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A PROBABILISTIC QUANTUM COMMUNICATION
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Qubits are realized as polarization states of photons or as superpositions of the spin states of
electrons. In this paper, we propose a scheme to probabilistically teleport an unknown arbitrary two-
qubit state using a nonmaximally entangled GHZ-like state and a nonmaximally entangled Bell state
simultaneously as quantum channels. We also discuss the success probability of our scheme. We
perform POVM in the protocol which is operationally advantageous. In our scheme, we show that the
nonmaximal quantum resources perform better than maximal ones.

Ky6I/ITI)I pe€ JIM30B HbI K K MOJKIPU3 HUOHHBIE COCTOSIHUA CbOTOHOB Wi Cyneprnosunuu CrIUHOBBIX
COCTOSIHMI 9JIEKTPOHOB. Hpenn I €TCd CXEM BEPOATHOCTHOTO TEJICIIOPTUPOB HHUA HEU3BECTHOI'O ITPOU3-
BOJIBHOT'O ,[[ByXKy6I/ITOBOFO COCTOAHUA C MMOMOLIbIO HEM KCHUM JIBHO 3 IIYT HHOI'O GHZ-HO)IOGHOFO CO-
CTOSIHMS U HEM KCHUM JIbBHOTO cOCTOsHUsI Basn OAHOBPEMEHHO B K 4Y€CTBE KB HTOBBIX K H JIOB. T xxe
OGCy)K,I[ €TCA BEPOATHOCTD YCIIEX Hpe}:moerHoﬁ cxeMbl. Caelr H IIOJOXHTENBH S OIl€p TOPHO3H 4YH 4
MEp B IIPOTOKOJIE, KOTOP 1 ABJIECTCA OIEp LHUOHHO BbITOHOM. B P MK X I HHOM CXeMbI MoK 3 HO, YTO
HEM KCHUM JIbHBIE KB HTOBBIE UCTOUYHUKU MPOABIAIOT cebst JIydmie M KCHUM JIbHBIX.

PACS: 03.67.Hk; 03.65.Ud

INTRODUCTION

Quantum teleportation is a method of transmission of a quantum state using entangled
resources with classical communication and local operations. Originally the quantum telepor-
tation was presented by Bennett et al. [1] for arbitrary single-qubit quantum states by using
a maximally entangled Bell state. After that several theoretical and experimental aspects of
different teleportation protocols with various types of quantum resources appeared in the lit-
erature, some of which are noted in [2-15]. We describe some of the works below. In 1994,
Vaidman [2] proposed a teleportation protocol of system quantum states with continuous
variables. In 2004, Zheng [5] presented a scheme for approximate conditional teleportation of
an unknown atomic state without the Bell-state measurement. In 2005, Rigolin [6] proposed
a quantum teleportation of an arbitrary two-qubit state and its relation to multipartite entan-
glement. In 2005, Cardoso et al. [7] proposed a teleportation protocol of entangled states
without Bell-state measurement. In 2010, Tsai and Hwang [11] presented a teleportation of
a pure EPR state using GHZ-like state. In 2014, Nandi and Mazumdar [12] presented a
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teleportation protocol of a more general two-qubit state using the GHZ-like state as quantum
channel. In 2014, Zhu [13] presented a quantum teleportation of an arbitrary two-qubit state
via maximally entangled GHZ-like states. In 2011, Nie et al. [14] attempted the teleportation
of a three-qubit state which is an arbitrary GHZ-type state using four-qubit cluster states as
quantum channel. In 2016, Li et al. [15] described a perfect teleportation protocol for a more
general three-qubit state using four-qubit cluster states as quantum channel.

