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Abstract We present a scheme for bidirectional controlled quantum teleportation (BCQT)
via a five-qutrit entangled state as the quantum channel. In this scheme, two distant par-
ties, Alice and Bob, are not only senders but also receivers, and Alice wants to teleport
an unknown single-qutrit state to Bob, at the same time, Bob wishes to teleport another
arbitrary single-qutrit state, respectively. It is shown that, only if the two senders and the
controller collaborate with each other, the BCQT can be completed successfully.

Keywords Bidirectional controlled quantum teleportation - Five-qutrit entangled state -
Generalized Bell state measurement

1 Introduction

Quantum entanglement plays a central role for some applications in quantum informa-
tion science [1]. Also high-dimensional entanglement is very important physical resource
in quantum information processing. With the realization of preparing a high-dimensional
quantum state [2], during the last few years, the high-dimensional aspects of various top-
ics in a quantum information system have been proposed, such as superdense coding [3],
quantum key distribution [4], and quantum teleportation [5—16], and so on. Compared
with qubits, high-dimensional quantum systems are better suited for certain purposes. For
instance, Brall and Macchiavello [17] showed that, in the presence of noise, qudit schemes
for quantum cryptography are more secure than protocols using qubit states. Klimov et al.
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[18] pointed out that the quantum computation with qutrits instead of a qubit is the expo-
nential increase of the available Hilbert space with the same amount of physical resources.
Therefore, extending the local implementation of the nonlocal quantum operation to a
high-dimensional system is important.

As is known to all, quantum teleportation, proposed by Bennett et al [19] is one of
the most important aspects of quantum information science. Since then, teleportation has
always interested a lot of researchers in both theoretical and experimental respects [20-38].
Recently, Zha et al. [39] presented the original bidirectional controlled quantum teleporta-
tion (BCQT) scheme. In their scheme, two users can simultaneously exchange their single
qubit states. Since then, several different works for BCQT have been proposed by using dif-
ferent kinds of entangled states as the quantum channel [40—48]. However, one can notice
easily that all of above schemes for BCQT [39—48] have dealt with problem by using a qubit
system. We find that so far no scheme has been reported for BCQT with high-dimensional
systems. In this paper, we propose a new scheme for BCQT with three-dimensional system.
In this scheme, two distant parties, Alice and Bob, are not only senders but also receivers,
and Alice wants to transmit an unknown state of single qutrit to Bob, and at the same time
Bob wishes to transmit another unknown state of single qutrit to Alice. It is shown that, only
if the two users and the controller collaborate with each other, the BCQT can be completed
successfully.

2 Generalized Bell Basis and Five-qutrit Entangled Quantum Channel

Let us first review the generalized Bell basis (GBB). The GBB of the Hilbert space of two
particles with three dimensions is [10]

Wm) = £;¢*79")j) ® |j + m mod 3)/V/3, (1
where n, m, j = 0, 1, 2. More explicitly

[Woo) = %uom +[11) + |22)),

|Wio) = \%(wm + PP 4 *3)22)),

W) = %qom + B 4 2P 22)),

W) = \%001) + [12) 4 120)),

W) = %uow + ¥ 3112) 4 *3)20)),

W) = \%001) +e¥B112) 4 273)20)),

W) = %002) + [10) + [21)),

Wyp) = %002) +e7B[10) 4 47 21Y),

W) = %(|02> +e¥B110) 4 25)21)). ()
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Through simple calculation, it can be shown that the single-body operation
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will transform |Wqp) into the corresponding states in Eq. (1), respectively,
Unm|¥00) = [Wam)- 4

In order to realize the BCQT with three-dimensional system, now we prepare a five-qutrit
quantum channel composed of the direct product of a three-qutrit entangled state and a
two-qutrit pair. Supposing a state preparer Victor has a two-qutrit pair and a three-qutrit
entangled state, which are given by

1
= —(|00 11 22 s 5
[71)12 \/§(| )+ [11) +122) 12 ©)
and
1
= —(|000 111 222 s 6
[r2)345 ﬁ(l )+ [111) +|222))345 (6)
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The direct product state |R) can be described as
[R) =Iri)12®Ir2)345
= %(|00000) +100111) +]00222) + [11000) + |11111)
+]11222) + |22000) + [22111) + [22222))12345. @)

To achieve the five-qutrit entangled quantum channel, Victor can perform three three-
dimensional C-NOT gates C»5, C35 and Cy4s on his qutrits 2, 3, 4, 5 successively. Here
operation C;; acts on a pair of qutrits 7 and j in the following manner [4].

