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A quantum teleportation network involving multiple users is essential for future quantum internet. So far, controlled
quantum teleportation has been demonstrated in a three-user network. However, versatile and controlled quantum teleporta-
tion network involving more users is in demand, which satisfies different combinations of users for practical requirements.
Here we propose a highly versatile and controlled teleportation network that can switch among various combinations of
different users. We use a single continuous-variable six-partite Greenberger—Horne—Zeilinger (GHZ) state to realize such a
task by choosing the different measurement and feedback operations. The controlled teleportation network, which includes
one sub-network, two sub-networks and three sub-networks, can be realized for different application of user combina-
tions. Furthermore, the coherent feedback control (CFC) can manipulate and improve the teleportation performance. Our
approach is flexible and scalable, and would provide a versatile platform for demonstrations of complex quantum commu-

nication and quantum computing protocols.

Keywords: quantum teleportation, coherent feedback control, versatile, controlled transformation

PACS: 42.50.-p, 42.50.Ex, 03.67.Hk, 03.67.Bg

1. Introduction

Quantum teleportation,!!~®! one of the most basic quan-
tum protocols, transfers an unknown quantum state from
one location to another through local operation and classi-
cal communication via shared quantum entanglement with-
out physical transfer of the information carrier. It has been
widely applied in various quantum information protocols,
such as entanglement swapping,®! quantum repeaters,!'’]
quantum gate teleportation,!!!! quantum computation based
on measurement,'?l and quantum teleportation networks, 3]
which have high application value in quantum computation
and quantum information.!'4-161 The concept of quantum tele-
portation was first proposed by Bennett et al. in 1993 in
the discrete variable (DV) domain.[!! In 1994, Vaidman pro-
posed a quantum teleportation scheme in continuous variables
(CVs), in which entangled optical fields, joint measurements,
and information transformations were used to realize the trans-
fer of an unknown quantum state.!'”] Later, many theoretical
and experimental investigations of DV and CV quantum tele-
portation were carried out.[!8-22]

With the further development of quantum information
research, it is necessary to transfer quantum states or quan-
tum information among increasing numbers of users. Mul-
tipartite quantum protocols are expected to form fundamen-
tal components for larger-scale quantum communication and
computation,>~23! such as quantum key distribution (QKD)
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networks, which are promising to serve large numbers of users
with information-theoretic secure communication.?%! Thus a
quantum teleportation network involving multiple users is es-

[1327] A quantum telepor-

sential for future quantum internet.
tation network is a quantum communication network based on
multipartite entanglement, in which multiple users are spa-
tially separated and over which they have previously shared
multipartite entanglement. Any pair of users can choose to
transfer an unknown quantum state among specific users in
the quantum network, which provides a foundation to con-
struct the complex and diverse quantum communication and

(28291 The open-destination teleporta-

quantum computation.
tion with five-photon entanglement has been realized.”8! The
schemes of quantum teleportation using multipartite entan-
glement have been demonstrated, and the sent quantum state
can be conditionally recovered and reconstructed at any of the

30311 Besides, the generation and detection

multiple receivers.!
of CV entanglement sources are efficient. The CV quantum
network enables to construct metropolitan quantum networks
with multiple users,*>33! and thus it is possible to implement
controlled teleportation of any unknown quantum state. The
controlled quantum teleportation is demanded in practical ap-
plications. Sometimes it is required to teleport the quantum
state within fewer users instead of all the users, and the whole
quantum resource of multipartite entangled state can be di-

vided into several sub-networks to simultaneously implement
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versatile quantum communications.

Here, based on a CV six-partite Greenberger—Horne—
Zeilinger (GHZ) entangled state, we propose a highly versa-
tile and controlled teleportation network with six users. First,
six spatially separated users are connected in a network over
which they have previously shared six-partite entanglement.
Then, an unknown quantum state is jointly measured together
with one mode of the GHZ entangled state in the input node,
and the measurement results are transmitted selectively to any
one of the remaining five nodes through different classical
channels according to actual demand. Because of the quantum
correlation among six users, to complete the reconstruction of
the unknown quantum state, the sender and receiver may re-
quire assistance from multiple controllers. The number of con-
trollers has a strong influence on the effect of the teleportation,
so the flexibility to change the number of controllers required
in a quantum network is meaningful. To control the minimum
number of controllers required for successful quantum telepor-
tation, three nondegenerate optical parametric amplifiers with
coherent feedback control (CFC-NOPAs) are used to generate
the six-partite GHZ entanglement.3*! The dependence of the
teleportation fidelity on the transmissivity of the control beam
splitter (CBS) is theoretically analyzed. Our scheme includes
two operations. One is for the entanglement source. The en-
tanglement degree of the entanglement source is adjusted by
adjusting the transmittance T of the control coupling mitror in
the CFC system. Different entanglement degree leads to dif-
ferent quantum teleportation networks that can be constructed;
the other operation is for users in the network, who can con-
trol where their information goes and communicate flexibly as
sub-networks. These two operations are independent of each
other.

