay, az, a3, a4, as and ag belong to Alice and b1,
b, and b3 belong to Bob, respectively.

In order to realize the DRSP of arbitrary three-qubit state
for Bob, Alice firstly performs a projective measurement on
her particles with the mutually orthogonal base {|@;)} (i =
0,1,2,...,7):

_|(P()>_ X0 X1 X2 X3 X4 X5 Xg X7 |000_

)
lo1) X] —Xo X3 —Xp X5 —Xx4 X7 —Xg||[]|001)
@) |x2 —x3 —x0 x1 —x¢ X7 xa —xs5/|[]|010)
|(P3> X3 X2 —X1 —X0 X7 Xe —X5 —X4 |011> 3)
lQa)| |x4 —x5 X6 —x7 —x0 X1 —x2 x3 |[[100)|"
|(P5> X5 X4 —X7 —X¢ —X] —X0 X3 X2 |101>
|os)| X6 —x7 —x4 x5 X3 —x3 —xo x1 |[[|110)
o) [*7 %6 x5 x4 —x3 —xa —x1 —xo] [[111)

Next, according to her first measurement result, Alice chooses
the projective measurement bases to measure her qubits, where
a set of mutually orthogonal basis is given by

(O T
|7701)> 1000)
|n1(1)> 1001)
|n2<,)> 010)
") | _ ~ | 1011)

4
in(y |101)
s, 1110)
Ing”)

% 1111)

LIm77)

GO = G (r0,71,72,73,74,75,76,77)
G\ =G (r1,r0,13,12,Fs,74,77,76)
G? =G (ra,r3,70,71,76,77,74,75)
G® = G(r3,r2,71,70,77,76,75,74) ,
GW = G (r4,r5,76,77,70,71,712,73) ,
GO =G (rs,ra,r7,76,11,70,73,72)
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6
G = G (r6,r7,ra,rs,12,13,70,71),
7
G 7 =G (r1,r6,r5,74,73,72,71,70) » (5)

with
e—lek ,

(k=0,1,2,...,7).

Fy =

The matrix G (ro,r1,r2,73,r4,¥5,76,77) is given by

_rO r rp r3 rg rs X I7 1

ro —ry rp —rs3 r4 —rs re —I7

ro —ry —rp r3 —r4 rs re —ry

G<O):L ro ry —rp —r3 r4 rs —re —r7 ' (6)

272 Yo —ry rp —r3 —r4 s —rg 17

ro ry —rp —r3 —r4 —rs rg r

ro —ry —r r3 r4y —r5 —rg 17

_r() ri r r3 —r4 —F5 —Fg —}’7_

Obviously, the remaining matrices will be easily written by the
law. The corresponding relationship between Alice’s measure-
ment results {|¢;)} and the measuring basis {|nj(.i)>} can be
described as {|@;)} — {|nj(i)>}, (1,j=0,1,2,...,7). After Al-
ice’s measurements, she informs Bob of her two measurement
results by the classical channel. Bob first applies the following

unitary transformation on his particles by, b, and b3:

Ub1b2b3 -

)

SO OO OO
S OO OO oo

—1
0 -1

[=ReoNeBoNoNe el
[=NeNeoBoNoNe N =
[=NeoNeBoNel =]
[eNeoNeBal S =Nl
S OO~ OO OO
[=Nel N oloNoNeNe]

In this case, it is easy to see that Bob can always re-
establish the target state with the same probability, provided
that Alice’s projective measurement result is anyone of the
sixty-four results. Then, according to the result, he can recover
the original state |y) bybyby DY Suitable unitary operations. For
instance, without loss of generality, when Alice’s measure-
ment outcomes are |Q;) ® |n2(1)>, Bob needs to perform the
unitary operation Z; Z;,Xp, to restore the target state shown
in Eq. (1). The relationship between the measurement results
(MR) obtained by Alice and the necessary unitary operations
performed by Bob (Uy) is shown in Table 1.