The protocol given by Bennett et al. [1] is a perfect teleportation protocol; that is, the
transmission of qubit state is performed with fidelity one. Many of the subsequent teleportation
protocols are not perfect — the state obtained after transmission has less fidelity than the one
with the original state. Probabilistic teleportation is a method by which a state is teleported
perfectly with some probability. There is a chance of failure with nonzero probability in
which case the quantum information is totally lost. There are two different schemes of
probabilistic teleportation, in one of which the sender performs an unambiguous quantum
state discrimination [16], while in the other the receiver performs for extracting the quantum
state [17]. In both schemes, the probability for total information loss is nonzero. Several works
on probabilistic teleportation using different types of entanglement resources are obtainable
in [17-21].

In 2000, Wan-Li et al. [17] presented a probabilistic teleportation of a single-qubit arbitrary
state through a partially entangled quantum channel. In the same year, Shi et al. [18] proposed
a probabilistic teleportation of two-particle entangled state by pure entangled three-particle
state. In 2002, Agrawal and Pati [19] proposed a probabilistic teleportation protocol for an
unknown two-qubit state using nonmaximally entangled state as a shared resource. In 2003,
Yan and Wang [20] proposed a probabilistic and controlled teleportation scheme of the
unknown one-particle quantum states and unknown two-particle quantum states. In 2013, Yu
and Wu [21] proposed a probabilistic teleportation of an unknown three-qubit entangled state
via a quantum channel of five-qubit nonmaximally entangled cluster state.

In this paper, we present a probabilistic teleportation scheme for an arbitrary two-qubit
quantum state by using simultaneously two types of entangled resources, namely, the non-
maximally entangled GHZ-like state and a nonmaximally entangled Bell state. The operations
we perform are POVM measurement, local operations, and classical communication.

We mention two specialities of the present protocol. First, POVM is used in place of
the usual quantum measurements with respect to the orthogonal bases. Second, the nonmaxi-
mally entangled resources perform better in our scheme than the maximally entangled ones.
Demonstration of the latter is the main motivation of the paper.

1. THE MAIN RESULTS

Alice wants to transmit an unknown two-qubit entangled state to a distant receiver Bob.
An arbitrary two-qubit pure quantum state is described as

[)12 = (a00]|00) + @o1|01) + a10[10) + a11]11))12, (1)

1
where the parameter > |a;;|? = 1. Alice wants to teleport the state [¢/)12 to Bob.
i=0,j=0
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Suppose two quantum channels shared between Alice and Bob: one nonmaximally entan-
gled GHZ-like state and one nonmaximally entangled Bell state given by

|’lﬂ>345 = (a|000> + b|011> + C|101> + d|110>)345 and
[v)er = (e]00) + f[11))e7,

where a, b, c, d, e, and f’s are all real and nonzero, a®> + b2 +c?+d? =1, and 2 + f2 = 1;
the particles 3, 4, and 6 are in the possession of the sender Alice, the particles 5 and
7 belong to the receiver Bob. It may be noted that maximally entangled GHZ-like state
(1/2)(|000) + [011) + |101) 4 |110)) has been used in communication protocols in [13].

Therefore, the state of the whole system composed of an unknown two-qubit state and
two quantum channels is given by

[) 1234567 = [¥)12 @ [1))345 @ |¥)67- (2)

Consider GHZ-like category mutually orthogonal states given by
1
|§i>:::5{(|100>4F|111>)j:(|001>4k|010>)} and

) = 5000) + 011)) & (1101) + [110))),

and the Bell basis given by

00y £ 1)), [w*) =

|9F) = 7 7(|01> +[10)).
We choose the POVM as follows:
By = [€7)134|®T ) 26134 (€ |26 (@7, Ey =€ )134] 9T ) 26134 (6 |26(@ 7],
Es = [£7)134|®7 ) 26134 (626 (27|, By =16 )134]®7 )26134(& ™ |26(P 7|,
Es = 0" ) 134|197 ) 26134 (0" |26 (7, Es =07 )134]®")26134 (0 26 (@7,
Er = 0" )134|® 26134 (0" |26 (7, Eg = |n")134]® 7 )26134(n " |26(P |,
Eg = 0" 1349 26134 (0T |26 (¥, E1o = |17 )13a| " )a6134 (0 |26 (T,
E1y = |0 ) 1340 Yag134 (0T |26 (¥, Ei2 = |17 )13419 " )26134(n |26 (V" |,
Ers = [€7)134| 0T ) 26134 (T |26 (U, Erg =€ 1349 ) 26134 (€ [26 (T,
Eis = [€) 1349 ) 26134 (€ |26 (¥, Ei6 = € )134|¥ " )26134(¢ |26 (¥ |,
16
EN:I—E:&.
i=0

