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Continuous Variable Quantum Teleportation Network

Shaoping Shi, Yajun Wang, Long Tian, Wei Li, Yimiao Wu, Qingwei Wang, Yaohui Zheng,*

and Kunchi Peng

Quantum network scales the advantages of quantum communication
protocols to more than two detached users, which offers great potential to
realize the quantum internet. Here, a fully connected continuous-variable (CV)
quantum teleportation network architecture is presented, in which a squeezed
state of light distributes each pair of entangled sideband modes to each
communication link that bridges any pair of users. The quantum teleportation
scheme is similar to standard two-party ones for each communication link,
without sacrificing communication capability and reliability. The
demonstration based on CV-entangled sideband modes opens an innovative
possibility to implement many tasks of deterministic quantum

information processing.

1. Introduction

The building of quantum network is an essential ingredient in
the realization of the quantum internet that represents an im-
pressive feat of science and technology, giving a chance to per-
form quantum information processing in city-wide metropoli-
tan areas.'™ In virtue of diverse quantum information carri-
ers, including optical qubits,>% atomic ensembles,”8] trapped
atoms,!*1% solid state systems,!'!12] and optical modes,!**"%] sub-
stantial advances regarding quantum key distribution,!**’l quan-
tum teleportation,['®1°] and quantum dense coding!?*?!l have
been made toward the realization of quantum network. Quan-
tum teleportation, as the most fundamental Gaussian operation,
represents a fundamental ingredient in the development of many
advanced quantum technologies.?>?3] Critical experimental ca-
pabilities have been achieved, beginning with the realization of
two-party quantum information processing protocol,**] and ex-
tending to quantum network with multi-user participation.[*°]
To scale the interconnection nodes without sacrificing
security or functionality relative to simple point-to-point
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quantum information protocol, a mul-
titude of diverse quantum network ar-
chitectures have been experimentally
achieved. The architectures can be cat-
egorized into four groups, including
transparent network architecture,[?’-3!
trusted relay architecture,313] multi-
partite (high-dimensional) entanglement
based architecture,!*3438] and fully con-
nected network architecture.[2639401 Tt
should be noted that each individual
architecture has both advantages that
may be compatible with network con-
struction and disadvantages that influ-
ence reliability, security, and efficiency
of communication. A recent experiment
demonstrates a fully interconnected network that offers substan-
tial advances in network performance, based on multiplexing
and bipartite entanglement photons.[?6*] Further, the amount of
users was doubled in combination with beam splitters, promis-
ing an extensible performance of multiple users without resort-
ing to the increase of wavelength channel.**!] Compared with
the scenario, the continuous variable (CV) physical system en-
joys deterministic quantum state generation, unconditional oper-
ations, and ultrahigh detection efficiencies,[***4! which represent
the complementary physical system with respect to the discrete-
variable system. However, fully interconnected quantum network
with more than two users based on CV has not been demon-
strated due to challenges in implementing demultiplexing and
multiplexing operations with ultra-low losses.

In this article, we report the first demonstration of a fully in-
terconnected quantum teleportation network for a CV optical sys-
tem, which is realized by applying the entangled sideband opti-
cal modes from a squeezed state of light.[*>*’] A significant ad-
vance of our demonstration is that fully connected quantum net-
work demonstrated here is realized deterministically and verified
without post selection. We distribute each pair of entangled side-
band optical modes and perform quantum teleportation protocol
between any pair of users; thus, the challenge of severe decoher-
ence from the demultiplexing and multiplexing processes is over-
come. Each user linked to the network has its own communica-
tion link with any other user at the same time, ensuring the ex-
actly same quantum teleportation scheme as standard two-party
ones, offering a substantial boost in terms of reliability without
limiting the communication capability.

2. Experimental Setup

Here, we consider the generation of continuous variable non-
classical states through an optical parametric oscillator (OPO),
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Figure 1. Schematic diagram of the CV quantum teleportation network. a) Squeezed light is generated using a sub-threshold OPO with PPKTP as
its nonlinear medium. b) Sideband modes of squeezed light show the frequency-comb characteristics, and symmetrical of them exhibit entangled
correlation. c) Utilizing ring filter cavity to achieve spatial separation of entangled sidebands. d) All users fully connected quantum network.