Table 1. Unitary operations (U,) performed by Bob according to the measurement result (MR) of Alice. Here, & and C;i) represent Alice’s

measurement results | ;) and |nj<-') )asagag - TESpectively.

ajasas

MR Uy MR Uy MR Uy MR Uy
&ty Iy I, I, & 2, (ZX ), Zs &) (ZX )by 1o, Zs £l X, (ZX)b, 21
&t Iy, Iy, Zp, &g Zp, Zp, Xp, &g (ZX)p, Iy Iy &4\ Xoy (ZX ), 21,
&g 12,2y, Z), &e” Iy, Xp, I, ey Xb1 Zpy Zpy &4 (ZX )01 Xy Iy
e Iy, Zp, I, &4 Zp, X, Z, &Y (ZX)1,Z1, 2, e Kby Xy Zs
50@50) Zp, Ipy Zp, & Ciz) Iy, Zp) (XZ), 54@54) Xp, Ip, I, 56;56) (ZX)p, (ZX)p, Iy,
&t Zppy Zp, I, &t Iy, Xp, Zp,s ey Xo, Ziy Zpy &etL0 (ZX)b, Xby 25
e 1y, Zv, Zy,s &g Zy, Xp, I, &Y 2y, X, Zp, &ty Xoy Xy I,y
Nl Zppy I, I, & Iy, (ZX) b, Z, &Y Xp, 1y Zs &G (ZX )b, (ZX )b, 25
&g Iy, 1, (ZX ), &g Iy, (ZX)1, (ZX )y &) (ZX), Zo, X, & (ZX ) Xy X
&g Iy, X, 667 L, @X0n@X0s &8 @0nZn@X), &Y (ZX )y X (ZX )
65" 21,2, Xs, &y 2\ X, (ZX ), &y Xy Iy (ZX), &g (ZX )b, Xb, (ZX),
&g Iy, Zy, (ZX ), &g Iy, Xp, X, &g (ZX) b, 15, X, & (XZ)p, Xy X,
&g Zy, 1y, Xp, &g Z, (ZX)p, (ZX )5 &gy X, Zp, (ZX )1, &¢ (ZX)p, (ZX )y (ZX )
ag’ Bz @0, &g 21, X0, X, &8 X, I, Xo, G987 (X2 Xy (X,
&g Iy, Zp, X, ¢ Xp, Zp, Xp, &¢ (ZX), 1y (ZX )by &¢ (ZX )b, (ZX )b, (ZX ),
88" Zuln @0 &8 2@k &8 XZn@0n  &C X X, X

3. RSP of an arbitrary three-qubit state in noisy
environment

Quantum noise should be taken into account in actual
communication. This section describes four types of quan-
tum noises that are common in quantum channels: amplitude-
damping, phase-damping, bit-flip and phase-flip noises. Quan-
tum noise can be considered as a specific quantum operation
that can be expressed in the form of operator summation. In
order to determine the information loss, the fidelity in each sit-
uation is calculated. The DRSP of arbitrary three-qubit state is
considered as follows. Alice is the source generator. She keeps

qubits (ay,a»,as3,as,as,aq), and sends (by,by,b3) to Bob via
the noisy channels. The noise on each channel is identical.
Since the qubit pair (a1,a,a3,a4,as,ae) is not transmitted, it
only takes into account the effect of the channel noise on the
qubits (by,br,b3).

3.1. Density operators representation

We analyze the DRSP of an arbitrary three-qubit state
in the form of density operators.[*!! Alice distributes qubits
to Bob through four kinds of noisy channels (bit-flip, phase-

flip, amplitude-damping and phase-damping noisy channels,
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respectively). The prepared state can be written as

Prarget = ) (x| (3)
The density matrix of a quantum channel has the form
Psource = |W> <‘I/| . (9)
The first measurement base of Alice is
MA[:|(P1><(P1|, 16{07]725 77} (10)
The second measurement base of Alice is
MB; = n'"N (0], jelfo,1,2,...,7 1
J nj T’J ) .]E{a gLy ey } ( )

The steps of the remote preparation of arbitrary three-
qubit state can be written as follows:

Step 1 Alice measures qubits (a1, a3,as) using measure-
ment operators MA;, and the system becomes

MA; - Psource 'MA,T
tr (MA,T “MA; - psource)

po, = (12

tral asdas

Step 2 Alice measures qubits (a2, a4, ae) using the mea-
surement operators MB, and the system becomes

MB; - po, 'MB;

tr (MBI 'MBj ' psource)

Py = arasag (13)

Step 3 Bob recovers the prepared state by performing
another corresponding operation U and R<il>,

pou =R -Upp,-U" RV (14)
Step 4 The fidelity of the system is
F = (xlpout|2) - (15)

The fidelity ranges from O to 1, indicating that the smaller
fidelity, the more information lost in noisy environment.