The possible outcomes for Bob after Alice performs the POVM measurement on her pairs
of three qubits (1, 3, 4) and two qubits (2, 6) are given in Table 1.
For the case of Fj7, the protocol fails.
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Table 1
meiﬁf:;em After the measurement outcome state of Bob
B %{alo(a +d)e|00) + ar1(a + d) £101) + aco(b+ ¢)e[10) + ao (b + ) f]11) s
Jo %{alo(a + d)e|00) + ar1(a + d) £101) — aco(b+ c)e|10) — aon (b + ) fI11) }sr
s %{alo(a + d)e]00) — ary (a + d) £101) + aoo(b + €)e|10) — ao1 (b+ ¢) f]11) }sr
4 %{aw(a + d)e]00) — ary (a + d) £101) — aoo(b + €)e|10) + ao1 (b + ¢) f]11) }sr
s ii{aoo(a + d)e]00) + aon (a + d) £101) + azo(b+ €)e|10) + ary (b+ ) f111) }or
Fs ii{aoo(a + d)e]00) + aon (a + d) £101) — azo(b+ €)e|10) — ary (b+ ) f]11) }sr
fo8 ii{aoo(a + d)e]00) — aon (a+ d) F|01) + a10(b+ €)e|10) — ary (b+ ) f|11) }or
By ﬁ{aoo(a + d)e|00) — aoi(a+ d) £|01) — aro(b + )e|10) + ari (b+ c) f|11) }sr
Bo %{am(a +d)e]00) + aoo(a + d) £l01) + a11 (b + €)e|10) + aro(b+ ) f]11) }or
o %{am(a + d)e|00) + aco(a + d) £|01) — ari (b + )e|10) — aro(b+ c) f|11) }sr
En %{wm(a +d)e|00) + aco(a + d) £|01) — ari (b + )e|10) + aro(b+ ) f|11) }s7
fo %{—am(a +d)e|00) + aoo(a + d) £101) + ar (b+ ¢)e[10) — aso(b+ c) f]11)}sr
Fus %{au(a + d)e]00) + azo(a + d) £101) + a0 (b + €)e|10) + avo(b+ ¢) f]11) }s7
o %{au(a + d)e]00) + aro(a + d) £101) — a0y (b + €)e|10) — avo(b+ ¢) f]11) }s7
Fus ii{—au(a + d)el00) + aro(a + d)£101) — ao (b + €)el10) + aoo(b + ) f|11) }57
Es ig{—au(a + d)e|00) + a1o(a + d) £]01) + ao1 (b + ¢)e|10) — ago(b + ¢) f|11) }57

The probabilities of obtaining the measurement results E; to Fs are given below:

1
for Ei, 1= 1,2,3,4, P1 = §{|a10|2(a + d)262 + |a11|2(a + d)2f2 + |a00|2(b + C)2€2+
lao1|*(b +¢)* f2};

for E;, i = 5,6,7,8, P

1
§{|a00|2(a + d)?e* + laoi|*(a + d)? 2 + |a10]*(b + ¢)?e*+

|a11 (b + ) f2}; .
for F;, i =9,10,11,12, P3 = §{|a01|2(a + d)%e? + |ago|*(a + d)2 2 + |a11|* (b + ¢)%e? +
|a10?(b + )2}
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1
for E;, i = 13,14,15,16, Py = §{|a11|2(a +d)?e? + |arol?(a + d)2 2 + |ao1 |2 (b + ¢)?e? +
|aco*(b + )22}
fOI'E17, P5:1—P1—P2—P3—P4.
Now Alice informs Bob of her measurement result, and Bob gives a corresponding
general evolution. To carry out the general evolution, Bob introduces an auxiliary qubit

