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In this paper, a novel asymmetric controlled bidirectional remote preparation scheme is proposed. In our
. scheme, Alice and Bob are not only the senders but also the receivers with the control of Charlie. By using
. the eleven-qubit entangled state as the quantum channel, Alice prepares an arbitrary two-qubit equatorial
. state for Bob and Bob prepares an arbitrary three-qubit equatorial state for Alice simultaneously. Firstly,
. we give the construction process of the quantum channel. Secondly, the whole recovery operations are
. given. Alice and Bob can recover the prepared state determinately. Thirdly, we consider the effect of the
. noisy environment (amplitude-damping and phase-damping) in our scheme and calculate the fidelities of
. the output states. Finally, since our scheme does not need additional operations and auxiliary qubits, the
. efficiency of our scheme is higher than that of the previous schemes.

In quantum cryptography, quantum entanglement is magic, which plays a key role in many different types of commu-
- nication schemes!'~. One of the applications is the remote state preparation (RSP)*~°. In a RSP scheme, the sender can
. prepare a known quantum state for the remote receiver through a pre-shared quantum channel and the appropriate
© measurements. After that, many various schemes were presented, such as controlled RSP (CRSP)’, joint RSP (JRSP)3.
However, the previous RSP schemes are unidirectional. The first controlled bidirectional RSP (CBRSP)
scheme was presented by Cao et al.? in 2014, where Alice and Bob send their single-qubit state to each other
. simultaneously. After that, in 2015, the deterministic, the probabilistic and the joint CBRSP schemes were devised
. by Sharma et al.'’. And Peng et al.!' presented a five-party joint CBRSP scheme by using eight-qubit entangled
© state. In 2016, utilize the non-maximally and maximally six-qubit entangled state, Zhang et al.'>!* proposed two
. joint CBRSP schemes. In 2017, another five-party joint CBRSP scheme is proposed by Wang and Mo'* by using
© seven-qubit entangled state as the quantum channel. Sang'® presented a bidirectional controlled quantum infor-
mation transmission scheme, where Alice teleports an arbitrary unknown single-qubit state to Bob and Bob
. remotely prepares an arbitrary known single-qubit state for Alice simultaneously. In 2018, a controlled bidirec-
- tional hybrid of remote state preparation and quantum teleportation scheme was proposed by Wu et al.!°. By
. using thirteen-qubit entangled state as the quantum channel, Chen et al."” presented a symmetric CBRSP scheme,
. where Alice and Bob prepared an arbitrary three-qubit state to each other simultaneously. Moreover, this scheme
. was discussed in four types of noisy environment and no auxiliary qubits are needed.
Moreover, many asymmetric CBRSP (ACBRSP) schemes have been proposed. In 2017, an ACBRSP scheme was
: presented by Sang et al.'8, where Alice teleports an arbitrary unknown single-particle state to Bob and Bob remotely
© prepare an arbitrary known two-qubit state to Alice. Song et al.'® investigated an ACBRSP scheme of a single-qubit
. state and two-qubit state. Ma et al.?® proposed an ACBRSP scheme of an arbitrary four-qubit cluster-type state and a
. single-qubit state. In 2018, a scheme for bidirectional and hybrid quantum information transmission was proposed
. by Fang et al.*!, where Alice can teleport an arbitrary single-qubit state (two-qubit state) to Bob and Bob can prepare
- aknown two-qubit state (single-qubit state) to Alice simultaneously. In the previous schemes, many of them need the
- help of the auxiliary qubits and additional operations'*-*!. Furthermore, they do not give the construction process of
. the quantum channel. And only in the schemes'®", the noise are considered. However, noise is a necessary factor that
© mustbe considered in actual communication. In ref.??, Zeng and Zhang have shown that the RSP scheme in real Hilbert
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Figure 1. The construction of the quantum channel.

space can only be implemented when the dimension of the space is 2, 4 or 8, while the equatorial case can be general-
ized without restriction on the dimension. Although the preparation of two states to each other can be completed by
using two independent RSP schemes, simultaneity and fairness cannot be guaranteed in this process. However, in our
scheme, the controlled bidirectional preparation of the equatorial state, Alice and Bob can transmit the prepared state to
each other simultaneously with the control of Charlie. The simultaneity and fairness can be guaranteed in our scheme.

In this paper, a novel ACBRSP scheme is put forward. With the control of Charlie, Alice prepares an arbitrary
two-qubit equatorial state for Bob and Bob prepares an arbitrary three-qubit equatorial state for Alice at the same
time. We firstly generate the eleven-qubit entangled state as the quantum channel. Then, through the appropriate
measurements and the recovery operations, Alice and Bob can reconstruct the prepared state determinately.
Moreover, we consider the effect of the noisy environment in our scheme and calculate the fidelities of the out-
put states. Last but not the least, some discussions and conclusions are given. The result shows that our scheme
does not need additional operations and auxiliary qubits. And the prepared states are the arbitrary two- and
three-qubit states, so the efficiency of our scheme is higher than that of the previous schemes.