In multiple user networks, quantum states can be trans-
ferred between different sub-networks consisting of different
senders, receivers and controllers. More users, such as six
users, can perform different kinds of subnetworks, to demon-
strate the versatility. Versatility means that quantum teleporta-
tion can be implemented among various combinations of dif-
ferent users. In the CV GHZ state not only there are quan-
tum correlations among all the users; but also there still ex-
ist quantum correlations with some users with proper squeez-
ing factor. With such a CV GHZ state, quantum users can
selectively transmit their information to other users in dif-
ferent subnetworks, which construct a versatile teleportation
network. It can demonstrate two three-user subnetworks for
controlled quantum teleportation, and three two-user subnet-
works for quantum teleportation, which satisfy different appli-
cations with different user combinations. Moreover, the ver-
satile quantum teleportation network can be flexibly realized
only by controlling the CFC system, where the critical ex-
perimental conditions and any change of the hardware are not

needed. We use a single continuous-variable six-partite (GHZ)
state to realize such a task by choosing the different measure-
ment and feedback operations. The controlled teleportation
network, which includes one sub-network, two sub-networks
and three sub-networks, can be realized for different applica-
tion of user combinations. Our approach is flexible and scal-
able, and is expected to be a versatile platform to demonstrate
the complex quantum communication and quantum computing
protocols.

2. Controlled quantum teleportation network

Complex quantum teleportation networks, which include
a quantum server and multiple quantum users, are fundamental
elements of protocols such as large-scale quantum communi-
cation networks and distributed quantum computation. Fig-
ure 1 shows the schematic diagram of a multiuser controlled
quantum network, in which users are distributed at different
locations in space. With the support of quantum server, some
applicable users can be selected to cooperate with each other
to form subnetworks. By controlling the characteristics of the
quantum server, the characteristics of the subnetwork can be
controlled, such that controllable transformations among dif-
ferent types of subnetworks can be realized. Multipartite en-
tangled optical field is the basis of realizing quantum telepor-
tation network. A general way to build CV multipartite entan-
gled states in experiments is to achieve a linearly optical trans-
formation of input squeezed states on a specific beam-splitter
network.!33! If @, and Uy, represent the input squeezed state
and unitary matrix of a given beam-splitter network, respec-
tively, the output optical modes after transformation are given
by by = Y, Uyd,, where the subscripts [ and k express the des-
ignated input and output modes, respectively. A CV N-partite
GHZ entanglement state can be generated using n squeezed
states and a network with multiple beam splitters, and the CV

GHZ quadrature correlations can be expressed as?’)

Xp, +Xp, +-- -+, = 0,
ﬁhi_ﬁhj (l#‘]a l7]€ 1,2,...,N)—>0,

where the arrow indicates the meaning of approaching, and

ey

as the squeezing factor increases, the value on the left side
of Eq. (1) approaches 0 more and more. X, and p, represent
quadrature-amplitude and quadrature-phase operators of op-
tical mode by, respectively. The quadrature components are
expressed by £, = (4+a")/2 and p, = (4—a")/(2i) with the
canonical commutation relation [£5, p] =1/2, where d and @™
are the annihilation and creation operators of the electromag-
netic field, respectively. The canonical commutation relation
directly leads to quantum variances of electromagnetic field.
The variance of £, and p), are defined as V (£,) = (£7) — (£)?
and V(p,) = (p}) — (pp)?, respectively. The Heisenberg un-
certainty relationship gives the formula V (£,)V (p,) > 1/16,
where V (£3,) and V(pj,) correspond to the quantum variances
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of quadrature-amplitude and quadrature-phase operators, re-
spectively. At the limit of infinite squeezing, the state is the
CV analogue of a GHZ state.?”) The CV GHZ state is a max-
imally entangled state and a simultaneous entangled state of
zero total positions £, + £, + -+ - + %5, = 0 and zero relative
momentum pp, —ﬁbj(i #Jj, i,j€1,2,...,n). Below, we will
take a six-partite GHZ quantum entangled optical field as an
example to illustrate.

Output state

Coherent state

Fig. 2. Specific structure diagram of the quantum server. 7} is the trans-
mission efficiency of beam splitters. Boxes including an i are Fourier
transforms (90° rotations in phase space), and those containing —1 are
180° rotations. M1 and M2 are mirrors with high-reflection coating for
seed beams. CBS: control beam splitter with the transmission of 7. The
insert is the schematic diagram of NOPA with coherent feedback control.

