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ABSTRACT

Quantum network allows communication among more than two users with quantum teleportation and high quantum fidelity enabled by
non-classical resources. As one of the most versatile architectures, all users are connected mediated by the central station in the star topology
network, leading to the realization of the information interconnection and interoperability. In this work, we experimentally demonstrate a
4-branch continuous variable (CV) quantum teleportation network with star topology by employing entangled sideband modes from one
squeezed state of light. Here, multiple pairs of entangled sideband modes are distributed on demand to central station and four nodes, respec-
tively. Each node linked to the network has its own communication channel with the central station, where the deterministic CV quantum

teleportation protocol is implemented with the fidelities above 0.830.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191643

With the development of quantum information processing, con-
tinuous variable (CV) quantum communication protocol, such as
quantum teleportation, quantum dense coding," quantum key dis-
tribution,” ' and quantum sharing,'' ' has been discovered and rap-
idly developed over two decades. Quantum teleportation allows to
transfer an unknown state from a sender to a distant receiver with
shared quantum entanglement and classical communication.”'* " As
the most fundamental Gaussian operation, quantum teleportation rep-
resents a basic ingredient in the development of many advanced quan-
tum technologies, including entanglement swapping,'”™”' quantum
repeaters,” quantum gate teleportation,” and quantum computing,”* >
After implementing the experimental demonstration of quantum tele-
portation with high fidelity,” another focus is the extension of the
node number from two users to multi-users, aiming at laying a solid
foundation of quantum internet.

To construct a real-world quantum network, it is essential to
address the limitations of the security and functionality that results
from the extension process.”*” Several typical network topologies™’
include the linear topology,”® ring topology,”' star graph topology,”” >~
diamond graph topology,” fully connected topology,”*”*"” complex
topology that combines multiple simple architectures,” etc., with
which quantum protocols have been proposed, even experimentally

demonstrated. However, there has been far less activity in the develop-
ment of CV quantum network, compared with discrete variable sub-
strate.””** The CV quantum system operates in infinite dimensional
Hilbert space and can be measured through unconditional operations,
thereby achieving ultrahigh information transfer rate, which represents
an important complement to quantum information processing.
Therefore, it is our common pursuit of demonstrating quantum net-
work protocol with CV in virtue of diverse network topology.
Currently, the distribution of multiplexed CV entanglement was
implemented by the employment of star network topology.”
However, until now, quantum teleportation protocol has not been
demonstrated with star network topology.

Here, we experimentally demonstrate a CV quantum teleporta-
tion network with star topology by employing an entanglement optical
frequency comb (OFC) from one squeezed light source.”” To perform
the management of entangled sideband modes without coherent
amplitude, we construct frequency-comb-type auxiliary control beam
with two waveguide amplitude modulators (WGAMs), which gives a
nice performance boost for the control loop in the downstream experi-
ment. All of the upper sidebands from squeezed light are distributed to
the central station, and each lower sideband is transmitted to each
node. Each node linked to the network has its own communication
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link with the central station at the same time, named as the star topol-
ogy network. In virtue of shared entanglement states between the cen-
tral state and each node, quantum teleportation protocols along each
quantum link are implemented, with the fidelity of above 0.830. The
quantum teleportation network has great potential to scale to more
nodes in combination with other network topology and innovative
technology.

A tailor-made n=4 branch quantum teleportation star net-
work™ *” is proposed, as illustrated in Fig. 1. The quantum teleporta-
tion process is shown in Fig. 1(a). The sideband entanglement modes
are distributed to Alice and Bob terminal. In Alice, one-half of the
Einstein-Podolsky-Rosen (EPR+) entanglement is combined with the
unknown state at a balanced beam splitter (BS). Alice’s station consists
of Bell-type detection to acquire the amplitude and phase quadrature
components of the unknown input state and convert to the electric
field. Classical channels are used to transmit Alice’s detection results to
Bob. The other half of the entangled state (EPR—) held by Bob is trans-
formed with the received measurement results and further recon-
structed the complete information of the input state.”* A squeezed
field involves a lot of EPR entangled modes at these sidebands within
the phase-matching bandwidth of nonlinear crystal and the frequency
separation between two adjacent modes is a free spectral range (FSR)
of optical parameter oscillator (OPO).***” Thus, we can build a star
topology network utilizing the EPR entangled sideband modes. The
central station possesses all upper sidebands; meanwhile, lower side-
bands are allocated each node, as shown in Fig. 1(b). Each node linked
to the network has its own communication link with the central station
at the same time; the quantum teleportation between the central station
and any node can be implemented utilizing shared entanglement states.
As the information sender, the central station can transfer an unknown
input state to any node, vice versa. The number of nodes, denoted by #,
is determined by the prepared entangled sideband modes.