Results
The construction process of the quantum channel.  We use the eleven-qubit product state as an input
state?® and implement the Hadamard (H) and CNOT operations to construct the eleven-qubit entangled state as
the quantum channel?*. The process of the construction of the quantum channel is given as follows.

The input state is the eleven-qubit product state|¢,) as

[01) = 10)1]0)2/0)3]0)4]0)s[0)5|0)7(0)s|0)5/0) |0} - 1)

C1 We implement the H operation on qubit 1 and rewrite the|¢,) as

1
[#2) = (10} + [1))1]0)210)3[0)4]0)s0)s0)7 105 0)s0)a [0}y @)
C2 Operate CNOT operations on the qubit pairs (1, 3), (1, 5), (1, 7), (1,9), (1, b), respectively, where qubit 1 is
used as controlled qubit and each of five qubits 3, 5, 7, 9, b are used as target qubit. We rewrite the|¢,) as
1
|s) = ﬁ(|0) 10000000000 + [1)[0101010101)),3456785as )
C3 After implementing the H operations on the qubits 2, 4, 6, 8, a, we execute CNOT operations on the qubit
pairs (2, 3), (4, 5), (6, 7), (8,9), (a, b), respectively, where qubits 2, 4, 6, 8, a are used as controlled qubit and each
of five qubits 3, 5,7, 9, b is used as target qubit. The eleven-qubit entangled state can be generated as

|¢4) = )1|@+)23|<I>+)45|¢+)67|@+)89|@+)ah + |1)1‘\I/+)23|\I/+)45‘\IJ+)67|\I/+)39|\1J+)RZ,)’

1
—(l0
=

1 1
where |q>+) = ﬁ(\oo) + \ 11}) a.nd ) = (o1) + \.10)).
In Fig. 1, we give the circuit diagram of the construction of the quantum channel.

4
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The ACBRSP scheme of an arbitrary two- and three-qubit equatorial state. By using eleven-qubit
entangled state|¢,) as the quantum channel, we propose a novel ACBRSP scheme. In the scheme, with the control of
Charlie, Alice prepares an arbitrary two-qubit equatorial state for Bob and Bob prepares an arbitrary three-qubit equa-
torial state for Alice. They pre-share this quantum channel at first which is constructed by Charlie. Then, Alice and Bob
can complete the preparation task through the appropriate measurements and the corresponding recovery operations.

In the scheme, as an honest controller, Charlie constructs the eleven-qubit entangled state as the quantum
channel and holds qubit 1 in his hand. Then, he sends the qubits 2, 4, 6, 8, a to Alice and sends the qubits 3, 5,7, 9,
b to Bob. Before distributing these qubits, the participants have to check eavesdropping by using the decoy qubits
to ensure the security of the distribution. The process of checking eavesdropping is the same as that in ref.'”. After
successfully passing the check eavesdropping, the quantum channel can be securely shared by Alice, Bob and
Charlie. Next, we will describe our ACBRSP scheme in detail.

A1 They pre-share the quantum channel|¢,). Alice wants to prepare a two-qubit equatorial state |, ) for Bob
and Bob wants to prepare a three-qubit equatorial state | ) for Alice, where

1 : : ;
lg)) = E(|oo) + e™jo1) + ™[10) + ™|11)), )

lop) = —=(l000) + ¢1j001) + ¢2010) + ¢®I011) + P4100) + PF101) + Pe110) + €*7[111)),

22 (6)

Here, 0,, 0,, 05, 8, arerealand0 < 6,, 0,, 6,, §, < 2mk=1,2, ..., 7.
A2 Alice carries out two-qubit measurement on her qubits 2, 4. The measurement basis is
(|Ag)> |A1)s |Az), |A3))ye where

|Aq) 1 e it it |00)
A)| 1|1 —e ™ i g% |[[01)
Y . —if —i0y, . i ’
1A 2|1 ie™ —em2 —jemi%|[10)
45) 1 —ie ™ —¢7 % e J{[11) )

Bob performs three-qubit measurement on his qubits 7, 9, b. The measurement basis is (|B,), |B,), |B,), |Bs),
By)> [Bs)> |Bg) [B7))zep as

([Bo)» [B1), [B2): [Bs)s |By), [Bs). |Be)» [B:))7

= B(|000), |001), [010), [011), [100), |101), [110), [111))%, (8)
where
1 —i6, it o0 i % 0% o107
1 e —is, e i i o0 et
1 ie—i0 i _jpits i ie—i% e s it
B 1 it e it i 10 i e s _ it i 107
22 |1 oM ity jpmiltgids o it il ibs i —ibg il =it
1 —gTilpmidy iy _omildy=iby _ iby  mildibs =il jmild,id
1 iemHgib  _jgmiby  pmildyiy ity _jomilkmids  mibg _ mild,—id;
1 —ijptilpmiby _jpmiby _mildy=iby  _ iby  jomild,—ils  g=ibs  mil4,id;