Figure 2 is the specific structure of the quantum server, in
which an off-line CFC-NOPA can simultaneously generate an
#-squeezed state and a p-squeezed state,>*3¢) and each of the
five beam splitters has a corresponding beam-splitting ratio.
The three £-squeezed states dj, a3, ds, and three p-squeezed
states do, du, dg generated by three CFC-NOPAs are expressed

as dy = e "2 +1iepY) (m=1,3,5), and d, = "3 +
ie"ﬁ,(lo)
ing factor and £ and 13(0) represent the quadrature-amplitude

(n=2,4,6), respectively. In this case, r is a squeez-

and the quadrature-phase operators of the corresponding vac-
uum field with noise variance V (£(?) = v (p(©)) = 1/4.

We have assumed that all squeezed states produced by
the three CFC-NOPAs have equal squeezing degrees owing
to their identical configurations. According to the preparation
method shown in Fig. 2, the transformation matrix can be de-
composed into

Us = I(—=1)la(=1)Is5(=D)Is(=1)B},(Tx) Fy
x B3 (T5)By;(T2)Bys (T3) Fs B3y (T

where Fj denotes the Fourier transform of mode k, which
corresponds to a 90° rotation in phase space; B,fl(T]) (j=
1,2,...,5) represents the linearly optical transformation on the
j-th beam splitter with the transmission of T}, where (Bjj) =
VI=T, (Bi)u = VT, (B = VT, (Bij)u = FV1-T
are elements of the beam-splitter matrix. f(—1) = e'" corre-
sponds to a 180° rotation of mode k in phase space. When the
transmission efficiencies of the five beam splitters are chosen
as Ty =Ty =Ts =1/2, T, = T3 = 2/3, the six output optical
modes (b; , 132, . ,BG) satisfy a six-mode CV GHZ state. Then
the transformation matrix can be written as

i 1 1 1
S
V2 V6 V6 V6
B )
V2 V6 V6 V6
2 1 1
0 /2 ———— 0 0
3
N @
o o - L i 1
Ve V6 V6 V2
o o L L i 1
Ve Ve Ve V2

According to the transformation matrix Us, the relationship
between the output and input optical fields can be expressed

as follows:

B i1 11
=——a41— —=4) — —=ad3 — —=da,

1 \ﬁ] 62 63 64

[,_Lﬁ —Ld —Ld _L@

27\/51 62 63 647

X 2 1 1

b2 - g g

3 3% 6613 604,

b L + P i\/ZA
=——F=03+—F=d4—1\/ zd

4 63 64 395

b= — it g+ —as— L

5 63 64 \f65 267

o 1 1 i 1

b = ——=a3+ —=d4 + —=as5 + —=d. 3

6 i z \@5 546 (3)
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Then the quantum correlation variances of the quadrature
amplitude-sum and relative quadrature phase-difference can
be determined by

R R X N N . 3
V (%p, +Ep, + Xy +Xp, +Epg + X)) = Ee 2

V (P, — by;) = %e*zﬁ (i#j, i,j=12,...,6). (4
At the limit of infinite squeezing, namely r — oo, all of these
quantum correlation variances approach zero and the CV GHZ
state is a maximally entangled state. According to the insepa-
rability criteria for CV multipartite entangled states proposed
by van Loock and Furusawa,*’! we can deduce the insepara-
bility criteria for the CV six-partite GHZ state as follows:

V(P — Poy) +V (R, + 2, + 8, + 8V,
+8Wp, + Wiy, ) < 1,

V(Do = Poy) +V (8, + &Pk, + 1, + 8750,
+g<2>)€b5 +g(2>)€b6) <1,

V (P, — Py +V (o, + 8P, + 8P, + 5,
+g¥ip, +8Pi) < 1,

V (P, — Pos) +V (B, + 8, + Wi,

+g(4)fb4 + s +g(4))?b6) <1,

V(Do — Pog) +V (B, +8% 55, + %5,

+g<5)fb4 4—g<5>3?b5 + %) < 1, (5)

where g(?) (i=1,2,3,4,5) is the gain factor. For the case of
ideal squeezing, g'¥) = 1, whereas for the case of non-ideal
squeezing, the gain factor g(¥) can be adjusted to minimize the
value on the left-hand sides of the inequalities which are called
optimal gain factors. When all variance combinations on the
left-hand sides are less than 1, the six output optical modes are
in a six-partite GHZ state.