Cijlk, Dij = 1k, k+1)ij, 8)
and C;; denotes that i as control qutrit and j as target one. After that, the direct product state
|R) (see Eq. (7)) will become a five-qutrit entangled state, which is given by

1
Q) = §(|OOOOO) +100110) 4 100220) + |11001) + |11111)
+[11221) + |22002) + [22112) + |22222))12345. ©)

To help users Alice, Bob and controller Charlie complete the BCQT. Victor distributes the
qutrits 1 and 3 to Alice, qutrits 2 and 4 to Bob, and qutrit 5 to Charlie, respectively. Thus,
the five-qutrit entangled channel shared by Alice, Bob and Charlie has been achieved.

3 The BCQT with Three-dimensional Systems

Supposed that Alice has an unknown single-qutrit state

[po)a = (a0l|0) + a1|1) + a2]2) 4, (10)

and that Bob has an unknown single-qutrit state

I90)8 = (Bol0) + B111) + B212)) s, (11)
where ag, a1, a2, Bo, 1 and B are complex numbers, and

lewo |2 + la1|* + lea)? = 1,
1Bol> + 18112+ 1B2* = 1. (12)

Now Alice wants to teleport the state of the qutrit A to Bob, and at the same time, Bob wants
to teleport the state of the qutrit B to Alice. As described above in section 2, the quantum
channel shared by Alice, Bob and controller Charlie is the state | Q) (see Eq. (9)), and qutrits
1 and 3 belong to Alice, qutrits 2 and 4 to Bob, and qutrit 5 to Charlie. Thus the compound
state of total system may be expressed as

[P) = 1po)a ®lqo)s ® 10). 13)

In order to complete the BCQT, Alice and Bob should employ their own measurement.
Alice has to perform generalized Bell state measurement (GBSM) on her qutrit pair (A4, 1)
by using the GBB |V¥,,,,,) (see Eq. (11)). At the same time, Bob should make GBSM on
his qutrits B and 2. After those measurements, Alice (Bob) should inform Bob (Alice) and
Charlie of the measurement result by classical channel. If Charlie like to help Alice and
Bob with the BCQT, he can perform a single-qutrit measurement on his qutrit 5 under the
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projective measurement basis (PMB) {|®x)}(k = 0, 1, 2), which is given by

1
—=(10) + 1) +12)),

dg) = Hz)|0) =
| Do) 3 10) 7
1 ) .
|®1) = Hz)ll) = ﬁum + BT 4 4312y,
1 . .
|®2) = H3)[2) = 73(|O> + MBI 4 2T32y), (14)

where H(3) is the Hadamard operator in three dimensional Hilbert space. After that, Charlie
should inform Alice and Bob of his outcome of measurement. Then, Alice and Bob can
make the suitable unitary operations on the qutrits at hand, the BCQT can be successfully
completed.

Now we discuss this scheme in more detail below. For example, without loss of general-
ity, we assume that the result of Alice’s GBSM is |Wg) 41, the state of qutrits B, 2, 3,4, 5
will collapse into

1
[P1) =a1 (WoolP) = ﬁ(aoﬁolooow) + a0 B0[00110) + cpBp|00220)

+a81110000) + aoB1]10110
+0a0B2]20000) 4+ «pB2(20110
+a1B0/01001) + a1 Bpl01111
+a1B1111001) + a1 B1]11111

) + 01110220
)
)
)
+a162(21001) 4+ a1 B2]21111
)
)
)

T 22120220
+ a1 Bl01221
+ 1111221
+ a1 82|21221
+ a2 8p]02222
T+ aaf]12222
+ a22|22222)) po3as.  (15)

403 60]02002) 4+ a2 8p|02112
+ap61]12002) + a2 8112112
+a262]22002) + a2 82(22112

_ T T e — —

)
)
)
)
)
)
)
)

Meanwhile, Bob performs GBSM on his qutrits B and 4 under the GBB (1). After that, the
state (15) can be rewritten as

|P) = (‘Poolp)
7(I\Poo B4190)3 + W10) B4lq1)3 + |W20) B4lq2)3
93
+|Wo1)B4lg3)3 + [W11)B4lga)s + |W21) B4lgs)3
+|Wo02) B4lge)3 + [W12) B4lg7)3 + |W22) B4lgs)3)Is)2s, (16)
where
Is)25 = |po)21®@o)s + [p1)21P1)s + | p2)2| P2)s, (17)
and

|po) = @pl0) + a1]1) + a2|2),
Ip1) = @0l0) + a1 3|1) + ape?™/312),
|p2) = a0l0) + a1 3 [1) + aze*™/3)2), (18)
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and