The quantum channel |¢,) becomes:

o) = 1/8{[0),1/2[|Ag)4(|00) + e™[01) + e™2[10) + e™5|11)),5
+|A1),4(]00) — eiel‘m) + ewz“o) - ei93|11))35 + [A;)24(]00)

—ie™[01) — e™[10) + ie™[11))35 + |A;),,(|00) + ie™[01)

_ei€2|10> - iei03|11))35](\BO)\C0) + [B))|Cy) + |B,)|Cy)
+[B3)|C3) + [By)|Cy) + |Bs)|Cs) + [Be)|C) + [B7)|C7))r0p684
+[111/2[|Ag )4 (11) + ei91‘10) + eiez‘m) + ei93|00))35
+|As(11) — eial‘lo) + eié’z‘m) - ei03|00))35
+A2)24(|11) — ie™[10) — e?(01) + ie*{00))s5
+[A3).(111) + ieial‘lo) - eiez‘m) - iei€3‘00))35](|30)|D0)
+[B))|Dy) + |B,)|Dy) + [B3)|Ds) + [B,)|Dy)
+Bs)|Ds) + |Bg)|Ds) + [B7)|D7)) 700684}

©)
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where
1 is is is
C) = 575(/000) + ¢™]001) + {010} + ¢ jo11)
+e™|100) + €*[101) + €™110) + €7|111))
G = S75000) ~ eo01) + e™o10) — e"o1n)
+e100) — e™5[101) + €™9110) — e™7|111))
ICy) = %QOOO) + ie™1)001) — ¢2/010) — ie™™[011)

+¢™100) + ie™s[101) — e¢[110) — ie®7[111))

c) = %qooo) — ie™]001) — (010} + ie™(011)
+¢™100) — ie™s[101) — ™[110) + ie"7|111))
c) = %(moo) + ¢ 5]001) — ie®(010) — ie™ T |o11)
—e™[100) — €™ F(101) + ie[110) + i~ F[111))
C) = —1(j000) — e®F(001) — ie™]010) + e~ F|011
5 2«/5

—e™100) + ¢ ¥[101) + ie™[110) — i ¥ |111))

IC) = —=(|000) + ie™~F001) + ie™(010) — ¢ T 011)
) =
22

—e™|100) — ie™s~4]101) — ie®110) + 7 ¥[111))

c,) = %qooo) — ie®~]001) + ie™|010)

e (011) — e™100) + ie™[101) — ie110) — (1))

1 i6 i6
D)) = —=(|111) + " 1101) + ¢"2|011
D) = S=(J111) + e™101) + o)
+¢3)001) + e™[110) + €"]100) + ¢9010) + ¢7|000))
1 i )
D)) = ——(]111) — €1101) + €2|011
Dy) 55 ) 101) 011)

—™]001) + ¢™[110) — ¢™100) + "010) — €7(000))

D,) = %Qm) + ie"101) — *2|011)
—ie™]001) + e™[110) + ie™|100) — eq010) — ie’*7|000))
D) = %qm) — ie™]101) — "011) + ie™™[001)
+e™110) — ie'[100) — €"6|010) + ie*7|000))
D) = %Qm) + ™ F[101) — ie®[011) — ie™ T |001)
—e™[110) — ™ 4[100) + ie(010) + e~ 3]000))
Ds)esa = %Qm) — eMF101) — ie™2[011) + ie™ T |001)

—e™[110) + €5 [100) + ie010) — ie™ 5]000))
Dadoss = S (I111) + i F[101) + e™jo11) — e Floo1)
781‘64‘110) o iei55—%|100) _ iei‘ss‘OlO) + ei57_%|000))
i
242
—e™[110) + ieiér%‘poo) — ie"|010) — e‘”fﬂ?lIOOO))

D-)esa = (J111) — ie™ = ¥[101) + ie™[011) + ¢ 1]001)
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Figure 2. The process of the ACBRSP scheme. The M,,, M, M, are short for the measurements of Alice, Bob
and Charlie on their own qubits, respectively. Uss, Uyg, are the recovery operations of Bob and Alice,
respectively.
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Figure 3. The relationship between fidelity and decoherence rate. In the amplitude-damping and phase-
damping noisy environment, we assume that p = B, =p

A3 Alice’s and Bob's measurement results are [A; ), [B,)7, 0 < s < 3and 0 < t < 7. They send their meas-
urement results to others. After that, Charlie implements a single-qubit measurement in the basis {|0), |1)} on
qubit 1 and sends the result to Alice and Bob through the classical channel.

