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Teleportation of n-Particle State via n Pairs of EPR Channels
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Abstract The teleportation of an arbitrary n-particle state (n > 1) is proposed if n pairs of identical EPR states

are utilized as quantum channels.

Independent Bell state measurements are performed for joint measurement. By

using a special Latin square of order 2" (n > 1), explicit expressions of outcomes after the Bell state measurements by
Alice (sender) and the corresponding unitary transformations by Bob (receiver) can be derived. It is shown that the
teleportation of n-particle state can be implemented by a series of single-qubit teleportation.
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Recently, the theoretical and experimental investi-
gations of quantum teleportation have been paid much
attention due to its important applications in compu-
tation and communication.' =% In the original idea of
quantum teleportation, the nonlocal correction between
an Einstein—Podolsky—Rosen (EPR) pair of particles was
utilized to transfer the quantum information of an un-
An arbi-
trary two-level single particle state is transmitted from

known quantum state to a remote place.

a sender (Alice) to a receiver (Bob) via an EPR chan-
nel with the help of some classical information.] Ex-
perimental demonstrations of quantum teleportation were
achieved.[275 Some schemes of quantum teleportation of
two-particle and three-particle states via different chan-
nels were presented.[6—10]

In this paper, the quantum teleportation of an arbi-
trary two-level n-particle state is proposed. Identical EPR
pairs are utilized for the quantum channels and indepen-
dent Bell state measurements are performed on particles
owned by Alice. Explicit expressions of outcomes after
the measurements of Alice and the corresponding uni-
tary transformations of Bob are derived if a special Latin
square of order 2™ (n > 1) is employed. These unitary
transformations can be divided into n local single-qubit
operations. 1]

An arbitrary n-particle state with unknown coefficients
xz; (1 =0,1,...,2" — 1) can be written as
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where a € {i}, coefficients z; are complex numbers and

satisfy normalization condition with
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-+-1;+--0;---) denotes that there is a “1” at the position
J p

“” and a “0” at the position “j”, and
{|0...0>’|0...1>7...7|...1Z....0j...>7...7‘1...1>}

is the basis of a 2™-dimensional Hilbert space.

To teleport the state |t)12...,, Alice needs to set up
n pairs of identical EPR states as quantum channels be-
tween her (sender) and Bob (receiver),
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where particles (n + 1), (n + 3),.. .,
sender (Alice) and particles (n+2),(n+4),...,
long to the receiver (Bob).

The state of the system is

W) = [¢)12.n[0) (ns1)(ns2)
X |0 (nt3)(nta) - 10T) Brno1)(3n)

at this time. The four Bell states of particle ki (I =
n+2k—1,k=1,2,.

|65

(3n — 1) belong to the
(3n) be-

,m) can be expressed as
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In order to realize the teleportation, Alice operates in

[pE Ve =

turn a series of Bell state measurements on particles k
and [ from k =1 to k = n. There are 2™ classes of differ-
ent measurements that Alice can perform and accordingly
there are 4™ kinds of outcomes in all. The first 2™ kinds

of measurements can be listed in the form
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where coeflicients xo of basis vector |[0---0) and others are the same as the original state in Eq. (1), while the sign
of each corresponding coefficient is altered. The sign “+£” or “4” from left to right corresponds to the Bell state
measurement of particle k[ from £ = 1 to k = n. It is noticed that whenever there is a “0” in position “j”, there
should be a “4” sign in the same position. When there is a “1” in position “¢”, there should be corresponding “#”
sign at the same position. For example, if n = 4, one has

1
(0F 411 (0T |30 (0F |27 (6T |15T) = 2—4{xo|0000> + + + £21|0001) + + £ +25]/0010) 4+ + £ £23/0011) + + + +

24]0100) + + + +25|0101) + £ + +26/0110) + + + +27]0111) + + + +
x5]1000) £ + 4 +x9[1001) £ + & +210/1010) + + £ £211]1011) £+ + +
$12|1100> +++ i$13‘1101> +++ +Zl4|1110> +++ ix15|1111>}681012 . (8)

The outcomes of other (2" — 1)-class Bell-state mea- = measurement (|¢%)1(n41) (65 ) n@n-1)), (6 1(ns1)
surements belong to the 2"-dimensional Hilbert space. It (|¢%),3-1)),  + ([¥F)10041)s * [¥F ) n@n-1)) will cor-
is necessary to determine the corresponding coefficient and  respond to a binary number (0---0), (0---1),...,
its sign of each basic vector when a unitary transformation  (1...1).  Any binary number has its decimal corre-
is performed.

In order to educe the (2™ — 1) classes of 2"(2" — 1)
kinds of outcomes of the measurements, a Latin square of
order 2"(n > 1) can be introduced, where it is a 2™ x 2™ ar-
ray of integers chosen from the set L = {lg,l1,...,lon_1}.

In the Latin square, each integer occurs exactly once in [ 1) -
each row and column th class of Bell—state measurements.

spondence.  So |¢i>1(n+1)-~-\gbi>n(3n_1) can be in-
terpreted as the 1st class of Bell-state measurements,
and [¢%)1(541) -+ [ )n(3n_1) can be interpreted as the
2nd class of Bell-state measurements. Consequently,
), (3n—1) can be interpreted as the 2"-

The special Latin square of order 2™ can be constructed It is noticed that the outcomes of the 1st class mea-
by using the Latin square of order 2. The recursion for-  surements satisfy the relation when the basis vectors of
mula can be written as the array are from |0---0) to |L---1). The corresponding

I [ Len Lhn 9 coefficients z; of the array are from ¢ = 0 to i = 2" — 1,
e { ba  Lon ] ’ ) which is the first row of the 2" x 2™ Latin square in Eq. (9).