It should be stressed that CFC-NOPAs are used for the
preparation of a six-partite CV GHZ entanglement state in-
stead of NOPAs. The schematic diagram of NOPA with co-
herent feedback control is shown in the insert of Fig. 2. The
CFC loop is composed mainly of mirrors coated with high-
reflection for seed beams and a CBS. The effect of CBS makes
the input optical fields of the NOPA and the final output opti-
cal fields of the CFC-NOPA system consist of two parts: part
of the coherent state and part of the output entangled state
from the NOPA. Theoretical analysis and experimental veri-
fication of the CFC-NOPA system have been described in de-
tail in Ref. [34]. By tuning the transmissivity of the CBS in
the CFC, the squeezing factors of the output optical entangled
state of the system can be improved or reduced. Thus, the en-
tanglement degree of the six-partite entanglement source used
in quantum teleportation can be freely regulated, which is of
great significance in building a flexible and controllable quan-
tum teleportation network.

3. Performance of controlled quantum telepor-
tation networks

Both coherent states and nonclassical states, such as
squeezed states and entangled states can be teleported by using
quantum entanglement resource. >8] Here, we take the telepor-
tation of a coherent state as an example for theoretical anal-
ysis. Before the teleportation of a coherent state, submodes
(b ,132, e ,IA)6) of the six-partite GHZ entanglement are dis-
tributed in advance to the six spatially separated users (which
we call user 1, user 2,..., and user 6), and these six users
can play any role among sender, receiver and controller during
quantum teleportation. The controller refers to the users other
than the sender and receiver involved in the quantum telepor-
tation process, which can control the success and failure of a
quantum state transfer from the sender to the receiver by re-
stricting the sender and receiver’s access to their information.

Figure 3 shows a highly versatile and controlled quantum
teleportation network with the ability to switch among various
combinations of different users. In general, the transmission
process of quantum states is described below. If the combi-
nation of sender user 1, receiver user 2, and other users of
the controller is selected to perform the teleportation of a co-
herent state. First, sender user 1 couples her entangled mode
(h) and an unknown input mode (dj,) on a 50% beam splitter
and performs measurements on two outputs of the half beam
splitter with two optical homodyne detectors. Two outputs of
the half beam splitter are labelled as £, = (%, +%5,)/V/2 and
Pv = (Pin — Pb,)/ /2 for relevant quadratures. The measure-
ment results from two optical homodyne detectors for £, and
pv are fed forward to receiver user 2 through classical feedfor-
ward circuits with gain factors g, and g,, respectively, where
we have assumed that the two classical channels of user 1 have
the same normalized gains g, ~ g, ~ 1 and that any phase
offsets have been appropriately compensated.'®!3 The other
users (four controllers) measure x quadratures of their entan-
gled modes )21,/. (j=3,4,5,6) and the measurement results are
fed forward to receiver user 2 through classical feedforward
circuits with gain g; (j = 3,4,5,6). User 2 uses the received
measurement results to modulate an independent laser by ap-
plying electro-optical modulations (EOMs) including ampli-
tude and phase modulations. The amplitude and phase modu-
lations correspond to the displacement of x and p quadratures,
respectively. The modulated beam is combined with the re-
ceiver’s mode £, and pj, at a 1/99 beam splitter. One out-
put of this beam splitter is the receiver’s reconstructed output
state. The 1,/99 splitting is used to implement feedforward op-
eration. The measurement results of balanced homodyne de-
tectors (BHDs) are fed forward to the EOMs, which can be di-
rectly placed in the optical beam of receiver and the loss due to
EOM is unavoidable. Alternatively, the EOMs are placed in an
auxiliary laser, and the transmitted modulated signal through
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1/99 splitting is coupled with the optical beam of receiver. In
this way, the loss of EOM can be ignored. The receiver uses
the received measurement results to displace his optical beam.
The displaced quadrature amplitude and phase are defined ac-
cording to BHD measurement results and gain factor, which
can optimize teleportation fidelity.

The mode reconstructed by user 2 becomes

Rl = Ky + V28 + g3kp; + gk, + g58bs + g6tn
= Fin+ (X, +2p, + 838, + g4kp, + 85%ps + 86504,
Pt = Py +V2Dy = Pin — (Do, — Pr,)- (6)

In the ideal case, if the gains are taken as g3 = g4 = g5 =
g6 = 1, the total position and relative momentum satisfy
)?bl +)’C\b2 +fb3 +X\b4 +XAb5 +jeb6 —0and ﬁbl 7ﬁb2 — 0, respec-
tively. At this point, the teleported state is identical to the input
state. In the case of finite squeezing, the teleported state is not
exactly the same as the input state, so it is necessary to study
the overlap between them. To evaluate the overlap between
the teleported state and the input state, i.e., the performance
of teleportation, we use fidelity defined as F = (¥, | pout|En ),
where ¥, is the input state and poy is the density matrix of
the output state.[>**9) With a finite degree of squeezing, the
fidelity for quantum teleportation of a coherent state can be
written as