In the following discussions, we assume that Alice S mea-
surement results are MAg = |@o){@o| and MBy = |110 )( (©) l,
respectively.

3.2. The amplitude-damping noise

The amplitude damping noise describes the effect of en-
ergy dissipation due to energy loss in the quantum system. [+]
The Kraus operators of the amplitude-damping noise are ex-
pressed as follows:

(1 0 _ (0 V2ap
E0—<Om>> EO—(O 0 >7 (16)

where 0 < Axp < 1 indicates the noise factor which charac-
terizes the error probability. The influence of the amplitude-
damping channel can be written as

ZZ’Z’EblEszb?pE?ITEj?Z""EII{’}'{'7 17

where p denotes the density matrix of the state described in
Eq. (2), and E;, E}, E} denote the noise operators acting on the
transmitted qubits, and the superscripts represent the transmit-
ted qubits. Following the similar steps (step 1 to 4 in this sec-
tion), in the amplitude-damping noisy environment, the output
state is

pow = Ao| PP Ao (PYP| + Ao [PPY Ay’ (PP
+A0[PSP) A" (PP + A0 [PP) Ay’ (PP
+Ao[PP) Ao’ (PP | + A0 |PSP) Ao’ (PSP
+A0 |PEP) Ao’ (PEP |+ Ao | PPP) Ao’ (PP

, (18)

[xoe_leo,xl e 10 xye 1% xyem1% xye 10 xseTi0 xoe 1% xy e_197] ,

1 —Aap)|011),

3
(1—=2ap)|101), (1 —2ap) |110),4/1 —Axp |111)]T
r T
10.V/24p[000) .0, /2an (1 = Aap) [010) .0, +/Aap (1 — Aap) 100} .0, /‘LAD(lflAD)HlO)] :

T
an (1 — Aap) | 100, /‘LAD(l—/IAD)UOl)] :

2an(1—Aap) |o11>] ,

A() = [xgeie",xleie‘,xzeiez,xgei93,x4eie47x5ei65,xﬁei96,x7eie7},
Ay =
PP = [/000),v/1 —2ap[001), /T~ Aap 010} ,(
V1= 2Aap [100},
PP) =
[P = 0 0,v/Aap |000) , \/Aap (1 — Aap) [001),
AD T
|PPPY = o,o,o,AAD\000>,o,o,0, QLAD(lf)LAD)UOO)} ,
|PPPY = 0 0,0,0,v/2Aap [000) ,\/2ap (1 — Aap) [001) ,/Aap (1 — Aap) [010),
|PAPY = O,O,O,O,O,AAD|OOO>,O,\/?LAD(I—7LAD)|010>} ,
r T
|PAPY = O,O,O,O,O,O,AAD|OOO>,\/7LAD(1fPLAD)|001>} ,
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T
[P = [0,0,0,0,0,0,0,v/Aap 000)] )

The fidelity is calculated as follows:

D — xé—i—Zm% (x%—l—x%—&—xi) +2m5x% (x%—l—xg—kx%)
+ (1 —=2Aap) [(x‘l‘ +x3 —&—xﬁ) +2x3 (x% +x2 +x§) +2 (x%x% +x3x] —|—x%xﬁ)]
+2v/1 —JLAD3 [(x% +x3 +x421) (x% +x2 +x§) +x%x(2)] +(1—2ap)’x3
+(1—2ap)? [x% (B 422 +22) + (2 +2)° +23 (F +3 +x§)]
+ AADX3 (x%—i—x% +x%) +A(1-2) [(x%x% 4 x3a2 + x5 4 x3xE + 02 —|—x%x%)]
+2A (1= AaD) - (x0x1x6x7 cOS (01 + B — 6y — 67) + x2x3x4x5 COS (03 + 64 — 62 — 65)
+ xpx2x5x7 €08 (62 + 05 — By — 07) + X1 xX3x4x6 COS (63 + O4 — O — )
+ x0x3x4x7 €08 (63 + 04 — By — 67) + x1x2x5x6 cOS (62 + Os — 6 — 65) )
+4lm~ (x0x1x2x3 cos (61 + 6, — 0y — 63) + xpx1x4x5cos (0] + 04 — By — 65)
+ X0X2x4%6 €08 (62 + 04 — 6 — 06) ) + Aap (1 — Aap ) X2 (x% +x2 —&—x%)
+4A m3 . (X2X3)C6X7 cos (63 + 05 — 0 — 67) + xaxsx6x7 COS (65 + O — B4 — 67)
+X123%5%7 €08 (63 + 85 — 01 — 67) ) + A3p (1 — Aap) X3 (x] +x3 +x3)
+ 21§D M(xoxgmm cos (63 + 04 — 6y — 67) + xpxpx5x7 cos (6p + 6, — 6, — 67)