As a basic resource of constructing quantum  star network, it
requires that the entangled sideband modes have the features of compact-
ness, robustness, and ease of operation.””** In our previous works, a fre-
quency-comb-type control beam that is generated from two waveguide
phase modulators (WGPMs) is phase locked to the carrier of squeezed
light to manage the cavities and relative phases in the downstream
experiment.”” However, the additional phase locking loop inevitably
induces additional loss. To avoid the loss, we utilize a frequency-comb-
type beam as the seed beam of the OPO,” which serves as the control

(a) Quantum N-branch (b)
oo = Teleportation = star network _LL

WV Px . # 2
ix Node2
\.\ Node 1\, /

Py iy $
Bell-type Detection glas;,‘(.ﬂ 7 /
a o o
« R = 1734
% (W ‘\*

X ‘L N\ | ~e -I-L
E E = =4
- s - ar,
Input

H Sideband 1

Entanglement Nogen

FIG. 1. Schematic diagram of the CV quantum teleportation network with star topol-
ogy. (a) Quantum teleportation protocol. (b) N-branch star-topology network with
optical frequency comb system.
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beam with coherent amplitude. Unfortunately, there is a contradiction
between the generation of high-order sideband modes and the error
signal with high signal-to-noise ratio (SNR), which confines the con-
trolled maximum order number to two.” In order to overcome the
limitation, we expect to find an innovative technology for the extension
of the controlled sideband number. Amplitude modulator (AM) that
represents a significant candidate is also used to generate frequency-
comb-type beam.

The structures of WGPM and WGAM are shown in Fig. 2(a).
When seed beam with frequency-comb-type structure is directly
injected in OPO, all of its frequency components determine the ampli-
tude of the error signal for squeezed angle manipulation. The squeezed
angle is a very important parameter of squeezed state generation,
which should be carefully stabilized to the most deamplified phase or
the amplified phase.””* By utilizing the photo detector (PD1) to
extract the error signal, we use the Pound-Drever-Hall (PDH) tech-
nique to control the squeezed angle, as depicted in Fig. 2(b). The ring
filter cavity (RFC) as a frequency dependence beam splitter is used to
observe each sideband mode status (amplification or deamplification).
In this case of phase modulator (PM), as shown in Fig. 2(c), the odd
and even-order sideband modes have an opposite parametric process
due to their different phase: one is for the parametric amplification
process, another is for the parametric deamplification one. For the
amplitude modulator case, all sideband modes have the same phase
with the carrier, which presents the same parametric process, shown in
Fig. 2(d).*

In the two cases of generating the frequency-comb-type seed
beam (FCSB) by the employment of WGPM and WGAM, the SNR of
the error signal for squeezed angle manipulation can be expressed as

SNRiyy = 3 (~1) Bessel ) = sin(o/2), (1)
=0
SNRuy = i [Bessel(j, m))* * sin(¢/2), @
Jj=0

where j is the order of the sideband modes, m is the modulation depth,
and ¢ is the squeezed angle, subscript PM (AM) is the case of phase
(amplitude) modulator. For the case of WGPV, the SNR of the error
signal presents a damped-oscillation-like trend as the modulation
depth increase. Especially for the manipulation of high-order sideband

(a)

RF Signal DC| |Photodiode

sC——J) WGAM

{— o —)
-------- C—— ) FcsB

(b) oo
FCSB FI DB
EOl

PS i Squeezed
H Angle

P g

ump QManipulation

¥ ¥
Error signal - ®>é ......................... WGAM

C2)
oAl
2 O

FIG. 2. (a) Structure of the waveguide phase modulator (WGPM) and waveguide
amplitude modulator (WGAM). (b) Experimental scheme of manipulating the
squeezed angle. (c) and (d) Schematic diagram of each sideband modes status
(amplification or deamplification) of WGPM and WGAM.
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mode, high modulation depth is needed to generate enough power of
the sideband, and the degradation of the error signal is not tolerated.
Fortunately, the SNR remains unchanged in the WGAM case, which
perfectly addresses these problems that occurs with a WGPM (see
more details in the supplementary material).