2
F = ; (7
V1+40,\/1446,
where 8, =V (£1) and 8, =V (pyer). 12"
Taking Eqgs. (3) and (6) into Eq. (7), it can be seen that
the degree of squeezing and the controller’s gain factors affect

the teleportation fidelity strongly. It is worth mentioning that
the value of the gain factor can be zero. If the gain factors of
some controllers are 0, it means the number of controllers in

Receiver :

the subnetwork changes. Depending on the number of con-
trollers, subnetworks with different combinations of users can
be constructed, resulting in different quantum teleportation
performances, as shown in Figs. 3(a)-3(c). Figure 3(a) cor-
responds to the combination where the sender is user 1, the
receiver is user 2, and other users are controllers. Figure 3(b)
is the schematic of a quantum teleportation network includ-
ing three subnetworks. In this scheme, any combination of
one sender and one receiver constitutes a complete teleporta-
tion system and the teleportation of three quantum states can
be performed simultaneously with equal fidelity. Figure 3(c)
is the schematic of a quantum teleportation network includ-
ing two subnetworks. As shown in Fig. 3(c), user 3 measures
x quadrature of her entangled mode and the measurement re-
sult is fed forward to receiver user 2 or receiver user 6. In
the case where the measurement result is fed forward to re-
ceiver user 2, any combination of one sender, one receiver and
one controller constitutes a complete teleportation system and
the teleportation of two quantum states can be performed si-
multaneously with equal fidelity. For the other case where the
measurement result is fed forward to receiver user 6, any com-
bination of one sender and one receiver constitutes one com-
plete teleportation system and the remaining four users acting
as a sender, a receiver and two controllers constitute the other
complete teleportation system. In this case, the teleportation
of two quantum states can be performed simultaneously but
with different fidelities. Because of the different numbers of
controllers in these three schemes, the performances of quan-
tum teleportation presented in each differs, including the num-
ber of quantum states that can be transmitted and the fidelity
of teleportation. Thus, whether a sender and a receiver need
the information from the other controllers and how many con-
trollers they need is an important consideration for the suc-
cessful implementation of a quantum teleportation.

Receiver

EOM

Controller

R L p (OF
Qout TEOM Receiver : b6 i aout:

Userl x,u
T/ Sender

D, [HD— —

Controller

| | Controller

Controller

‘w@) ‘b_@) ‘u‘@“) ‘QQ*)

Quantum entanglement source

S

in

in

LT

User5 x, i o 1| | Controller S
) o Sender 5 N User5 HD ©
D, (Mo 5 . 3 9
i 5 - ) 5
o User4 x,/up b 2
@ w
N = o !'IH')‘_A‘T Sender 4 =
EOM Receiver b4 E a;, g
a0 &
BD| e R =
Users = w 5 g 5 iy | Controller b3 g
o Sender 3 |& iUser3 HD £
W e a— 3 L g
B TR g g
2 =
g - b, &
ive: out Recei
HEOM Receiver & FEOM eceiver &
Userl x,up b“ Userl %) bA
D, E—'T_/‘ﬂ—l », E}_C‘T Sender 1

Fig. 3. Schematic of a highly versatile and controlled quantum teleportation network. dj,: coherent state output from the laser to be transmitted;
dout: Teconstructed output state; £,: amplitude component of the Bell measurement; py: phase component of the Bell measurement; EOM:
electro-optical modulations; HD: homodyne detector. Detailed description is shown in Table 1.

034209-5



Chin. Phys. B 33, 034209 (2024)

Table 1. Detailed description of Fig. 3.

Schematic Number of R
Sender Controller Receiver
sequence number sub-network
(a) 1 user 1 users 3,4, 5,6 user 2
(b) 3 users 1, 3,5 users 2,4, 6
(c) 2 users 1, 4 users 3, 5 users 2, 6