I90) = Bol0) + Bil1) + B212),

lg1) = Bol0) + Bre*™ 3 [1) + pre™™/3|2),

lg2) = Bol0) + Bre*™ /3 [1) + pre*™i/3|2),

lg3) = Boll) + B112) + B210),

lga) = Boll) + Bre*™/312) + Bre*™/310),

lgs) = Poll) + B1e*™ 3 |2) + pre*™/3|0),

lg6) = Pol2) + B110) + B2I1).

lg7) = Pol2) + Br1e*™/3|0) + pre®™ /3 |1),

lgs) = Pol2) + B1e*™/3|0) + Bre*™/3|1), (19)

and |®g), |P1) and |P,) are still in the PMB {|®f)}(k = 0, 1,2) (see Eq. (14)). From
Egs. (16)-(19), if Bob’s measurement result is |W21) p4, the state of qutrits 2, 3, 5 can be
expressed as
lw) :
w)23s = —=
93
Then Alice (Bob) tells the measurement result to Bob (Alice) and Charlie by classical chan-
nel. If Charlie would like to help them with the BCQT, he can measure his qutrit 5 under
the basis {|Dx)}(k = 0, 1, 2) and transfer the measurement outcome to Alice and Bob by

classical channel. From Eq. (20), it is clear that, if the result of Charlie is |®g), or |®q), or
|®,), the qutrits 2 and 3 will collapse into the state

lg5)3(1po)2|®o)s + |p1)2]P1)s5 + | p2)2|P2)s). (20)

1
In) = —= (20l0) + a1]1) + 2(2))2

93

® (Boll) + Bre™™ 312) + Bre*™/310))3, Q1)
or

1 ) .

V= ——(a]0) + a1 3|1) + ane? 32
[n") 9«/g(ol) 1 [1) 2 12))2

®(Boll) + 1™ 312) + pre*™/310))s, (22)

or

1 . .
17"y = ——=(@0l0) + a1 3|1) + ape*™/312)),

93
®(Bol1) + pr1e™312) + Bre*™/310))3. (23)

Then Bob and Alice can employ appropriate unitary operations (Upg)2(Uz2)3, or
(U10)2(U22)1, or (Uzp)2(Up2)3 on their own qutrits 2 and 3, respectively. After these oper-
ations, Alice and Bob can recover the desired states |gg) and |pg), respectively. That
is, in this situation, the BCQT has been completed successfully. The relation of GBSM
results |Woo) 41 performed by Alice, |W,,;,)(n, m = 0, 1, 2) by Bob, measurement outcomes
|®Pr)(k = 0,1, 2) of Charlie and the unitary transformations U4 performed by Alice and
Up by Bob are given in Table 1. If Alice’s measurement result is any one of other 8 cases
(see Egs. (1) and (2)), Bob and Charlie can apply the same method as above, then Alice and
Bob can choose suitable unitary operations on their own qutrits respectively, after that, their
desired states can be reconstructed successfully.
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Table 1 The relation of GBSM results | (o) 41 performed by Alice, [V, ) (n, m = 0, 1, 2) by Bob, measurement
outcomes | Py ) (k = 0, 1, 2) of Charlie and the unitary transformations U4 performed by Alice and Up by Bob