in which a pump photon at frequency 2w, splits into a pair of
lower-energy photons via second order nonlinear interaction pro-
cess shown in Figure 1. The downconversion optical field cov-
ers a continuous spectrum within phase-matching bandwidth
of the nonlinear medium. An optical cavity can serve as non-
linear interaction enhancement, but the down converted output
presents a comb-type spectrum, the bandwidth of which is deter-
mined by the cavity linewidth. Each pair of symmetric downcon-
version fields w_, and w,, around the frequency w, presents a
non-classical correlation, where w,, = w, = n- FSR, FSR is the
cavity free spectral range, and # is an integer. The demultiplex-
ing operation is performed by employing a cascade of low-loss
frequency-dependent beam splitter. After demultiplexing, each
combination of two sideband modes is distributed to one of the
users (Alice, Bob, and Chloe), who are linked to the network via
a single physical path. Using the demultiplexing and distribut-
ing process, any two users share bipartite entangled sidebands,
which makes sure each pair of users build their own private com-
munication links without crosstalk effect. Since the OPO has free
spectral range of 3.325 GHz that is far larger than the detection
bandwidth, the detrimental impact that comes from the adjacent
sideband modes can be completely neglected by selectively de-
tecting the desired wavelengths with the assistance of frequency-
tuning local oscillator (LO).

With the experimental setup shown in Figure 2, we imple-
ment a full-connected quantum communication network with
three users by applying three pairs of EPR sideband modes from
a squeezed field. The bright squeezed state of light is gener-
ated by a sub-threshold OPO operating at parametric deampli-
fication, which has been detailedly demonstrated in our previ-
ous literatures.[*®#] The higher-order sideband modes of the
squeezed light have no coherent amplitude, hindering the ex-
traction of error signal for active control in the downstream
experiment.’*>!l We construct a frequency-comb-type control
beam that has the same frequency and phase with each corre-
sponding entanglement sidebands by exploiting the waveguide
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electro-optical modulator (WGM1) to convert vacuum sideband
modes to bright optical modes.[>?]

The wide spectrum of the down-converted field multiplexing
in single physical path is allocated to three groups of sideband
modes by employing three low-loss ring filter cavities (RFCs).
We accomplish the demultiplexing and multiplexing processes
by designing the special RFCs that can transmit two asymmet-
ric sidebands to reduce the loss as much as possible.’2] Three
groups of sideband modes are spatially separated and distributed
to three detached users Alice (sideband modes w_, and w,,),
Bob (sideband modes w_, and w, ), and Chloe (sideband modes
w_; and w,,). Following the distribution scheme, Alice and Bob
share the first-order entangled sideband modes, whereas Alice
and Chloe (Bob and Chloe) share the second-order (third-order)
ones. Therefore, each user linked to the network shares one pair
of entangled sideband modes with every other user simultane-
ously, making sure the quantum teleportation protocols using en-
tangled sideband modes as a resource are implemented. In order
to balance the correlation noise variances at each communication
link, all these error signals for the length stability of RFCs are
extracted from the transmission end of each RFC. The electro-
optical modulator (EOM1) serves for the stability of the length
of RFCs and the relative phase between the squeezed state and
control beam. We impose a modulation frequency of 35.0 MHz
that is smaller than the linewidth of all three RFCs on the EOM1,
ensuring that the corresponding modulation sidebands can be
transmitted from resonating RFC.

The combination of WGM2 and subsequent two mode clean-
ers (MCs) serve as the generation of LOs, as well as the in-
put states and auxiliary beam (Aux) for teleportation process.[*]
The frequency of the LOs and input states can be conveniently
switched by manipulating the modulation frequency of WGM2,
and resonant frequency of two MCs. Two function generators
that drive the WGM1 and WGM2 are synchronized by a 10 MHz
RF signal to ensure the stability of the downstream phase. The
EOM2 is driven by a modulation frequency of 120 MHz, which
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Figure 2. Schematic of experimental setup for CV quantum teleportation network. a) Generation of squeezed light and corresponding frequency-comb-
type control beam. b) Demultiplexing and distributing of the sideband optical modes. c) Generation of the LOs, Input state and Aux beam. d,e) Quantum
teleportation protocol from Alice to Chloe. PD, photo detector; MC, mode cleaner; EOM, electro-optical modulator; WGM, waveguide electro-optical
modulator; OPO, optical parametric oscillator; BHD, balanced homodyne detector; PS, phase shifter; RFC, ring filter cavity; Fl, Faraday isolator; DBS,
dichroic beam splitter; LO, local oscillator; Aux, auxiliary beam; AM, amplitude modulator; PM, phase modulator; BS, beam splitter; SA, spectrum

analyzer; OSC, oscilloscope.

is much larger than the linewidth of MCs (2 MHz). It can be
inferred that the transmissivity of the modulation sidebands is
less than 7.6 x 10~°; thus, the modulation interference for down-
stream experiment is neglected.