A4 In the end, after receiving others’ measurement results, Alice can recover the three-qubit equatorial state
|p) by applying the corresponding recovery operations on her qubits 6, 8, a and Bob can recover the two-qubit
equatorial state |, ) by applying the corresponding recovery operations on his qubits 3, 5. The process of the
scheme is given in Fig. 2.

For instance, we assume Alice’s and Bob’s measurement results are|A,),,, |By)q, If Charlie’s measurement
result is |0);, Alice (Bob) recovers the prepared state |pp)es,(¢4)35) by performing the recovery operations
I, ® Iy ® I, (I; ® L) on the qubits 6, 8, a (3, 5), respectively. If Charlie’s measurement result is |1);, Alice’s
(Bob’s) recovery operations are X, ® X; ® X, (X; ® X;), respectively. For other measurement results, Alice
and Bob can also use corresponding recovery operation to get the prepared state. All the measurement results
and corresponding recovery operations are given in Supplementary information. Furthermore, the scheme is
completed deterministically.
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The ACBRSP scheme in amplitude-damping and phase-damping noisy environment. It
is impossible to have a noiseless communication environment in practice. For example, Sharma et al.'® dis-
cussed the effects of two well-known noise processes, the amplitude-damping and phase-damping noise,
in their scheme. In this section, we will consider the ACBRSP scheme in two types of noisy environment
(amplitude-damping and phase-damping).

In ACBRSP scheme, Charlie constructs the quantum channel |¢,) and holds the qubit 1. Since the qubit 1 is not
transmitted in the noisy environment, so it is not affected by the noise. Charlie sends the qubits 2, 4, 6, 8, a (3, 5,
7,9, b) to Alice (Bob) via the channel-I (channel-II). We assume that the channel-I and channel-II are in the same
noisy environment. Therefore, the qubits 2, 4, 6,8, a (3, 5, 7, 9, b) are affected by the same Kraus operator. The
density matrix of the quantum channel |¢,) can be calculated as p = |¢,}{,]-

The Kraus operators.  In the amplitude-damping noisy environment, the Kraus operators® are

1 0 0
-fo ot} #-(0 )

0 0 0 (10)

where p, 0<p <1Dis the decoherence rate. It is the probability of missing a photon. Because of the interaction
with this noisy environment, a system undergoes energy dissipation.

In phase-damping noisy environment, it describes the loss of information about the relative phase in the
quantum state. The Kraus operators® are

' ° ,E{’:[\/EO
0 H 0 0

where p, 0 < p, < 1) is the decoherence rate.

El =

, [0 0
’EZ:()\/E’

(11)

The output state. The qubits 2, 4, 6, 8, a (3, 5, 7, 9, b) are transmitted in the amplitude-damping and
phase-damping noisy environment, we rewrite the density matrix p as eA(p) and £ (p).

EA(P)1352458a79b = Z I](Ey/:)s(E;:)s(Ef)Z(E:)4(EnA)6(EnA)8(Er:‘)a(Er3)7(E£)9(Er2)bp

m,n=0,1

[L(E ) E BN HENEN(ENSENAE D),

(EHNED,) = 61—4{|0>1[\0000> + (1 = p)lotor)

+ (1 = p)[1010) + (1 — p)*[1111)] x [[000000)

+ (1 = p)[001001) + (1 — p)[010010) + (1 — p)*

x [011011) + (1 — p)[100100) + (1 — p)?*[101101) + (1 — pﬂ)2

x [110110) 4+ (1 — pa)3|111111>] + [1);(1 = p)I|1100) + [1001) + [0110)

3
+10011) 355, (/T = p, ) [v2[111000) + [110001) + [101010) + |100011>]}

+|011100) + [010101) + [001110) + \000111)]}{(0\1[(0000\ + (1 = p)oto1|
+ (1 = p)(1010] + (1 — g)2<1111|][<000000| + (1 = p)(001001]

+ (1 = p)(010010] + (1 — p)*(011011| + (1 — p,)(100100]

+(1 = p)*(101101] + (1 — p)*(110110] + (1 — p)*(111111]]

+ (1h(1 = p)[(1100] + (1001] + (0110] + (0011|](m)3[<111000|
+(110001| + (101010| 4 (100011| + (011100| + (010101| + (001110|

+ (000111]] + [|0>1\/p7:(m)5\0011>\111000) + |1)1Jp7:\0000>\000000)}
x [(o\lﬁ(ﬁ)i‘mouuuloom + (1\1#7:(0000\(000000@

+ [\o)lﬁ(mﬂuoonoooul) + |1>1Jp7:\oooo)|oooooo>]

[0l o7 (/T = £,)°(1100](000111] + (1} \[p° (.[T = 5,)*(0000{000000]]

+(10),p10000)[000000) ) ({0, (0000 (oooooo|)}. (12)
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ref.? Ten-Qubit Entangled State 5 7 CNOTs 8 13.04%
ref.!® Seven-Qubit Entangled State 0 0 5 25%
ref! Seven-Qubit Entangled State 2 2 CNOTs 7 18.75%
Seven-Qubit Entangled State 1 1 CNOT 7 20%
ref.? Four-Qubit Entangled State + EPR | 1 1CNOT 6 23.08%
Ours Eleven-Qubit Entangled State 0 0 6 29.41%

Table 1. Discussions with other ACBRSP schemes. Where CCCs is short for classical communication cost.