My Mp Mc [R)23 Ua Up
[®Po)s 917§|P0)2 ® 190)3 Uoo Uoo
[Wo0) a1 [Woo) B4 [D1)s ﬁlm)z ® 190)3 Uio Uoo
[D2)s ﬁlm)z ® 190)3 Uno Uoo
|®o)s 5U51P02 ®la1)s Uoo Ut
[Wo0) Al [W10) B4 [D1)s ﬁlp])z ®1q1)3 Uio Uio
[D2)s ﬁlpz)z ®191)3 Uno Uio
[Do)s ﬁlpo)z ® 192)3 Uoo Uao
[Wo0) A1 [W20) B4 [®1)s ﬁlpl)z ® 192)3 Uio Uao
[P2)s5 ﬁlpz)z ® 192)3 Uzo Uxo
[®o)s ﬁlpo)z ® 193)3 Uoo Un
[Wo0) a1 [Wo1)Ba [®P1)s ﬁlpl)z ® 1q3)3 Uio Un
[D2)s 917§|P2)2 ® 193)3 Uno Uo2
|®o)s 55 1P0)2 ® lga)s Uoo Una
[Wo0) A1 [Wi1) B4 [®P1)s ﬁlpl)z ® 194)3 Uio U
[D2)s ﬁlpzh ® [94)3 Uno Uiz
[Do)s ﬁlpo)z ® 1g5)3 Uoo Un
[Wo0) A1 [W21) B4 [®1)s ﬁlpl)z ®1g5)3 Uio Un
[®2)s ﬁlpz)z ® lgs)3 Uno Un
[Po)s gljlpo)z ® 196)3 Uoo Uoi
[Wo0) a1 [Wo2) Ba [®P1)s ﬁlpl)z ® 196)3 Uio Uoi
[P2)s5 ﬁlpz)z ® 196)3 Uxo Uoi
|®o)s 55 1P0)2 ® la)s Uno Un
[Wo0) Al [W12) B4 [®P1)s 91?|P1>2 ® 197)3 Uio Ui
|®2)s 5751P22 ®la7)s U Un
[Do)s ﬁlpo)z ® 1g8)3 Uoo %3
[W0o) a1 W22) 54 |®1)s G5 1P1)2 ® las)s Uto Ui
[®2)s ﬁlpz)z ® lgs)3 Uno Uz

4 Conclusion

In conclusion, we have presented a new scheme for bidirectional controlled teleportation
in three-dimension system. In this scheme, Alice and Bob are not only senders but also
receivers, and Alice wishes to teleport an unknown single-qutrit state to Bob, at the same
time, Bob wants to teleport an another unknown single-qutrit state at distant Alice’s site
under the control of the supervisor Charlie. In the scheme, a five-qutrit entangled state is
considered as the quantum channel. Firstly, Alice should preform a GBSM on her qutrits,
meanwhile, Bob must employ a GBSM on his qutrits. Then Charlie can make a single-qutrit
measurement on his qutrit. After that, Alice and Bob can perform the respective suitable
unitary operations on own qutrits to achieve the BCQT.

@ Springer



2240 Int J Theor Phys (2018) 57:2233-2240

Acknowledgements This work was supported by National Natural Science Foundation of China
(No. 11547023); Jiangsu Key Laboratory for Chemistry of Low-Dimensional Materials opening project
(No.JSKC17007). Huaian 533 talent project (No.HAA201737, No.HAA201728).

References

. Nielsen, M.A., Chuang, 1.J.: Quantum computation and quantum information. Cambridge University

Press, Cambridge (2000)

. Mair, A., Vaziri, A., Weihs, G., Zeilinger, A.: Nature 412, 313-316 (2001)
. Liu, X.S., Long, G.L., Tong, D.M., Li, F.: Phys. Rev. A 65, 022304 (2002)

Karimipour, V., Bahraminasab, A., Bagherinezhad, S.: Phys. Rev. A 65, 052331 (2002)
Son, W., Lee, J., Kim, M.S., Park, Y.J.: Phys. Rev. A 64, 064304 (2001)

. Hsu, L.Y.: Phys. Lett. A 311, 459—464 (2003)

. Cao, M., Zhu, S.Q.: Commun. Theor. Phys. 43, 803—-805 (2005)

. Yang, Y.G., Wen, Q.Y., Zhu, F.C.: Chin. Phys. 15, 907-911 (2006)

. Zhan, X.G., Li, HM., Zeng, H.S.: Chin. Phys. lett. 23, 2900-2902 (2006)

. Zhan, Y.B.: Chin. Phys. 16, 2557-2562 (2007)

. Zhou, P, Li, X.H., Deng, E.G., Zhou, H.Y.: J. Phys. A: Math. Thero. 40, 13121-13130 (2007)

. Gulfam, Q., Rameez-ul-Islam, Ikram, M.: J. Phys. B: At. Mol. Opt. Phys. 41, 165502 (2008)

. Dai, H.Y., Zhang, M., Li, C.Z.: Commun. Theor. Phys. 49, 891-894 (2008)

. Shi, J., Zhan, Y.B.: Commun. Theor. Phys. 51, 1027-1032 (2009)