Each of the three users is equipped with a sending unit that
extracts the amplitude and phase information of input state, and
a receiving unit that reconstructs the unknown quantum state,
with different configurations in mind. In virtue of the sending
and receiving units, each user can teleport a quantum state to
every other user linked to the network and reconstruct the tele-
ported state from every other user in turn. For each commu-
nication link, the quantum teleportation scheme is similar to
standard two-party ones!*}]; the two sideband modes that are
distributed to each party are spatially separated by a frequency-
dependent beam splitter, which independently serve for the other
two parties. Since the two sideband modes locate at different res-
onances of the OPO with the large frequency intervals, the cross-
talking effect can be totally avoided.
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Taking the teleportation operation from Alice to Chloe as an
example, the input state that has the same frequency as sideband
®_, is combined with the entangled sideband modes (w_,) that
is distributed to the user Alice, at a balanced beam splitter (with
a relative phase of 0) to perform a joint measurement. Taking
advantage of two LOs with the same frequency as sideband w_,,
the amplitude and phase information are acquired by BHD1 and
BHD?2 and dispatched to Chloe through two classical channels
with proper gains.

In Chloe’s terminal, an Aux, which has the same frequency
as the sideband w,,, obtains the teleported information by uti-
lizing an amplitude modulator (AM2) and a phase modulator
(PM2). The Aux carrying the acquired information is combined
with entangled sideband modes (w,,) ata 99:1 beam splitter to re-
assemble the initial input state. The BHD?3 is utilized to verify the
performance of the reassembled state with the assistance of LO
that has same frequency as w_,. The alternating current signal
of the BHD3 is utilized to reconstruct the Wigner function with
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Figure 3. Gain optimization and experimental results. a) Noise power of a coherent input beam with a modulation amplitude of 20 dB. b) Noise power
recorded by receiver while scanning the relative phases between “Aux” and “local oscillator of BHD3,” demonstrating that the peak amplitudes input
and output amplitudes are equal, and the amplitude and phase quadratures are /2 apart in phase. c—h) Noise powers of the teleported state measured
by receiver with all users in quantum network as sending and receiving terminals. All the traces are recorded via spectrum analyzer with an analysis
frequency of 3.0 MHz (RBW, 100 kHz; VBW, 100 Hz). In subfigures (c)- (h), trace (i) represents the SNL, which is obtained by only injecting local oscillator
into the BHDs. Trace (ii) shows the noise power of the teleported state without EPR entanglement, and it is 4.77 dB higher than the SNL as expected.
Traces (iii) and (iv) are the noise power for amplitude and phase quadrature of the teleported state with the help of EPR entanglement.

an oscilloscope and to obtain the noise power of the reassembled
state with a spectrum analyzer. Similarly, the teleportation oper-
ation can also be realized between any two users by conveniently
switching the frequency of the LOs, input states, and Aux beams.

3. Experimental Results

Before teleportation process, the correlation noise variances of
the three users are measured by utilizing the existing instru-
ments. We obtain the total noise variance of the sending unit
from the output signals of BHD 1 and BHD 2. The noise vari-
ance of the receiving unit is measured by BHD 3. Then, itis com-
bined with the output of BHD 1 and BHD 2 to read the correlation
noise. The correlation noises of amplitude sum and phase differ-
ence for Alice and Bob (Alice and Chloe and Bob and Chloe) are
unbiased and equal to 6.7 dB (5.2 and 5.8 dB).

A crucial part of the teleportation protocol is the transmission
of classical information from sending terminal to receiving ter-
minal. To ensure that the signals are transmitted without dis-
tortion, the gain factors for both amplitude (g,) and phase (g,)
quadratures should be fixed to be unity. Figure 3a,b shows the cal-
ibration results of the gain factors with a coherent state as input
state. Figure 3a is the spectral density of input state with a modu-
lation amplitude of 20 dB, while Figure 3b is the spectral density
recorded by receiver’s detectors. We know from the results that

Laser Photonics Rev. 2022, 2200508

2200508 (4 of 7)

receiver records equal spectral density for both the amplitude-
modulated and phase-modulated input, indicating that the gain
factors have been properly calibrated.