If the minimum number of participants for a successful
teleportation is 2, i.e., the number of controllers is 0, the fi-
delity of teleportation labelled as F; should satisfy the inequal-
ity F> > 0.5; if the minimum number of participants is 3, i.e.,
the number of controllers is 1, the fidelity of teleportation is la-
belled as F3 and the fidelity of controlled teleportation network
should satisfy these two inequalities: F> < 0.5 and F3 > 0.5;
if the minimum number of participants is 4, i.e., the number
of controllers is 2, the fidelity of teleportation is labelled as
F, and the fidelity of controlled teleportation network should
satisfy these two inequalities: F3 < 0.5 and F; > 0.5; if the
minimum number of participants is 5, i.e., the number of con-
trollers is 3, the fidelity of teleportation is labelled as F5 and
the fidelity of controlled teleportation network should satisfy
these two inequalities: F; < 0.5 and F5 > 0.5; if the minimum
number of participants is 6, i.e., all the remaining users are
controllers, the fidelity of teleportation is labelled as Fg and
the fidelity of controlled teleportation network should satisfy
these two inequalities: F5 < 0.5 and Fg > 0.5. F, corresponds
to the case of g3 = g4 = g5 = g6 = 01in Eq. (7). F3 corresponds
to the case where any three of g3, g4, g5, g¢ in Eq. (7) are 0
and the other gain factor is chosen as the optimal values gOFEt =
2(—1+e*)/(1+5e*) to maximize the fidelity of quantum
teleportation. Fy corresponds to the case where any two of g3,
84, 85, 8¢ in Eq. (7) are 0 and the others two gain factors are
both equal to the optimal values gOFSt =(—1+e*)/(24e*)
to maximize the fidelity of quantum teleportation. Fs corre-
sponds to the case where any one of g3, g4, g5, g6 in Eq. (7)
is 0 and the others three gain factors are all equal to the op-
timal values g%?t =2(—1+¢e*)/3(1 + e*) to maximize the
fidelity of quantum teleportation. Fg corresponds to the case
g3 =g =g =8 =g = (~1+e*)/(2+e*)inEq. (D to
maximize the fidelity of quantum teleportation.

CBSs in CFC systems play an important role in achieving
flexible control of the number of controllers. By combining
the relationship between squeezing factors and the transmis-
sivity T of the CBS in a CFC-NOPA system, we theoretically
calculate the dependences of F, F3, Fy, F5, and Fg on the
transmissivity 7 of the CBS according to the five situations
above. For the calculation, the experimental parameters are
selected as follows: the transmissivity of the output coupler of
the NOPA is 0.05, the nonlinear conversion efficiency is 0.01,
the total extra loss in the CFC loop is 0.02 and the analysis
frequency of the spectrum analyzer is 2 MHz. The calculation

results are shown in Fig. 4. Figures 4(a)—4(c) correspond to
the fidelity of quantum teleportation in the experimental setup
shown in Figs. 3(a)-3(c). In Fig. 4, trace 1 shows the classical
limit of teleportation. Traces 2, 3, 4, 5, 6 correspond to depen-
dences of F», F3, Fy, F5, and Fg on the transmissivity 7' of CBS.
In Fig. 4(a), the fidelity shown in trace 6 is always greater than
the classical limit value when 7' changes from O to 1. This is
because regardless of T changes, the six submodes used for
teleportation are always entangled. In Ref. [38], the telepor-
tation fidelity of a coherent state by using entangled states is
greater than the classical limit 1/2. When T = 0, the entire
output optical field from NOPA is reflected, the final output
light from CFC-NOPA is a coherent state, and the teleporta-
tion fidelity is equal to the classical limit. When 7' = 1, the
entire output optical field from NOPA is transmitted, and it
becomes the final output light of CFC-NOPA. This is equiv-
alent to the case in which the CFC loop does not control the
operation of NOPA, namely NOPA operates alone. At this
time, the teleportation fidelity is 0.69. When 0.59 < T < 1,
the positive effect of the CFC loop is greater than its negative
effect, which makes the entangled degree of the output optical
field from NOPA to be enhanced, and so is the teleportation
fidelity. At T = 0.87, as the positive effect of the CFC loop
reaches its maximum, the fidelity also reaches its maximum.
Traces 2, 3, 4 and 5 have the same tendency to first increase,
then decrease and increase again when T varies from O to 1.
Similar to trace 6, these four traces also show that the fidelities
are the classical limit at transmittivity 7' equals zero, NOPA
operates alone when T equals 1, and the positive effect of the
CFC loop is the maximum when T equals 0.87, but the dif-
ference is that the teleportation fidelity is the minimum when
T equals 0.87. Most importantly, the teleportation fidelities of
these four traces are not always greater than the classical limit.
Next, we take trace 2 as an example to explain in detail. In
Fig. 4(b), trace 2 represents the teleportation from the sender
to the receiver without any information from all controllers.
When 0 < T < 0.44, the fidelity shown by trace 2 is greater
than the classical limit. This is because the negative effect of
the CFC loop is stronger when T is within this range, which
weakens the entangled degree of the output optical fields from
NOPA and makes the squeezing factors of input states dy, ds,
as, s, ds, de smaller. When we use six weakly squeezed states
to prepare the six-partite GHZ entanglement, the remaining
submodes b; and b, are still entangled after discarding sub-
modes 133, ?74, 55, and 136. Then the teleportation from sender
user 1 to receiver user 2 without controllers is equivalent to a
bipartite quantum teleportation, and the teleportation fidelity
by using two entangled submodes by and b, is greater than
1/2. In contrast, if six highly squeezed states (corresponding
to the range of 0.44 < T <1 in trace 2) are used to prepare
the GHZ entanglement, the remaining submodes i)l and 132
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are completely unentangled after discarding all the other sub-
modes and the teleportation from sender user 1 to receiver user
2 without controllers fails. So when T increases from 0.44, the
fidelity of quantum teleportation gradually decreases from 0.5.
Until T increases to 0.87, the positive effect of the CFC loop
reaches the maximum, but the teleportation fidelity reaches the