In Fig. 3(a), utilizing two fiber-coupled WGAMs, we implement a
specific FCSB scheme to experimentally demonstrate the quantum
teleportation network with star topology (see more details in the sup-
plementary material). The WGAM; simultaneously generates side-
band modes w+;, w+,, w+3 with a modulation frequency of
3.325 GHz that is equal to the FSR of OPO. The WGAM,, is used to
produce the sideband modes ® -+, with a modulation frequency of
13.3 GHz. Two FCSBs are combined on a 10:90 BS with the relative
phase of 0 and then coupled into the OPO. A squeezed field involves
many EPR entangled modes at the symmetric sidebands of around
the half-pump frequency within the phase-matching bandwidth of the
nonlinear crystal, and the squeezed bandwidth is determined by the
cavity linewidth of 68 MHz. Each pair of the entangled modes can
independently perform the quantum teleportation protocol. The
squeezed angle is accurately locked to 0 with pump factor of 0.8 and
the classical gain of 30. Four cascade ring filter cavities (RFCs) are used
to separate the lower sideband modes EPR_,, - EPR_,,, that serves as
the quantum resource of node n (n=1, 2, 3, 4). All of the upper side-
band modes EPR+ are delivered to the central station. The RFCs are
the near-impedance matching cavities with the linewidth of 66.0, 63.7,
62.0, and 43.4 MHz, respectively, which could efficiently separate the
sideband modes and reduce the decoherence.””” The power of the
four entangled single sidebands is 48.6, 12.15, 12.15, and 13.23 uW,
respectively. It is enough to actively stabilize and extract the acquired
sideband modes. A WGPM with the maximum input power about
300 mW is introduced to generate the local oscillators (LOs), the input
state, and auxiliary beam (AUX) with the same frequency as corre-
sponding entangled sideband modes. The LO mode cleaners (MCs)
with the linewidth of 2MHz avoid interfering with the quadrature
measurement.”””’

(a) State Preparation

WGAM2

(c) Node 1

ARTICLE pubs.aip.org/aip/apl

The upper sideband modes are coupled with the unknown input
state at a balanced BS, and the output fields perform a joint quantum
measurement by two balanced homodyne detectors (BHDs) to extract
the amplitude (Px) and phase quadrature (Py) information at the cen-
tral station, respectively, as shown in Fig. 3(b). After adjusting the clas-
sical gain (gx, gv), the detected signals are transmitted to the
changeover switch and further to the different nodes through the clas-
sical channels. In the experiment, the gains of the amplitude quadra-
ture gx and phase quadrature gy are equal and unity to transfer the
arbitrary quantum state™ (see more details in the supplementary
material). The classical outcomes communicated to AM,, and PM,,
located in the AUX belong to node n, which perform a conditional dis-
placement to reconstruct the input state."*

In each node n, the AUX carrying the acquired information is
combined with the EPR_,,, at a 99:1 BS to reassemble the initial input
state and accomplish the teleportation protocol. The output beam is
verified with the measured BHD by interfering with the LO_,,,. All
the above-mentioned homemade BHDs with more than 50 MHz
bandwidth (75 dB common mode rejection ratio) are utilized to ensure
the accuracy and reliability of the results.”” The alternating current
(AC) output of BHD at node # is split into two parts via a power split-
ter. One is measured by a spectrum analyzer to obtain the noise power
in the frequency domain. The other is mixed with an electrical signal
of 3 MHz to get the time-domain signal with an oscilloscope to recon-
struct the Wigner function of the teleported state.***’ Finally, we can
calculate the fidelity from the noise power and the Wigner function of
the output state to verify whether the quantum teleportation protocol
is implemented.

Before teleportation process, we switch the settings of four nodes
manually and measured the correlated noise powers between the four
pairs of entangled sideband modes, as shown in Fig. 4(a). The correla-
tion amplitude variances are measured of —7.3 = 0.1 dB, —7.2 = 0.1
dB, —6.9*0.2 dB, and —6.9+ 0.2 dB and phase variances are
—7.2%+0.1 dB, —7.1£0.1 dB, —7.0 £0.2 dB, and —6.8 = 0.2 dB,
respectively. Meanwhile, the entangled correlation parameters r can be

(d) Node 2
91 - LO-20

AR

AUX

FIG. 3. Schematic of experimental setup for 4-branch quantum teleportation network with star topology. (a) State preparation. (b)—(f) Quantum teleportation protocol. WGAM,
waveguide amplitude modulator; WGPM, waveguide phase modulator; DBS, dichroic beam splitter; OPO, optical parameter oscillator; PS, phase shifter; RFC, ring filter cavity;
MC, mode cleaner; AM, amplitude modulator; PM, phase modulator; PD, photo detector; AUX, auxiliary beam; BHD, balanced homodyne detector; LO, local oscillator; gx and