5P(P)1352468a79b = Z Il(Ei)S(Erﬁ)S (Ef)z (Ef)4 (E:)s (Erf)s (Er}t))a (E:;)7 (E:;)9 (E:;)bp
m,n=0,1,2

(LE D (EDs (B2 (s BB (B (B )y (Epdo(E )]
- 6L4{|0)1(1 ~ p,Y'[/0000) + [0101) + [1010) + [1111)]
[/000000) + [001001) + [010010) + [011011)
+ [100100) + [101101) + [110110) + |111111)]

+ (1)1 — p,’[[1100) + [1001) + [0110) + [0011)]
x [[111000) + |110001) + |101010) + [100011)
+ |011100) + [010101) + [001110) + [000111)]}

x {{0}(1 — p,)°[{0000] + (0101 + (1010|

+ (1111/][(000000| + (001001| -+ (010010

+ (011011] + (100100| + (101101| + (110110|
L111[] + (1)1 = p,)[(1100]

1001| + (0110[ + (0011{][{111000]
110001| 4 (101010| + (100011|
011100| + (010101| + (001110

+ (000111[] + [10), /5] (/T = p,°|0000) 000000}
+ 1)1,/ 0011)[111000)1 ({0}, 7 (/T = p, )’ (0000|{000000|
(1|1\/_(oo11|(111000| + [[0) \/_(/1—— 1111)[111111)
+ 1)1,y 11100)[000111)][(0], o7 ( [T = p, {1111 (111111
(1|1\/7(1100|(000111| + [[0) \/7(/1—_)5|0000 )[000000)
+ [1),[p71100) 000111)1[(0}, 7 (/T = p,)*(0000|{000000|
+ (1hfp] (1100]{000111]] + [|0),p[0000) 000000)]

X [(o\lpp(0000|(000000|] + |1)1pp|1100)\000111)]

x [{1}p;(1100/(000111]] + [|0)1\/F(m)5\1111)|111111)
+ [1)1,Jp; 10011)[111000)1 ({0, o7 (/T = 5, )’
x (1111)(111111] + (1\1\/7(0011\(111000”
+ [[1),p|0011)[111000)] (1}, p; (0011[{111000]]
+ [|0)1p;|1111)|111111)][(0|1p;(1111\(111111\]}. (13)

The fidelity of the output state. In the noisy environment, Alice and Bob implement measurements on qubits 2,
4and 7,9, b, respectively. The output state can be calculated as (y/ ut)ssss Land(p t)3568a
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1

(035680 = TESTEr T ey {[\00) + (1 = p)e™o1)
+ (1 —p)e™|10) + (1 — g)ze"93|11)][|000)
+ (1 — p)e™001) + (1 — p)e®|010) + (1 — p)Pe™011)
+ (1 — p)e™[100) + (1 — p)’e™[101) + (1 — p)’e"[110)
+ (1 — p)’e™|111)][(00] + (1 — p)e 01
+ (1 — p)e (10 + (1 — p)Pe (11[][{000] + (1 — p)e (001
+ (1 — p)e (010 + (1 — p e ™(011] + (1 — p)e *(100|
+ (1 —p)e ™5(101] + (1 — p)Pe ®s(110] + (1 — p)Pe ™7(111]]
+p (1 = p)[e™00)e™|111)1[e *(00]e 7(111[] + p’(1 — p )’
[e"3]11)e"7|000) ][ "*3(11]e~"7(000] ]
+ p'%™|00)e7|000)e~**(00]e~**7(000]}. (14)
(W ssssa = : (1~ p,)"[/00)

5 10
32(1 = p)" +4p(1 = p)’ + 2p,
+e™101) + e™[10) + e™11)]
x [|000) + €*1001) + ¢®2(010) + €*3|011)
+ 100 4 e™5[101) + €"5|110) + €™|111)]
x [(00] + €™(01] + e”(10] + €™(11]][(000]
+ e (001] + e (010] + e (01| + e (100|
+ e 5(101] + e Pe(110] + e ®7(111]]
+2p,(1 — p,)°|00)[000){00[ (000
5 5 i 6. —i6 —id
+2p (1 —p,)e 311)e"7|111)e”"3(11|e”"7(111|
+ p)[00)[000)(00] (000] + p)7e"[11)e"”
x [111)e %(11]e 7(111]}. (15)
If we consider the scheme in the noiseless environment, the final state is| W) = |¢, )35 ® |Pg)es,- However, in
the noisy environment, the fidelity of the output state can be calculated as F* = (¥|p” |¥)and F* = (¥|p” |©).
out out
[4 —4p +p' P14 —3p, + 30 —p) + (0 —p)P +20°(0 —p) +p°