+X0X1X6X7 COS (01 + 06 — 80 — 67) ) + AApxg (X3 -+ X3 +x3) + A3 pxgAs. (20)

3.3. The phase-damping noise

In contrast to the amplitude-damping noise, the phase-damping noise simulates an interaction with the surroundings when
energy loss is not involved.*#! The behavior of this noise is characterized by the following set of Kraus operators:

10 10 00
Eozvl—;tPD(01>7 E1=\/7LPD<OO), EzzleD(()l), (21

where 0 < App < 1 indicates the noise factor of phase damping noise. The influence of the phase-damping channel is described
in Eq. (17). Based on Egs. (8)—(14), we can obtain the output state
PER = (1-2)%0 [FEP) g’ (BEP] + 4% [0 [BEP) A’ (PP + A0 [PEP ) Aq' (PEP +40 [PEP) Ao (PEP

+A0 [PIP) Ao (P17 | +A0 | P2 Y Ao (P22 | + Ao | P33 ) Ao’ (P33 | + Ao [Po3 ) Ao/ (P3| + Ao | Pag Y Ao’ (Pog| |
+A(1=2A)*[Ao |PfP) Ao’ (PP |+ A0 | PFP) Ao’ (PSP| + A [P5P) Ao (P3P
+40[F67) A" (PSP | +A40 [B) Ao’ (P + A0 [ PI”) Ao’ (P15
+22(1—2)[Ao |P{P) Ao’ (PP |+ Ao | PEP) Ao’ (PEP| +Ag [PFP) Ao (PFP| + Ao |PPD>A0’ (PEP|
+A0 [Py ) Ao (P | +Ao | PIP YA (PP + A0 [P ) Ad' (P | + Ao |PI3 ) Ao’ (PIY
+A0 [PI9”) Ao’ (P13’ | + Ao [Pxg”) Ao’ (P’ | + Ao [P ) Ao’ (PP | + Ao [P22) Ao’ (P27’

1, (22)

where |PPP) = 10,1001),0,0,0,]101),0,0]",

0,0,]010),]011),0,0,[110), |111)]T,
0,0,]010),0,0,0,]110),0]",

[0,
|Ps°) =1
[
0,0,0,]011),0,0,0,|111)]",
[
[
[

D
|PYP) =[|000),]001),]010),]011),]100), )=
1101),[110), [111)]T, [P7) =
[]000) ,0,]010) ,0,|100) ,0,|110),0]", [757)

®)
0)
")

PP) =

T
|PFP) = [0,[001),0, [011),0,101),0,]111)], |P5®) = 1000}, |001),]010),]011),0,0,0,0]",
|PEP) = [000),001),0,0,]100),]101),0,0]", |PEPY = [1000),0,]010},0,0,0,0,0]",
|P{") = [/000),0,0,0,1100),0,0,0]", |PPPY = 0,|001 },0,011),0,0,0,0]",
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|PPP) = [/000) ,1001),0,0,0,0,0,0] ", |P¥P) =10,0,0,0,]100),|101),0,0]",

|PPP) = [1000),0,0,0,0,0,0,0]", |PP) = [0,0,0,0,]100) ,0,0,0]

|PEP) = [0,1001),0,0,0,0,0,0]", |PPP) =10,0,0,0,0,]101),0,0]",

|PP) =1[0,0,|010),]011),0,0,0,0], |PEP) = [0,0,0,0,0,0,[110),[111)]",

|PI’) = [0,0,1010),0,0,0,0,0]", |PEP) = 10,0,0,0,0,0,0,]111)]T,

[P7) = 10,0,0,/011),0,0,0,0]", |PFP) =10,0,0,0,0,0,0,|111)]". (23)
|PRP) =[0,0,0,0,]100),[101),[110),|111)]",

’ > [0,0,0,0,[100),,0,[110), ] Following the similar steps, the fidelity is calculated as fol-
PP =[0,0,0,0,0,[101),0,[111)]", lows:

FPP = (1—2pp)” + Ap (x§ +xf + 23 +d + 2 +xd 2 +23)
+ 20 (1= A)* (B + 3 +3 +32) + (F+23 + 2 +3) "+ (F+aF +.3 +3)°
+(x%+xﬁ+xé+x%)2+(x%+x%+x%+x§)2+ (xﬁ+x§+x%+x%)2)
+ 2 (1= 2ep) (6 +3)" + (5 +:3) + (F+2)" + (G 4+23)" + (B +3)"+ (1 +3)°
(5 4d) + () + (F+23) 4 (F48) 4 (R 4+9) + (3 +43)°). 24)
3.4. The bit-flip noise

The bit-flip noise changes a qubit from |0) — |1) or from |1) — |0) with the probability Agg,/*’! and it can be described by
the Kraus operators as

Eozvl—lBF((l)(l)) E1=\/3~BF<(1)(1))7 (25)

where AgF is the decoherence rate satisfying 0 < Agp < 1. The influence of the bit-flip channel is described in Eq. (17). In the
bit-flip noisy channel, the output state can be calculated as follows:

Pour = (1= AP A0 [ F") A0 (B[ + (1= 2)? [Ao [PPT) Ao” (PP | +Ao [P2) Ao’ (P | +Ao |PF) A" (P

FAR(1=A) [A | PPT) Ao (PPY |+ Ao | PPT) Ao (PPY |+ Ao | PET) Ao (PET|] + A7 A0 |PPT) Ao’ (PP, (26)
where
| PBF) = [|000),,|001),]010}),]011),[100),[101),[110),[111)]",
|PEF) = [[001),|000),|011),]010),]101),[100),[111),[110)]",
|PEF) = [[010),|011),]000),]001),[110),[111),[100),[101)]",
|PBF) = [|011),]010),]001),]000),[111),[110),[101),[100)] ",
|PEF) = [[100),|101),]110}),]111),]000),|001),[010),[011)] ",
|PBFY = [|101),]100),|111),]110),]001),]000),[011),]010)] ",
|PEF) = [|110),|111),]100),]101),]010),|011),000),[001)] ",
|PEF) = [|111),]110),]101),]100),]011),]010),[001),|000)] ". 27

In the bit-flip noisy environment, the fidelity is too dedious to present here. We put it in Appendix A.

3.5. The phase-flip noise

The phase damping noise changes the qubit |1) — —|1) with the probability Apr, which describes the loss of quantum
information that does not contain information loss caused by energy loss,** and its Kraus operators are

Eozvl—/lPF((l)(l)) V;LPF((I) Ol>7 (28)
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where 0 < App < 1 indicates the decoherence rate. The influence of the phase-flip channel is described in Eq. (17). In the
phase-flip noisy environment, we can also calculate the output state

po = (L=A)PAo | BSTY A (BT| + 27 [A0 | PYF) Ag" (PYF[]+ A (1 — A)*[Ao [PIF) Ao/ (PIF |+ Ao | PYT) Ao’ (PST|

+A0 [P Ao (BT[] + A% (1= 1) [Ao | PFT) Ao’ (PST| + Ao [PEF) Ao (PEF| + Ao |PET )Y Ao’ (PET ). (29)
where
|PF) = [/000),|001),]010),|011),|100),|101),|110) ,|111)]",
|PPF) = []001), —[000),[011) ,—[010),|101),—100) ,|111),— |110)]",
|PYFY = []010),(011), —[000) , —[001),|110),|111),—|100) ,— |[101)]",
|PPF) =[j011),—[010) , —[001),000) ,|111) ,—110) ,— |101),|100)]",
|PFF) = []100),[101),[110),[111),—]000) , — |001) ,— |010) ,— |011)]",
|PPFY = []101), —[100),[111),—|110),—]001),|000) ,— |011),|010)]",
|PEF) = []110),|111),,—[100) , —|101),—[010),— 011}, |000) , |001)]",
|PPFY = []111),—[110),—[101),]100),—|011),010) , 001) , — |000)]", (30)

and the fidelity is calculated as follows:

2
FFF — (1 —APF)3+lpF(1 —lpp)2((x(2)—x%—i—x%—x%—i—xi—xg—l—x%—x%)

2

+ (G +xT— x5 — X5+ x5+ 35 —xg —x7)7 4 (5 + 37+ X5 +x3 —x — x5 —xg —x3)%)

+ A3k (1= 2pp) (o — X7 — 3 +3 +x5 — 13

2 2

2, .2)\2 2 2,2 2 2,2 2., 2\2
—Xg+X5) "+ (xF — X7 +25 — x5 — x5 +X5 —xg +X7)

2 2
+(x(2)+x%fx27x§f 4fx§+x%+x%) )+A€F(x(2)fx%fx%+x§fxﬁ+x§+x%fx%) . (€2))

3.6. Analysis of noise impact

It can be seen that the fidelities depend on the coeffi-
cients of the amplitude information of the target state and the
noise parameter under the phase-flip noise and phase-damping
noisy channels. Meanwhile, the decoherence rate, the am-
plitude parameter and the phase information of the initial
state can affect the fidelities in bit-flip and amplitude-damping
noisy channels. For simplicity, when the target state of DRSP

is x0[000) + /1 —x2001) + 1 (010) + 1 [011) (xo € (0, %2],
X1 =1/3—X3,x3=x4 = }, x4 = x5 = X = x7 = 0), the varia-
tions of the fidelities with the decoherence rate and the ampli-
tude parameter of the initial state are illustrated in Figs. 1(a)—
1(d). It is obvious that there is a clear decreasing trend of the
fidelities when the decoherence rates increase, respectively.
We can get a clear picture of how four types of quan-
tum noises affect the system when preparing the same target
state. In Fig. 2, the four types of quantum noises are compared
when the target state is ﬁ(|000> +1001) +]010) +]011) +
|100) + |101) +|110) 4+|111)). As shown in the figure, in the
early stage, the fidelity of the phase-damping noise decreases

faster than that of amplitude-damping noise. However, when

\
A =1, both the fidelities of the phase-damping noise and the

amplitude-damping noise drop to 0.1. For bit-flip noisy envi-
ronment, it is interesting that the fidelity always maintains at 1,
indicating that there will be no loss of information in this case.
Among the four types of quantum noises, the fidelity drops the
fastest in the phase-flip noise and approaches 0 after A reaches
0.85.

(b)

FPF

FBF

1.00

0.95

FAD
FPD

0.90

0.85

0.5 0.5

0 05 45 05

APD Zo

Fig. 1. The fidelities of four-type noise channels with xo and A change

for xq € (O,@],xl = %—x%,)q =x4= % and x4 = x5 =x6 = x7 = 0.

040304-7



Chin. Phys. B 31, 040304 (2022)

1.2

1.0

0.8}

~ 0.6}

0.4+

0.2+

0

0 02 04 06 08 10
A

Fig. 2. Plots of the fidelities as a function of decoherence rate of
amplitude-damping (yellow dotted line), phase-damping (greeen dot-
dash line), bit-flip (bule dashed line), and phase-flip (red solid line)
noise channels withxp =x; =--- =x7 = ﬁ

4. Conclusion

In summary, we have put forward a novel protocol for
deterministic remote state preparation of arbitrary three-qubit
state via one nine-qubit cluster-GHZ entangled state in ideal
environment. We can realize the transmission of arbitrary
three-qubit state which guarantees unit success probability
in the meantime. In this study, two three-qubit projective
measurements and appropriate unitary operations are required
and only two classic bits are cost in classical communica-
tion. In addition, some attempts have been made to con-
struct multi-particle channels, including cluster states and
GHZ states,":33] which have made significant progress in
both theoretical and experimental terms. In one sense, it shows

the feasibility in the experiment in future.