in an initial state |0),ux and makes another unitary transformation U,uy under the ba-
sis {]|000), |010), [100), |110),]001),]011),]101),]111)}5s8aux> the form of collective unitary

transformation U,,x which is a 8 x 8 matrix given by Uyux = g _BA> , Where
M 0 0 0
(a+d)e
0 b+co)f 0
' R
+c
0 O Broe
0 0 0 1
and
(b+o)f)”
1—
\/ { (0T d)e 0 0 0
(b+0o)f
1 —
B= " \/ = " ’
(b+)f”
1T
0 0 \/ { (b+c)e 0
0 0 0 0

After applying the unitary transformation U,,x, Bob performs a measurement on the
auxiliary particle. If the measurement result is |0),ux, then by applying the appropriate
unitary operations U; to Ujs given below, Bob gets the desired state corresponding to the
16 states available to Bob. If the measurement result is |1),,x, the teleportation protocol fails.
The details are given in Table 2.

Here the unitary operations U;’s are given by

00 1 0 00 —1 0 0 0 1 0
000 1 00 0 -1 0 0 0 —1
Ui=11 0 0 o| 2=11 0 0 ol U=|1 0 0o ol
01 00 01 0 0 0 -1 0 0
0 0 -1 0 1 0 0 0 10 0 0
0 0 0 1 0100 01 0 0
Us=11 o o ol Y=]o o1 o] Us=10 0 -1 o |
0 -1 0 0 000 1 00 0 -1



A Probabilistic Quantum Communication Protocol Using Mixed Entangled Channel 539

Table 2
Alice’s After applying U,ux and the measurement Unitary operator
t outcome |Oaux) to achieve
B o the desired state
By {a10]00) + a11|01) + aoo[10) + ao1|11)}s7 U,
Es {a10[00) + @11]01) — aoo[10) — ao1|11)}s7 Us
s {@10]00) — a11]01) + a0o|10) — ao1|11)}s7 Us
Eq {a10]00) — a11]01) — aoo|10) + ao1[11)}s7 U,
Es {a00]00) + ao1|01) + a10]10) + a11]11)}s7 Us
e {@00]00) + a01|01) — a10[10) — aur[11)}s7 Us
Er {a00|00> — a01|01> + a10|10> — a11|11>}57 U,
FEs {a00|00> — a01|01> — a10|10> + a11|11>}57 Us
Eq {@01|00) + aoo|01) + a11]10) + aio|11)}s7 Us
E1o {@01]00) + a0o|01) — @11|10) — a10[11) }57 Uso
En {~a01]00) + aoo|01) — a11]10) + a10|11)}57 Urs
E12 {—a01]00) + aoo|01) + a11]10) — a10|11)}57 Uss
Es3 {@11]00) + a10]01) + ao1]10) + aoo|11)}s57 Uss
Fia {CL11|00> + CL10|01> — a01|10> — a00|11>}57 Uss
FEis {=a11|00) 4+ a10|01) — @01]|10) + aoo|11)}s7 Uss
Eie {=a11]00) + @10]01) + ao1|10) — ago|11)}s7 Use
1 0 0 0 1 0 0 O 01 00
0 -1 0 O 0 -1 0 O 1 00 0
U=1o o 1 o Y=lo o -1 0|0 ®=|oo0 0 1]
0 0 0 -1 0 O 0 1 0 010
0 100 0 1 0 0 10 0
1 0 0 0 -1 0 0 O -1 00 O
Po=1g 0 o —1f U= o o 1> Y=o 00 -1
00 -1 o0 0 0 -1 0 0 01 o0
0 0 0 1 0 0 0 -1 0 0 0 1
0 010 00 -1 0 0 0 =1 0
Us=10 1 0 o Va=101 0 ol Us=0o 1 o ol
1 0 00 1 0 0 0 -1 0 0 0
0 0 0 -1
0 01 o0
Us=109 10 o
-1 0 0 O