Figure 3c-h represents the experimental results of all commu-
nication links of quantum teleportation network, including from
Alice to Bob (c), from Alice to Chloe (d), from Bob to Chloe (e),
from Bob to Alice (f), from Chloe to Alice (g), and from Chloe
to Bob (h). All traces are receiver’s measured noise variances at
3 MHz with a vacuum state as the input state. With the entan-
gled sideband modes presenting, the noise variances are shown
in trace (iii) and (iv), while with the entangled sideband modes ab-
sent, the noise variances are shown in trace (ii). Since the entan-
gled sideband modes present unbiased feature, the noise powers
of amplitude and phase quadratures are approximately equal for
each teleportation process. For any pair of users, the teleportation
results mainly depend on the correlation noise of the entangled
states as the resource state, showcasing the user-independent
characteristics. The entangled sideband modes lead to a quan-
tum noise reduction of 3.2 dB (Alice and Bob), 2.7 dB (Alice and
Chloe), and 2.9 dB (Bob and Chloe), respectively. In current ex-
periment, the fidelity of the reassembled state is calculated to be
F,; = 0.82 + 0.02, Fye = 0.79 % 0.02, and F,. = 0.77 + 0.01,
respectively.l>?]

The Wigner function, a quasiprobability distribution of
quadrature amplitude and phase in phase space, provides the
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Figure 4. The counter projections of the reconstructed Wigner function in phase space of the states between all pairs of users in quantum network,
via the iterative maximum-likelihood estimation. The black-circle, black-dashed-circle, and orange-dashed-dotted-circle represent the noise contours of
the reconstructed Wigner function distribution at 0.2, 0.16, and 0.1, respectively. As the fidelity decreases, the contours become sparse and appear
increasingly distorted from perfect circles. The photocurrent from BHD of receiving unit passes through a high-pass-filter with a cutoff frequency of 1.8
MHz and a low-pass-filter with a cutoff frequency of 4.5 MHz subsequently, and is then mixed with a demodulation sinusoidal signal at 3 MHz to extract
the time-domain information from data collected by the oscilloscope with a sampling rate at 10 MS/s.

complete quantum characteristics of a quantum state, as shown
in Figure 4. To completely characterize the performance of quan-
tum teleportation network, the Wigner functions of reassem-
bled states covering all sending and receiving terminals are re-
constructed with the entangled sideband states by using opti-
cal homodyne tomography. Quantum tomography!>”>#l is one of
universal technique which extracts the time-domain signal by
the BHD, further calculate the marginal probability distribution
function of the quantum state, and then obtain the quantum
state density matrix and the phase space Wigner function. The
three illustrations marked with red corner square in diagonal
line of Figure 4 represent the Wigner function of the input state,
whereas other nondiagonal illustrations represent the Wigner
function of the reassembled state between all pairs of users in
quantum network. Therefore, we achieve a quantum teleporta-
tion network with three users with minimum fidelity beyond the
no-cloning limit.

4, Conclusion

In conclusion, we have demonstrated a fully connected quantum
teleportation network based on CV entangled sideband modes
from a squeezed state of light. Since the three quantum chan-
nels are located at different resonances of the OPO that are far
more than the bandwidth of the BHDs, the cross-talking effect
can be totally eliminated. The topological structure effectively
promotes the network reliability and flexibility, but the commu-
nication links become increasingly complex and grow quadrati-
cally as the number of users increases. On the basis of free-space
filter cavity, the scheme becomes unmanageable as the num-
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ber of parties increases. Fortunately, the OPO and filter cavity
have been achieved based on waveguidel>® and integrated silicon-
based materials.[®*%%] In such a new filter cavity configuration,
the stable control of the entire system can be achieved through
passive methods such as temperature control,[®*) thereby greatly
reducing the difficulty and complexity of control.

In addition, the waveguide quantum memory with an accep-
tance bandwidth up to 5 GHz has been demonstrated,!* which
is compatible with our experimental protocol to perform quan-
tum repeater. Our demonstration of CV quantum teleportation
network can be also easily extended to other wavelengths that
are suitable for solid state quantum memory!®! and alkali atoms’
transition line.[°*%’] Exploiting the distribution scheme of CV en-
tangled sideband modes, a quantum network that implements
many tasks of quantum information processing, without the lim-
itation of teleportation protocol, can be realized. As the technol-
ogy improves, we have enough reason to expect and believe that
a fully connected continuous-variable quantum teleportation net-
work with more parties will have a bright future.
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the author.
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