Appendix A

(lleF) +21BF(1*)LBF {xoxl 1+COS2(90791)]
67)] 4 x503 [1 +cos2 (8 — 62)] +x3x3 [1 +cos2(6; — 63)]

4 x2x3 [1 4 cos2 (65 —

The process of information transmission is inevitably af-
fected by the surrounding environment in the real environ-
ment. One aim of the present research is to examine the in-
fluence of common four-type noises on the DRSP of arbitrary
three-qubit state and obtains some interesting results. The re-
sults of this investigation show that the fidelities depend on the
coefficients of the amplitude information and the noise param-
eter under the phase-flip and the phase-damping noises, while
the decoherence rate, the amplitude parameter and the phase
information of the initial state can affect the fidelities in the
bit-flip and the amplitude-damping noise channels. The most
obvious finding emerging from the analysis is that the fidelities
decrease with the decoherence rates rising. The second finding
is that the loss of information is minimal for the bit-flip chan-
nel and is maximal for the phase-flip channel when preparing
the target state 2L\/§(|OOO> +1001) + |010) + |011) +|100) +
[101) + |110) +|111)). It may have significant implications
for real systems to avoid influence of noise.
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X33 [14cos2 (6, — 03)] +x3x2 [1 +cos2 (64 — 65)]

4 X322 [1 4 c052 (64 — B6)] + x2x3 [1 + 052 (85 — 67)] +x3x7 [1 +cos2 (6y — 64))]

4 x3x2 [14-cos2 (6, —

+ 2xpx1x0x3 [cos (B + O3 — 0; — 6;) +cos (6p + 6, — O — 65
~+ 2x0x1Xx4x5 [cos (O + O5 — O — O4) +cos (6y + 64 — 6 — O
+ 2xgx1x6X7 [cOS (g + O7 — 01 — Bg) +cos (By + 65 — B; — 6
+ 2xpx3%4X5 [cOS (63 + 05 — 6y — O4) +cos (O3 + 64 — By — O

~+ 2xgx1x2x3 [cos (Bp + 63 — 0; — 6,) +cos (By+ 6, — 6; — O3
~+ 2x0x2x4x6 [cOS (B + O — 62 — 64) +cos (8g + 64 — 6, — B¢

+ 2x0x2x5x7 [cos (Oy + 67 —

+ 2x1x3%4X¢ [cOS (0] + Og — O3 —

(
(
(
(
(
(
+ 2xpx3x6x7 [cOS (03 + 07 — 6, — Og) +cos (63 + O — 0, — 64
(
(
(
( 0, — 05) +cos (6y + 65 —
(

[ ) (
[ ) (
[ ) (
[ ) (
+ 2x4x5x6x7 [cOS (04 + 07 — 05 — Og) + cos (04 + O — O5 — 64
[ ) (
[ ) (
[ ) (
[ 64) (

+cos(6)+ 64— 65 —

65)] 4 x5x2 [1 +cos2 (62 — 06)] +x3x3 [1 +cos2 (65 — 67))]

0, — 6

[
[
[
)]
)]
)]
)]
)]
)]
)]
)]
)]
6)]
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+ 2x1x3x5x7 [cos (6 + 67 — 63 —
~+ 2x4x5Xx6x7 [cOS (04 + 67 — 05 — O5) 4+ cos (04 + 65 —

[cos ( 65) +cos (8; + 65 — 6)
[cos ( ) ( 66 — 67)
+ 2xpx1X4X5 [cos (Op + O5 — O; — O4) +cos (6p + 6 — B4 — 65)
+ 2x0x2X4%6 [cOs (Og + B — 62 — 04) +cos (6 + 6, — 04 — 65)
+ 2xpx3x4x7 [cOs (Op + 07 — 04 — 63) +cos (6p + O3 — B4 — 6)
+ 2x1x2x5%6 [cOs (0] 4+ O — 62 — 5)+cos(91+62—95 06)
+ 2x1x3x5%7 [c08 (0] + 07 — O3 — 05) +cos (6] + 63 — 05 — 67)