FA _ >
21+ 1 —plF +2p°(1 —p) +p} (16)

520 -p) + 200 —p) +p)
51201 — p)'" + 64p(1 — p)° + 32 17)

The fidelity is at most 1 by definition and 0.5 is automatically achieved by outputting a completely mixed
state?®. By calculating the fidelities of the output states, we conclude that fidelity depends on the decoherence rate.
In amplitude-damping and phase-damping noisy environments, we assume that p = p = p. The diagram of

fidelity changes with the decoherence rate given in Fig. 3. We can see that the fidelities F*, F of the output states
decreases as the decoherence rate increases.

Discussions

First, we give a summary of this scheme, including the necessary operations, classical communication costs
(CCCs) and efficiency. Second, we give some discussions with other schemes!'®-2!. Last, the conclusions are
described.

In this paper, we construct the quantum channel at first. The necessary operations have six H operations and
ten CNOT operations. Quantum gate operations are critical part of quantum computation and quantum com-
munications. Many experimental results?’->! have been proposed for quantum operations implementation. For
example, in 2018, Rosenblum et al.”’ realized a CNOT gate between two multiphoton qubits in two microwave
cavities. They coupled two encoded qubits together through a transmon, which is driven by an RF pump to
apple the gate within 190 ns. This is two orders of magnitude shorter than the decoherence time of the trans-
mon, enabling a high-fidelity gate operation. Zajac et al.*® demonstrate an efficient resonantly driven CNOT gate
for electron spins in silicon. The single-qubit rotations can be achieved by their platform with fidelities greater
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than 99%, as verified by randomized benchmarking. They used the CNOT gate to generate a Bell state with 78%
fidelity. According to the relevant experimental results, the implementation of the H and CNOT operations can
be completed by using the existing technology. Furthermore, we can realize the construction of the eleven-qubit
entangled state.

In our ACBRSP scheme, no auxiliary operations are needed. The CCCs are generated when three participants
send their measurement results through the classical channel. In the scheme, the measurement results can be
transmitted directly to others via broadcast, since it does not contain the information about the prepared state.
Thus, the CCCs are 6 bits. The efficiency™ of the scheme can be calculated as

n=4q/(q, +b) = 5/17 = 29.41%, (18)

where g_denotes the number of qubsits that consist of the quantum information to be prepared, g is the number
of the qubits that is used as the quantum channel and b, is the classical bits transmitted.

We give some discussions with the other ACBRSP schemes'®-2L. The results are shown in Table 1. Firstly, in
refs'®1921 these schemes are asymmetrical bidirectional remote preparation of an arbitrary single- and two-qubit
state. The scheme in ref.?” is asymmetrical bidirectional remote preparation of single- and four-qubit state, but in
fact they only transmit the single- and two-qubit state and the receiver needs two local auxiliary qubits and auxil-
iary operations to recovery four-qubit state. However, in our ACBRSP scheme, we prepare a two- and three-qubit
equatorial state. Secondly, we construct the quantum channel by using H operations and CNOT operations.
Neither of them gave the process of the construction of quantum channel. Thirdly, in refs'*-?!, these schemes need
the auxiliary qubits and auxiliary operations to complete the preparation task, while our scheme and the scheme
in ref.'® do not need. Fourthly, the CCCs of our scheme are 6 bits, which is less than that in refs?*?!. Finally, the
efficiency of our scheme is higher than that of other schemes.

In the future, we hope the scheme can play a facilitating role in quantum network communication. The
point-to-point quantum communication must be turned to the multi-party quantum network communication.
These have a wide range of research meanings in some network structures®->°. As regards the quantum networks,
the feasibility and construction have been fully verified theoretically*”*%. Our scheme do not need the auxiliary
resources and have relatively high efficiency, so it can be easily incorporated into the design of quantum network
communication.

Conclusions

In summary, we propose a novel ACBRSP scheme. Alice prepares an arbitrary two-qubit equatorial state for Bob
and Bob prepares an arbitrary three-qubit equatorial state for Alice simultaneously by using the eleven-qubit
entangled state as the quantum channel. The quantum channel is constructed at first. Moreover, Alice and
Bob can recover the prepared state determinately. Then, our scheme are considered in the noisy environment
(amplitude-damping and phase-damping noisy environment) and the fidelities of the output states are calcu-
lated. In the end, we give some discussions with other ACBRSP schemes and the results show that our scheme is
effective.