gy, classical gain.
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inferred. For amplitude quadrature, the correlation parameters are
o = 0.841 + 0.011, ryp = 0.829 + 0.012, 73 = 0.795 *+ 0.023, and
rva = 0.795 % 0.023, respectively, and for phase quadrature, the corre-
lation parameters are rp1 = 0.829 £ 0.012, 1y, = 0.818 = 0.011, 73
= 0.806 £ 0.023, and ryy = 0.783 = 0.023, respectively. The high-
quality quantum entanglement provides the possibility for high-
fidelity quantum teleportation. Figure 4(b) represents the results of
each independent communication link in the quantum teleportation
star network. The classical limit, dotted yellow line in Fig. 4(b), shows
the noise power of the classical teleported state and is 4.77 dB higher
than the shot noise limit (SNL) as expected.'” The bar graphs above
the SNL show the amplitude quadrature and phase quadrature noise
powers of the quantum teleported states at node n (n=1, 2, 3, 4)
when the central station and nodes share the entangled sideband
modes and the phase of LO is locked. All data are the noise variances
recorded by node # with a vacuum state input at the analysis frequency
of 3 MHz (see more details in the supplementary material).

In the presence of decoherence, the quality of the reconstructed
state may be quantified by its teleported fidelity F = (ain|0yu|din)>
which represents the overlap extent between input state and output
state, p,,, is the density matrix of the output state."* '® The gain factor
g of the classical channels is selected as unity value for amplitude and

phase quadrature. In the experiment, the fidelity also can be written as

F=——2__ for a Gaussian state,”* where o¥, = o, = g

(1+0%,) (14d%,)

sl (€ o3l (e)
0.2
0:2 Node 1
01 F =0.843+0.003 ¢4
0 0
p
(d)
0.3 0.3
0.2 0.2 0.2
Classical Node 2
0.1 F=05 0.1 F =0.839+0.004 0.1
0 0 0
0 0 0 0
p 3 7-3 q p 3 7-3 q p

+1e(1—g)* +1e¥(1+g). o}, and df, are the noise variances
of amplitude and phase quadratures of the output state. The Wigner
function is performed to describe the quasi-probability distribution of
quadrature amplitude and phase and complete quantum state charac-
teristics in phase space,”” as shown in Fig. 5. All the illustrations are
in the top view, which can intuitively benchmark the quality of the
teleportation. Figure 5(a) is the reconstructed Wigner function of the
initial input state |a;,) detected at each node. As shown in Fig. 5(b),
the input state is directly measured and then the results are delivered
to output to prepare the output state in the absence of entanglement,
which represents the classical teleportation with the fidelity of
Fass = 0.5. Based on the no-cloning theorem, the teleported state is
the best remaining copy of the input state when the entanglement
degree is 3 dB, whose fidelity is Fyo—cioning = 2/ 3.77°% With the stron-
ger quantum correlation, the fidelity can go beyond the classical limit
of F > Fys—doning- The fidelities of the reassembled state with the help
of entangled sideband modes are F; = 0.843 * 0.003, F, = 0.839
+0.004, F; = 0.837 = 0.007, and F; = 0.830 = 0.007 at node 1-4,
as indicated in Figs. 5(c)-5(f). By utilizing the entangled correlation
parameters 7, the theoretical fidelities can be calculated. These results
are in good agreement with the fidelities of the reassembled states.
Therefore, we achieve a 4-branch quantum teleportation star network
with all fidelities superior to the no-cloning limit.

In conclusion, we have proposed a 4-branch star-topology net-
work to construct the CV quantum teleportation protocol exploiting

Node 3
F=0.837+0.007

FIG. 5. Reconstructed Wigner functions.
(@) Input state, (b) classical teleported
state, and (c)(f) quantum teleported
states at node n (n=1, 2, 3, 4). The p
and q are momentum and position in the
phase space, respectively.

Node 4
F =0.830+0.007
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the multiplex entangled sideband modes. Thanks to the innovative gen-
eration scheme of the FCSB, we implement four pairs of entangled side-
band modes by directly injecting the FCSB into OPO, which effectively
simplifies the experimental setup and reduces the additional loss as far
as possible. By employing four cascade RFCs, the entangled sideband
modes are distributed to central station and other nodes. Subsequently,
the quantum teleportation network is implemented within several users,
and the fidelities of the reconstructed output states at each node are
0.843 +0.003, 0.839 + 0.004, 0.837 £0.007, and 0.830 % 0.007,
respectively, which are superior to the no-cloning limit 2/3. With the
advanced material technology, such as the advance of WGAM and
silicon-based elements,””*’ we expect to extend the present system to
more nodes, and we believe that the star-topology quantum communi-
cation network with more branches will have a bright future. This dem-
onstration of a quantum teleportation network with a star topology may
further enrich the toolbox of star topology networks and provide more
possibilities for constructing complex topologies that combine multiple
simple architectures with continuous variables.”’

See the supplementary material for the (1) analysis of the error
signal for squeezing angle manipulation, (2) experiment setup, (3)
method of calibrating the teleportation gain factors, and (4) experi-
ment results.
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