. Al-Amri, M., Evers, J., Ikram, M., Zubairy, M.S.: J. Phys. B: At. Mol. Opt. Phys. 45, 095502 (2012)
. Qurban, M., Abbas, T., Rameez-ul-islam, Ikram, M.: Int. J. Theor. Phys. 55, 2977-2988 (2016)

. BruB, D., Macchiavello, C.: Phys. Rev. Lett. 88, 127901 (2002)

. Klimov, A.B., Guzmdn, R., Retamal, J.C., Saavedra, C.: Phys. Rev. A 67, 062313 (2003)

. Bennett, C.H., Brassard, G., Crépeau, C., Jozsa, R., Peres, A., Wootters, W.K.: Phys. Rev. Lett. 70, 1895

(1993)

. Cirac, J.I, Parkins, A.S.: Phys. Rev. A 50, R4441 (1994)

. Moussa, M.H.Y.: Phys. Rev. A 55, R3287 (1997)

. Li, WL, Li, C.F, Guo, G.C.: Phys. Rev. A 61, 034301 (2000)

. Lee, J., Kim, M.S.: Phys. Rev. Lett. 84, 4236 (2000)

. Bowen, G., Bose, S.: Phys. Rev. Lett. 87, 267901 (2001)

. Rigolin, G.: Phys. Rev. A 71, 132303 (2005)

. Yeo, Y., Chua, WK.: Phys. Rev. Lett. 96, 060502 (2006)

. Gordon, G., Rigolin, G.: Phys. Rev. A 73, 042309 (2006)

. Muralidharan, S., Panigrahi, PK.: Phys. Rev. A 77, 032321 (2008)

. Sun, Y., Man, Z.X., Xia, Y.J.: Chin. Phys. B 18, 1742 (2009)

. Mei, F, Yu, Y.F,, Zhang, Z.M.: Chin. Phys. B 19, 020308 (2010)

. Wang, Z.J., Zhang, K., Fan, C.Y.: Chin. Phys. B 19, 110311 (2010)

. Zhan, Y.B., Zhang, Q.Y., Wang, Y.W., Ma, P.C.: Chin. Phys. lett. 27, 010307 (2010)
. Wang, M.Y,, Yan, FL.: Chin. Phys. lett. 28, 060301 (2011)

. Tang, J.W., Zhao, G.X., He, X.H.: Chin. Phys. B 20, 050312 (2011)

. Wang, M.Y,, Yan, EL.: Chin. Phys. B 20, 120309 (2011)

. Guo, Y., Luo, X.B.: Chin. 29, 060303 (2012)

. Bouwmeester, D., Pan, J.W., Mattle, K., Eibl, M., Weinfurter, H., Zeilinger, A.: Natrue 390, 575-579

(1997)

. Furusawa, A., Sgrensen, J.L., Braunstein, S.L., Fuchs, C.A., Kimble, H.J., Polzik, E.S.: Science 282,

706-709 (1998)

. Zha, X.W., Zhou, Z.C., Qi, J.X., Song, H.Y.: Int. J. Theor. Phys. 52, 1740-1744 (2013)
. Li, Y.H., Nie, L.P.: Int.J. Theor. Phys. 52, 1630-1634 (2013)

. Yan, A.: Int. J. Theor. Phys. 52, 3870-3873 (2013)

. Shukla, C., Banerjee, A., Pathak, A.: Int. J. Theor. Phys. 52, 3790-3796 (2013)

. Duan, Y.J., Zha, X.W., Sun, X.M., Xia, J.F.: Int. J. Theor. Phys. 53, 2697-2707 (2014)
. Duan, Y.J., Zha, X.W.: Int.J. Theor. Phys. 53, 3780-3786 (2014)

. Chen, Y.: Int. J. Theor. Phys. 54, 269-272 (2015)

. Sang, M.H.: Int. J. Theor. Phys. 55, 380-383 (2016)

. Sang, M.H.: Int. J. Theor. Phys. 55, 1333-1335 (2016)

. Choudhury, B.S., Dhara, A.: Int.J. Theor. Phys. 55, 2272-2285 (2016)

@ Springer



	Bidirectional Controlled Quantum Teleportation in the Three-dimension System
	Abstract
	Introduction
	Generalized Bell Basis and Five-qutrit Entangled Quantum Channel 
	The BCQT with Three-dimensional Systems
	Conclusion
	Acknowledgements
	References