Specifically, an arbitrary two-qubit state and three-qubit state can be prepared separately in either direction.
Moreover, using the quantum channel we selected, in addition to completing the content presented in this paper,
Alice can also prepare a three-qubit equatorial state for Bob, and Bob prepares a two-qubit equatorial state for
Alice. Furthermore, according to the construction of the quantum channel, we can see that whether it is the prod-
ucts of five |®") or products of five [I'") states. One can partition these products into the product of any two Bell
states and the product of the remaining three Bell states. The part can be used to prepare the corresponding
multi-qubit state in either direction.

Our scheme does not only allow the preparation of the equatorial state. Also, since the quantum channel is
suitable for processing the bidirectional transmission of quantum states. There is no strict restriction on the type
of quantum states. For example, the scheme can also be used for the bidirectional preparation of general or other
special states. We will further study this part of the contents.

References
1. Zhang, W. et al. Quantum secure direct communication with quantum memory. Phys Rev Lett 118, 220501 (2017).
2. Fortes, R. & Rigolin, G. Probabilistic quantum teleportation via thermal entanglement. Phys Rev A 96, 022315 (2017).
3. Kogias, I., Xiang, Y., He, Q. & Adesso, G. Unconditional security of entanglement-based continuous-variable quantum secret
sharing. Phys Rev A 95, 012315 (2017).
4. Lo, H. K. Classical-communication cost in distributed quantum-information processing: a generalization of quantum-
communication complexity. Phys Rev A 62, 012313 (2000).
5. Pati, A. K. Minimum classical bit for remote preparation and measurement of a qubit. Phys Rev A 63, 014302 (2000).
. Bennett, C. H. et al. Remote state preparation. Phys Rev Lett 87, 077902 (2001).
7. Huang, L. & Zhao, H. X. Controlled remote state preparation of an arbitrary two-qubit state by using GHZ states. Int ] Theor Phys 56,
678-682 (2017).
8. Choudhury, B. S. & Dhara, A. Joint remote state preparation for two-qubit equatorial states. Quantum Inf Process 14, 373-379
(2015).
9. Cao, T. et al. Deterministic controlled bidirectional remote state preparation. Adv Nat Sci-Nanosci 5(1), 015003 (2013).
10. Sharma, V., Shukla, C., Banerjee, S. & Pathak, A. Controlled bidirectional remote state preparation in noisy environment: a
generalized view. Quant. Inf. Process. 14, 3441-3464 (2015).
11. Peng, J. Y., Bai, M. Q. & Mo, Z. W. Bidirectional controlled joint remote state preparation. Quant Inf Process. 14, 4263-4278 (2015).
12. Zhang, D., Zha, X,, Duan, Y. & Wei, Z. H. Deterministic Controlled Bidirectional Remote State Preparation Via a Six-qubit
Maximally Entangled State. Int ] Theor Phys 55, 440-446 (2016).
13. Zhang, D., Zha, X., Duan, Y. & Yang, Y. Deterministic controlled bidirectional remote state preparation via a six-qubit entangled
state. Quant Inf Process 15, 2169-2179 (2016).

[=2)

SCIENTIFIC REPORTS |

(2019) 9:2081 | https://doi.org/10.1038/s41598-018-37957-x 9



www.nature.com/scientificreports/

14. Wang, X. Y. & Mo, Z. W. Bidirectional controlled joint remote state preparation via a seven-qubit entangled state. Int ] Theor Phys 56,
1052-1058 (2017).

15. Sang, Z. W. Bidirectional Controlled Quantum Information Transmission by Using a Five-Qubit Cluster State. Int ] Theor Phys 56,
3400-3404 (2017).

16. Wu, H., Zha, X. W. & Yang, Y. Q. Controlled Bidirectional Hybrid of Remote State Preparation and Quantum Teleportation via
Seven-Qubit Entangled State. Int | Theor Phys 57, 28-35 (2018).

17. Chen, X. B. et al. Controlled bidirectional remote preparation of three-qubit state. Quantum Inf Process 16, 244 (2017).

18. Sang, M. H. & Nie, L. P. Asymmetric Bidirectional Controlled Quantum Information Transmission via Seven-Particle Entangled
State. Int ] Theor Phys 56, 3638-3641 (2017).

19. Song, Y., Ni, J. L., Wang, Z. Y., Lu, Y. & Han, L. F. Deterministic Bidirectional Remote State Preparation of a-and Symmetric
Quantum States with a Proper Quantum Channel. Int ] Theor Phys 56, 3175-3187 (2017).

20. Ma, P. C,, Chen, G. B,, Li, X. W. & Zhan, Y. B. Asymmetric bidirectional controlled remote preparation of an arbitrary four-qubit
cluster-type state and a single-qubit state. Quantum Inf Process 16, 308 (2017).