As an illustration, corresponding to F4j, the unitary transformation U, transforms the
state

1

2\/§{a1o(a + d)e[00)[0)aux + a11(a + d) f[01)]0)aux + aoo (b + ¢)€[10)[0)aux+

+ a()l(b + C)f|11>|0>aux}
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to the state

b+cof
2v/2

1 (b+o)f )’ (b+0)f
+m{a10(a+d)e\/l_{(a+—d)e} |00>+a11(a+d)f\/1—{m} [01)+

+a00(b+0) e\/ {((l;ii) } |10>}57|1>aux.

Then from the measurement on the auxiliary particle it follows that if the measurement
result is |0).ux, then the corresponding state is given by {a10|00) + @11|01) + ago|10) +
ap1|11)}57; and after applying the unitary transformation U;, Bob gets the desired state
which is given by {app|00) + ao1|01) + a10]/10) + a11|11)}57, that is, the teleportation is

|¥) s8aux = {@10]00) 4+ @11]01) + aoo|10) + ap1]11)}57|0) aux+

. . : . . . (b4 ) f?

successful. The probability of getting |0).ux in the single-qubit measurement is ~—————.
. ) o . (b+c)?f? . .

So the probability of success in case of the POVM yielding F; is P,————. Simi-
larly we can calculate the probabilities corresponding to the measurements Fso, s, ..., Eg

being performed. The protocol fails for the measurement F17. Then the total probability of
success for the teleportation process is

poap B S p (H;)QF + 4P, (H;)Qfg + 4P, (H;)QF
:W{Pl—i-Pg—i-Pg—i-Rl}:
= %{(aer)QeQ +(a+d)?f2+ (b+c)?e+ (b+c)?f*} =
:W{(a—i—df—i—(b—i—c )%} =
=%{ +d*+ b+ +2ad—|—2bc}—( 1 {1+2ad+2bc}

2. DISCUSSION AND CONCLUSIONS

The teleportation scheme was first advanced with a maximally entangled Bell state [1].
Gradually it has been established that nonmaximally entangled states have also their roles in
problems of quantum information and communication. There are entanglement concentration
protocols (ECPs) for generating maximal entanglements. But the use of nonmaximally entan-
gled states in communications can be more encouraging rather than passing through an ECP
and then opting for a communication protocol with maximally entangled channels. This is
one of the goals of probabilistic schemes.

Normally the probabilistic teleportation protocols use nonmaximally entangled quantum
channels in contrast to the perfect teleportations which are generally performed with the help
of maximally entangled states. There are also exceptions to the latter fact. For instance, it
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is possible to teleport perfectly arbitrary single-qubit states using class of W states which are
not maximally entangled [22]. In several cases the probabilistic teleportation tends to perfect
teleportation, as we use more entangled resources, and reduces to that when the quantum
channel is maximal. Thus, the success probability can be increased to any degree by proper
adjustment of parameters characterizing the quantum channel thereby making it nearer to a
maximally entangled channel.

Our protocol differs from the above category in that particular choice of the channels,
as maximally entangled resources do not supply us with the maximum possible probability
of success. This is the reason why the success probability cannot be arbitrarily increased
by adjustment of parameters. In fact, the use of maximal entanglement which results with
the particular choice of parameters as a = b = ¢ = d = 1/2, and e = f = 1//2, gives
a success probability 0.0625, whereas the maximum probability of success in our scheme
is 0.25. Thus, one implication of our result is that the maximal resource need not always give
the maximum probability of success. Neither of our protocols is related in the limit to the
perfect teleportation protocol. The nonmaximal resources perform better in our scheme.

Another speciality of our protocol is that we use POVM which is operationally more
advantageous compared to measurements with respect to orthogonal bases which are generally
performed in perfect as well as probabilistic teleportations.
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