minimum. If 7 continues to increase from 0.87, fidelity also
increases gradually from the minimum. In the process of T
increasing from O to 1, if the fidelity is less than 0.5, the infor-
mation of controllers is needed by the sender and receiver in
order to achieve teleportation successfully, which corresponds
to the situation shown in other traces.

0.8 0.8 0.8
(a) Fy (b) (c)
(
0.7F 0.7} 0.7}
> > >
= 0.6 = 0.6 = 0.6
< g P g
& = o5 = SR —
" . A w | A I
7 ) : Fy
L : L : L i 2 :
0.4 ) L 059 0.79! i0.87 0.4 044! ) TT0.87 0.4 044! i0.50.59 Fr o7
0 0.2 04 06 08 1.0 0 0.2 04 06 08 1.0 0 0.2 04 06 08 1.0

Transmissivity T of CBS

Transmissivity T of CBS

Transmissivity T of CBS

Fig. 4. Dependences of the fidelities of Fy, F>, F3, Fu, Fs, Fg, and Fﬁ’ on the transmissivity 7" of CBS. (a) One quantum state is teleported
with different fidelities. (b) Three quantum states are teleported with equal fidelities. (c) Two quantum states are teleported. Trace 1 shows the
classical limit of teleportation. Traces 2, 3, 4, 5, 6, and 7 correspond to the teleportation fidelities of F>, F3, Fy, F5, Fs and F()/ versus transmissivity

T of CBS.

Next, a contrastive analysis on these five traces is helpful
to further research on the relationship between the teleporta-
tion fidelity and the number of controllers. The corresponding
number of user participation in one subnetwork, two subnet-
works and three subnetworks are 6, 3 (or the combination of
2 and 4), and 2, respectively. It can be seen from the graph in
Fig. 4that 0 < 7 < 0.44,0.44 < T < 0.50,0.50 < T < 0.59,
0.59 < T <0.79, and 0.79 < T < 1 respectively correspond
to the situations where the minimum number of participants
in the quantum network is 2, 3, 4, 5, and 6. Take the example
that the minimum number of participants is 3 for detailed anal-
ysis. In this case, the sender and the receiver need to get the
information from at least one controller to realize the telepor-
tation successfully. Thus the configuration in Fig. 3(b) fails to
achieve quantum teleportation and quantum teleportation pro-
cess with only two users in Fig. 3(c) also fails. The functions
of versatile quantum teleportation network can be clearly rep-
resented by Table 2.

Table 2. The functions of versatile quantum teleportation network.

Conditions of the

Number of Number of
L. controlled quantum Range of T
subnetworks participating users .
teleportation network
F>0.5 0<T <044
3 F, <05 F>05 044<T<05
6 F5<05,F>05 079<T<1

Based on the above analysis, the CBSs in CFC-NOPAs
play very important roles in quantum teleportation. On the one
hand, according to actual application demand, we can choose
any one of these quantum networks to perform teleportation
by tuning the transmissivity of the CBS. On the other hand, the
final teleportation fidelity can be improved by tuning the trans-
missivity of the CBS. In addition to transmissivity of CBS, the

final fidelity of teleportation is also influenced by other physi-
cal parameters. In the above analysis of Fig. 4, the gain factors
are all optimal values. Fg stands for the fidelity with the opti-
mal gain factor value of goth =(—1+e*)/(2+e*). For com-
parison, F{ represents the fidelities with the unity gain factors
are shown in trace 7. The value shown in trace 7 is always less
than that in trace 6, indicating the importance of the optimal
value of the gain factor. Generally, to improve the performance
of quantum teleportation, the optimal gain factors are taken.
In terms of efficiency, the generation and detection of
continuous variable entangled optical fields are both highly ef-
ficient, and this efficiency does not reduce the ultimate fidelity.
In terms of bandwidth, the bandwidth of optical fibers is typi-
cally several hundred MHz, while the bandwidth of squeezing
optical field is about 10 MHz. The bandwidth of the optical
fiber does not affect the transmission of the squeezing optical
field. However, the bandwidth of the NOPA cavity and the
transmission efficiency of the optical field in a quantum tele-
portation network affect fidelity seriously. The bandwidth of
the optical cavity corresponds to the measurement frequency
of the spectrum analyzer. Figure 5 shows the calculated de-
pendences of the fidelities of quantum teleportation with four
controllers on analysis frequency. Traces 1, 2, 3 correspond to
the fidelities of quantum teleportation when the transmissiv-
ity of CBS is selected as 0.2, 0.5 and 0.8, respectively. The
fidelity relies on entanglement degree and decreases with the
increasing of the measurement frequency as shown in Fig. 5.
When the frequency is low (kHz), the laser noise is large.
The analysis frequency of the spectrum analyzer is 2 MHz
in the experiment, because the laser used in the experiment
reaches the quantum noise limit. Thus, the frequency spec-
trum of the quantum fluctuation of quadrature components can
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be analyzed at 2 MHz. In the quantum teleportation shown in
Fig. 3(a), the higher the degree of squeezing is, the higher the
final teleportation fidelity is.