21. Fang, S. H. & Jiang, M. A Novel Scheme for Bidirectional and Hybrid Quantum Information Transmission via a Seven-Qubit State.
Int ] Theor Phys 57, 523-532 (2018).

22. Zeng, B. & Zhang, P. Remote-state preparation in higher dimension and the parallelizable manifold S"~'. Phys Rev A 65, 022316
(2002).

23. Li, Y. & Jin, X. Bidirectional controlled teleportation by using nine-qubit entangled state in noisy environments. Quant Inf Process
15, 929-945 (2016).

24. Thapliyal, K., Verma, A. & Pathak, A. A general method for selecting quantum channel for bidirectional controlled state teleportation
and other schemes of controlled quantum communication. Quantum Inf Process 14, 4601-4614 (2015).

25. Liang, X. T. Classical information capacities of some single qubit quantum noisy channels. Communications in Theor Phys 39, 537
(2003).

26. Hayashi, M., Iwama, K., Nishimura, H., Raymond, R. & Yamashita, S. Quantum network coding. In Annual Sym Theor Aspects
Comput Science. 610-621 (2007).

27. Rosenblum, S. et al. A CNOT gate between multiphoton qubits encoded in two cavities. Nature commun 9, 652 (2018).

28. Zajac, D. M. et al. Resonantly driven CNOT gate for electron spins. Science 359, 439-442 (2018).

29. Martins, E. et al. Noise suppression using symmetric exchange gates in spin qubits. Phys Rev Lett 116, 116801 (2016).

30. Procopio, L. M. et al. Experimental superposition of orders of quantum gates. Nature commun 6, 7913 (2015).

31. Veldhorst, M. et al. A two-qubit logic gate in silicon. Nature 526, 410 (2015).

32. Yuan, H,, Liu, Y. M., Zhang, W. & Zhang, Z. ]. Optimizing resource consumption, operation complexity and efficiency in quantum-
state sharing. ] Phys B: Atomic, Molecular and Opt Phys 41, 145506 (2008).

33. Guo, R. et al. Existence, uniqueness, and exponential stability analysis for complex-valued memristor-based BAM neural networks
with time delays. Appl Math Comput 311, 100-117 (2017).

34. Pang, Z. et al. Data-based predictive control for networked nonlinear systems with packet dropout and measurement noise. J Syst Sci
Complex 30, 1072-1083 (2017).

35. Li, L. et al. Hopf bifurcation analysis of a complex-valued neural network model with discrete and distributed delays. Appl Math
Comput 330, 152-169 (2018).

36. Shen, H., Song, X. N., Li, E, Wang, Z. & Chen, B. Finite-time L? — L™ filter design for networked Markov switched singular systems:
a unified method. Appl Math Comput 321, 450-462 (2018).

37. Dong H, et al. Generalized bilinear differential operators, binary bell polynomials, and exact periodic wave solution of boiti-leon-
manna-pempinelli equation. In: Abstract and Appl Analysis. Hindawi (2014).

38. Jiang, T., Jiang, Z. & Ling, S. An algebraic method for quaternion and complex least squares coneigen-problem in quantum
mechanics. Appl Math Comput 249, 222-228 (2014).

Acknowledgements

Project was supported by NSFC (Grant Nos 61671087, 61272514, 61170272, 61003287), the Fok Ying Tong
Education Foundation (Grant No. 131067), the Major Science and Technology Support Program of Guizhou
Province (Grant No. 20183001), the Foundation of State Key Laboratory of Public Big Data (2018 BDKFJJ018) and
sponsored by CCF-Tencent Open Fund WeBank Special Funding (CCF-WebankRAGR20180104).

Author Contributions
Sun, Y.R. and Chen, X.B. designed the scheme. Sun, Y.R., Chen, X.B. and X.G. wrote the main manuscript text.
Sun, Y.R,, Kai-Guo Yuan and Yang, Y.X reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37957-x.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:2081 | https://doi.org/10.1038/s41598-018-37957-x 10


https://doi.org/10.1038/s41598-018-37957-x
http://creativecommons.org/licenses/by/4.0/

	Asymmetric controlled bidirectional remote preparation of two- and three-qubit equatorial state

	Results

	The construction process of the quantum channel. 
	The ACBRSP scheme of an arbitrary two- and three-qubit equatorial state. 
	The ACBRSP scheme in amplitude-damping and phase-damping noisy environment. 
	The Kraus operators. 
	The output state. 
	The fidelity of the output state. 


	Discussions

	Conclusions

	Acknowledgements

	Figure 1 The construction of the quantum channel.
	Figure 2 The process of the ACBRSP scheme.
	Figure 3 The relationship between fidelity and decoherence rate.
	Table 1 Discussions with other ACBRSP schemes.