where Ly, = Lan + 270, O is a special matrix of order If the position of the basis vectors is kept, the coefficients
2" with the value of each element being one. The Latin  of the 2nd class of Bell-state measurements in the array

square of order 2 can be written as can be determined by the second row of the Latin square.
0 1 Analogically, the coefficient of the 2"-th class of outcome

Ly = L 0] (10) states can be determined by the 2"-th row of the Latin

where n pairs of |¢+) are used as quantum channels. square. While the sign of the coefficient will be the same

If the Bell state measurement |¢*) is denoted by bi-  as that in Eq. (7). If one takes n = 4 as an example, one
nary bit of “0”, and |1)*) by binary bit of “1”, each joint  has

1
(F 411 (3F |30 (WF |27 (6T |15T) = o (£ £ 25[0000) + £ + +4]0001) + = H7]0010) + + = +|0011)

+ + + £21]0100) + + + +20[0101) + + + +25]0110) + + + +,[0111)
+ & + £2135]1000) £ & + +215|1001) & & & £215|1010) & & & +a14]1011)

Thus the formulations of outcome states after 4™ kinds of Bell state measurements performed by Alice can
be determined. After the measurements, Alice informs Bob which measurement she chooses to her particles via
a classical channel. According to the message of Alice, Bob can reconstruct the original state with his particles
(n+2),(n+4),...,(3n). It is evident that there are 4™ kinds of relevant unitary operations that can be performed
on his particles against the different measurements by Alice. Table 1 shows all 4™ kinds of corresponding unitary
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transformations by Bob accompanied by the measurements of Alice. It will be mentioned that the symbol “#£”
of the particles (n+2),(n+4),...,(3n) in the right column is relied on the Bell state measurements of particles
1(n+1),2(n+3),...,n(3n — 1), respectively. The symbol “+” is “4” if the Bell state is “+”, and the sign is “—” in
other cases. Whenever there is a Bell state measurement \1/1i>i(n+2i_1) on particles “¢” and “n + 2¢ — 17, there is a
Pauli transformation (|0)(1] = [1)(0|),+2; on particle (n + 27).

Table 1 Measurements of Alice and the unitary transformations of Bob when n pairs of |¢1) are
used as quantum channels.

Alice’s measurements Bob’s unitary transformations
165 1 (1) -5 195D n(an—1) (10)O] £ [1){1Dnt2 @ - - @ (10){0] £ [1)(1)3n
65) 1(nr1)s -5 [ ) m(an—1) (10)(01 £ [1){(1)n+2 @ --- @ (|0)(1] £ [1)(0])3n
)1 (1) 2 [ Dm(ane) (1)1 & 11){0Dn 12 ® - © (10) (1] 2 [1) (05

Whenever there is a Bell state measurement |¢i>j(n+2j_1) on particles “5”7 and “n + 25 — 17, there is a Pauli
transformation (|0)(0] £ |1)(1|)n+2; on particle (n + 2j). For example, when n = 4, the Bell state measurements of
Alice are |¢T)15]10F)o7|dT)30/9F ) 411, the corresponding unitary transformations of Bob can immediately be written as

(10) {0 £ [1){1])6 @ ([0) (1] £ [1){0)s @ (|0){0] £ [1){1[)10 @ (|0) (1] £ [1){0])12 - (12)

When n pairs of |¢7), [#T), and [1p~) are utilized as quantum channels, the measurements of Alice and the
corresponding unitary transformations of Bob are listed in Tables 2, 3, and 4, respectively.

Table 2 Measurements of Alice and the unitary transformations of Bob when n pairs of |¢~) are
used as quantum channels.

Alice’s measurements Bob’s unitary transformations
165E) 1(nt1)s -5 165 nan—1) (1000 F [1){A)n+2 @ - @ (|0)(0] F [1)(1])3n
165) 1(nt1)s -5 [ ) n(an—1) (1000 F [1){A)n+2 @ - @ (|0)(1] F [1)(0)3n
V) 1 g1y 8 @1y (10} (L F [1){0Dnt2 @ - - @ (10){1] F [1)(0))3n

Table 3 Measurements of Alice and the unitary transformations of Bob when n pairs of 1)) are
used as quantum channels.

Alice’s measurements Bob’s unitary transformations
16E) 1(nt1)s - -5 165 man—1) (10) (1 £ [1){0Dnt2 ® - - - @ (|0)(1] £ [1)(0))3n
165 1(nt1)s -5 [ 5 ) man—1) (10) (1] £ [1){0Dnt2 @ - - @ (10)¢0] £ [1)(1])3n
[5) 1(ng1)s -5 19 ) m(sn—1) (10001 £ [1){1)n+2 @ --- @ (|0)(0] £ [1)(1])3n

Table 4 Measurements of Alice and the unitary transformations of Bob when n pairs of [7) are
used as quantum channels.

Alice’s measurements Bob’s unitary transformations
165 1(nt1)s - -5 165 m3n—1) (10} (1 F [1){0Dnt2 @ - - @ (|0)(1] F [1)(0))3n

65 ) 1(nt1)s -5 [ D ngan—1) (01 F [1){0)n+2 @ --- @ (|0)(0] F [1)(1])3n

[ E) 1nt1)s -5 9 @1 (100 F [1){1)n+2 @ --- @ (|0)(0] F [1)(1])3n
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In conclusion, a scheme for teleportation of a completely unknown n-particle state via n pairs of identical EPR
channels is reported. The formulation of the states after the Bell state measurements by Alice and the corresponding
unitary transformations by Bob is derived through a Latin square. It is shown that when separate EPR pairs are
utilized for the quantum channels and joint measurement is decomposable into independent Bell state measurements,
unitary transformation can be divided into n local single-qubit operations. This implies that teleportation of n-particle
state can be implemented by a series of single-qubit teleportation.
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