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Demonstration of 1 — 3 continuous-variable quantum telecloning
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The distribution of the quantum states to remote receivers is an indispensable technology in quantum
communication, quantum networks, and quantum information processing. Perfect distribution does not allow
any quantum information loss of the distributed quantum state. Quantum telecloning, which is made up of
quantum cloning and quantum teleportation, is a remote quantum information distribution protocol. Here, we
experimentally demonstrate unconditional 1 — 3 quantum telecloning of coherent states, and the fidelities of the
cloned states are 0.64 £ 0.01, 0.64 £ 0.01, and 0.49 £ 0.01, respectively. No information about the unknown
state is lost during the telecloning process by exploiting the quadripartite entangled modes as an auxiliary
resource. Deterministic 1 — 3 quantum telecloning has great potential for applications in advanced quantum

technology.

DOLI: 10.1103/PhysRevA.104.032419

I. INTRODUCTION

Remote state distribution plays an essential role in
configuring long-distance quantum communication [1-3],
large-scale quantum networks [4—6], and multiuser quantum
computation [7]. Because of the limitation set by the quantum
no-cloning theorem, an unknown quantum state cannot be
perfectly replicated [8]. The no-cloning limit could be over-
come at the expense of reducing the success probability [9].
Although cloning operation with perfect fidelity is forbidden
in the case of the deterministic condition, approximate cloning
can be implemented. The development of advanced quan-
tum technology has driven the proposal and demonstration of
massive cloning schemes [10-16], which distribute quantum
states to local destinations. Quantum teleportation [17-26]
can distribute a quantum state to the remote receiver, breaking
the limitation of local distribution, which lacks the capability
of point-to-multipoint distribution [27].

To distribute quantum information to multiple remote
receivers, the quantum telecloning scheme was proposed
[28,29]. As a remote quantum information distribution proto-
col, quantum telecloning is made up of quantum cloning and
quantum teleportation. In quantum telecloning, the unknown
quantum state is distributed to multiple remote receivers,
each of which gets an approximate cloned state of the dis-
tributed quantum state. By utilizing such a protocol, the
information encoded in the unknown state is broadcasted to
several spatially separated quantum nodes with the assistance
of shared quantum entanglement. As an advanced quantum
technology, quantum telecloning has been intensively studied
[28,30,31] and demonstrated [32] for photonic qubits. Sub-
sequently, the telecloning scheme was theoretically extended
to the continuous-variable (CV) domain [29,33,34] and ex-
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perimentally realized in virtue of tripartite entanglement as
an auxiliary resource [35], demonstrating deterministic 1 — 2
quantum telecloning of coherent states with a fidelity of only
0.58 for each cloner. Recently, the protection of quantum
telecloning over noise channels with environment-assisted
measurement [36] and weak measurement was proposed, and
the entanglement of a quantum channel among separated par-
ticipants can be recovered probabilistically [37]. However,
during quantum telecloning, partial quantum information of
the input state may be lost from the sender, which is regarded
as an imperfect nonlocal distributor of quantum information.

In this paper, we report an experimental demonstration of
deterministic 1 — 3 quantum telecloning of coherent states
with the assistance of entangled beams. In contrast to the
imperfect I — 2 quantum telecloning of coherent states using
tripartite entanglement [35], an extra cloned state (the phase-
conjugate state [38—40] or time-reversal state) is generated
without sacrificing the fidelities of two intrinsic cloned states,
and the information that may be lost is collected. The two
intrinsic cloned states have the same fidelity of 0.64 £ 0.01,
beyond the classical limit, and the fidelity of the extra cloned
state is 0.49 £ 0.01, almost the same as the classical limit of
1/2. Subsequently, the Wigner functions of the cloned states
are reconstructed with the maximume-likelihood algorithm to
evaluate the performance of quantum telecloning [41,42]. In
this paper, we demonstrate deterministic I — 3 quantum tele-
cloning, which has great potential for applications in advanced
quantum technology [43,44].

II. SCHEMATIC AND EXPERIMENTAL SETUP

The protocol of the deterministic 1 — 3 quantum tele-
cloning was proposed in [45] and can be outlined as follows.
Quantum states of light can be described by the electro-
magnetic field annihilation operator @ = (X + i¥)/2, which
is expressed in terms of the amplitude X and phase Y

©2021 American Physical Society
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FIG. 1. Schematic diagram of 1 — 3 continuous-variable quan-
tum telecloning. An unknown state from node 1 is distributed to node
2, node 3, and node 4 by using EPR beams as an auxiliary resource.
EPR source: Einstein-Podolsky-Rosen entangled beams.