Next, the relationship between transmission efficiency
and fidelity will be considered. Taking the quantum network
shown in Fig. 3(a) as an example, considering the transmission
efficiency of the optical field (by,bs,... ,136) as &, the ampli-
tude and phase components of the quantum state measured by
receiver are

o
tel

B+ VE (Xp, +Xp, + 83%p; + 84%p, + 85%p5 + 86%n;)
+/ 1 =& (Rv1 +Rv2 + g38v3 + gakva + &58vs + 86kve),
Bl = Pin— (VEBo — b)) +V1—E(pv1—Pr2)), (8

where Xy1,%y2,...,%v6 and py1, Py respectively represent the

orthogonal amplitude and orthogonal phase components of the
vacuum noise introduced due to losses. By combining the
above formula with the fidelity formula, the relationship be-
tween fidelity and transmission efficiency is shown in Fig. 6.
Higher transmission efficiency leads to better fidelity. Of
course, the lower the transmission efficiency, the lower the fi-
delity, and even lead to transmission failure.

0.85

0.80

0.75

0.70

Fidelity

0.651

0.601

0.55F 1

0'500 1 2 3 4 5

Analysis frequency w (MHz)

Fig. 5. Dependences of the fidelities of quantum teleportation with four
controllers on analysis frequency. Traces 1, 2, 3 are the theoretically cal-
culated fidelities of quantum teleportation when the transmissivity of CBS
is selected as 0.2, 0.5 and 0.8, respectively.

0.9

Fidelity
o o
~ oo

o
o
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Fig. 6. Dependence of the fidelity of quantum teleportation with four
controllers on transmission efficiency.
The general procedure of the N-user teleportation net-
work is important, and the six-user is considered as an ex-
ample to demonstrate the numerical simulation results. The

N-user quantum teleportation network can be realized with an
N-partite GHZ entangled state. For a general N-partite GHZ
entangled state, the quadrature amplitude and phase satisfy the
relations of

V(gxp1 + gXpo + -+ Xpi +Xpj + - - 8Xpn)

_ ((n=2)g+2)* . (2n—-4)(g—1) »
=0 ey o L e
4n 4n
A | R .,
V(pbi_pbj)zie 27 (17]:1,2,...,71, l#])

By using the expression of fidelity (Eq. (7)), the quantum tele-
portation fidelity of the N-user quantum network can be ana-
lyzed.

4. Conclusion

We have proposed a highly versatile and controlled tele-
portation network based on a CV six-partite GHZ entangled
state prepared using three CFC-NOPAs. In this scheme, tele-
portation of a quantum state can occur between any pair of
six users according to actual requirements, but may need the
assistance of other controllers. By tuning the transmissivity
of the CBS in the CFC-NOPA, the minimum number of con-
trollers required in a successful quantum teleportation can be
controlled. Depending on the number of controllers, subnet-
works with different combinations of users can be constructed.
The controlled teleportation network, which includes one, two
or three subnetworks has the ability to switch among various
combinations of different users. Furthermore, the CFC can
manipulate and improve the teleportation performance. We
theoretically calculate the dependences of the teleportation fi-
delities on the transmissivity of the CBS in CFC. The results
show that when the transmissivity of CBS is higher, infor-
mation of more controllers is needed to perform teleportation
successfully, whereas when the transmissivity of the CBS is
lower, the teleportation can be performed successfully even
with information of fewer controllers. The more controllers
involved in teleportation, the greater the teleportation fidelity.
Due to the large number of users involved in the system, the
main challenge is the overall stability. The larger the user
number is, the higher the locking requirement is. With the
development of locking techniques, [*!#?! it is possible to im-
plement a versatile and controllable quantum teleportation net-
work with a larger user number. Our approach is flexible and
scalable, and would provide a versatile platform for demon-
strations of complex quantum communication and quantum
computing protocols.
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