( 67) +cos (6, + 63 — 96— )]}

(

+ZA’BF<1_A’BF {XOX3 +COSZ(60_6’5)]+)C1X2[1+C0$2 91

]
]
]
]
]
]
]
+ 2xpx3x6x7 [cOS (63 + O — 6 — ]

+23333 [1 4082 (62 — 67)] +x3x2 [1 +cos2 (65 —
4+ X33 [1 4 cos2 (6, —

(
(
(
+ 2xgx1x2x3 [cos (6 + 6, — O —
(
(
(

[

[

03) +cos (6p+ 6; — 6, — 63)]

+ 2x0x3x4%7 [cOS (6 4+ 07 — O3 — O4) +cos (6 + 04 — 63 67)
+ 2x0x3X5X6 [cOs (Op + B — 63 — O5) +cos (6 + 05 — 03 — )
+ 2x1x2x4%7 [cO8 (0] + 07 — 02 — O4) +cos (0 + 64 — 6, — 67)

(91+96795792)+COS(91+957927 6]
65 — 6,

+ 2x1x2x5%¢6 ([cos
+ 2x4x5x6%7 [c08 (04 + B — 05 — 67) +cos (64 + 05 —
+ 2xpx1Xx4X5 [cos (6p + 04 — ) — O5) + cos (6p + 6; — O, — 65
+ 2xpx2x5x7 [cos (6p + 6; — 0, — B5) + cos (6 +62—65
+ 2xpx3x5X6 [cos (Op + B — 63 — O5) + cos (6 + O3 — 65
+ 2x1x3x4x7 [cOS (0) + 07 — 6, — O4) +cos (6; + 6, — 94 —
+ 2x1x3%x4%6 [cOS (03 4 04 — O] — O) +cos (0] + 03 — 05 — 6
+ 2xpx3x6x7 [cOS (03 + 07 — 6, — Og) +cos (6, + O3 — B — 67
+ 2x0x1x6x7 [c0s (Op + 07 — O; — 6) +cos (6 + 6 — 6 —
+ 2xpx2x4X6 [cOs (Op + 04 — 6, — Og) +cos (6p + 6, — B4 — 6
( — 66) +cos (6p+ 63 — 0
( 67) (
( 67) (

+cos(0;+6,—04—6;

+ 2xgx3x5X¢ |cOS (6 + O5 —

+ 2x1X2X4%7 [cOS (61 + 64 — 6, —

]
]
]
)
]
]
]
]
]
]
]
]
]
]
]
]

[ )
[ )
[ 61)
[ )
[ 61)
[ )
[ )
[ 61)
[ )
[ )
[ )
[ 61)

+ 2x1x3x5x7 [cos (6 + O5 — +cos(0; + 03 —
+ 2XpX3X4X5 [COS (03464 — 6, — 95) +cos(6,+ 65 — 64 — 95)]}
+2A3F { X525 [1 +cos2 (80 — 67)] +xixg [1 +cos2 (6; — 65)]

+x3x3 [1 4 cos2 64)] 4 x3x2 [1 +cos2 (6, — 65)]

O¢) +cos(0; + 03 —
+2x2x3x4x5 [0S (03 + O5s — 6, — 64) +cos (6, + 63 — 04 — 05)] }.

+ 2x1Xx3X4X¢ [cOS (6] + 64 — 63 — 04— 6

+ 2xpx1x6X7 [cOs (6p + B — 01 — 6;) +cos (6p + 6; — B — 67)]
+ 2x0x2x5%7 [cos (Bg + 05 — 6, — 67) +cos (6 + 6, — 65 — 67)]
+ 2x0x3x4X7 | 67) +cos (6 + 03 — 64 — 67)]
+ 2x1x2x5%6 [cOs (6 + 05 — 6, — ) )]
[ ) )]

) )]

(63
(
( (
cos (6p+ 04— 63 — (
( +cos (0 + 6, — 05 — 6
( (
( (

62)] +x3x7 [1 +cos2 (64 — 64)]
4 x2x2 [1 4+ c052 (05 — 06)] + x3x2 [1 +cos2 (80 — 05)] +x7x7 [1 +cos2 (8; — 64)]
B6)] +x3x% [1+cos2 (680 — 65)]
67)] 4 x5x3 [1 +cos2 (6 — 6,)] + x3x2 [1 +cos2 (65 —
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