quadratures with the canonical commutator X, 7] =2i
The kernel of quantum telecloning is the quantum entan-
glement shared among the sender and receivers. For the
1 — 3 quantum telecloning depicted in Fig. 1, each submode
of Einstein-Podolsky-Rosen (EPR) entanglement is divided
into two parts; thus, the quadripartite entangled modes are
generated. An unknown state, di,, is combined with Alice’s
entangled mode, and the acquired information is then sent to
three remote receivers via classical channels. Three remote
receivers then reconstruct the initial unknown state with the
help of their entangled modes; therefore, the quantum state
is distributed to three remote receivers, and no information
is lost in the telecloning process. In the ideal case without
loss, the restored states at the three receivers’ nodes can be
expressed as [45]

ab, = an + ?(EZ —ED)+ ?(02 —oh),

out

. N2 L N2
afut = dip + T(Ez - ED - T(Uz - UIT), 2)

ab =al — V20, (3)

out

where the superscripts B, C, and D denote receivers Bob,
Claire, and Dan. £, and E, are the two submodes of EPR
entanglement; 0; and 0, are the vacuum states introduced by
the beam splitters.

Following the above scheme, the experimental setup of
1 — 3 quantum telecloning is shown in Fig. 2. The generation
of squeezed fields is based on our earlier experiments pre-
sented in [46]. EPR entanglement is generated by combining
two independent squeezed beams at a 50:50 beam splitter,
with the relative phase 7 /2 between the squeezed fields being
actively servo controlled. Two optical parametric oscillators
(OPOs) with the same parameters operate below the thresh-
old and generate two squeezed fields with wavelengths of
1064 nm. The laser source of our experiment with an out-
put power of 2 W is partly used as the seed beam of two
OPOs, the local oscillators for balanced homodyne detection.
The remaining light is used for second-harmonic generation
to provide the pump field at 532 nm for two OPOs with a
threshold of 220 mW. The output power of second-harmonic
generation at 532 nm is 1.2 W, which is enough to simul-
taneously pump two OPOs to produce the entangled state.
Based on our previous work, with technical improvements in
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FIG. 2. Experimental setup of 1 — 3 continuous-variable quan-
tum telecloning. OPO, optical parametric oscillator; HR, mirror with
a reflectivity larger than 99.95%; AM, amplitude modulator; PM,
phase modulator; LO, local oscillator; PD, photodiode; PS, power
splitter; Aux, auxiliary beam.

suppressing system loss [46,47], phase noise [48], and detec-
tor dark noise [49], the maximum squeezing level is measured
to be 13.8 dB below the shot-noise limit (SNL), close to the
record level of 15 dB [50]. In the case of 1 — 2 quantum tele-
cloning, only one submode of the EPR beams is divided into
two parts by a 50:50 beam splitter to help restore the unknown
state at the receiver. When the loss of another submode of EPR
beams is less than 50%, it will not decrease the fidelities of the
cloned states while inevitably inducing information dropout.
By employing another 50:50 beam splitter, information of
another submode is utilized to generate the additional cloned
state that is the phase-conjugate state (or time-reversal state)
without sacrificing the fidelities of two intrinsic cloned states.
The scheme not only prevents the information loss of the
unknown state but also generates an additional cloned state for
quantum information processing [51]. Thus, 1 — 3 quantum
telecloning, including two intrinsic cloned states and one extra
cloned state, is experimentally realized.

At the sending node (Alice), an amplitude modulator (AM)
and a phase modulator (PM) are driven by a function generator
at a frequency of 2.0 MHz with a bandwidth of 100 kHz;
they are used to set gain factors for the telecloning process.
The unknown state is then combined with her entangled mode
at a balanced beam splitter to perform a joint measurement.
The amplitude and phase quadratures are measured by two
balanced homodyne detectors with the assistance of two local
oscillators. The extracted information from homodyne detec-
tion is divided by the power splitters and then dispatched to
the remote receivers through classical channels with proper
gain [52,53]. The auxiliary beam at each receiver’s terminal
acquires the transmitted information with an AM and a PM;
a half-wave plate (not shown) placed before the AM and PM
is used to eliminate the crosstalk between the AM and PM. In
the experiment, the distances between the sender and receivers
are about 3 m. At each receiver’s terminal, the auxiliary beam
with the transmitted information is then combined with the
entangled mode at a 99:1 mirror to reassemble the unknown
quantum state. A local oscillator is used to perform verifica-
tion via balanced homodyne detection, the alternating current
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signal of which is used to reconstruct the Wigner function with
an oscilloscope (not shown) and to obtain the noise power
with a spectrum analyzer (not shown) of the reassembled state.

III. EXPERIMENTAL RESULTS AND ANALYSIS

Fidelity F = (¥in|fout| ¥in), the overlap between the input
state |v,) and the output state |,y ) With the density matrix
Pout = |Wout) (Wout|, is invariably used to evaluate the perfor-
mance of the cloned state. For an input coherent state, the
fidelity can be written as [19]

2
F = 4)
o) (14 o)
where 0" and o are the variances of the quadratures of
the output state normalized using a coherent state. According
to Egs. (1), (2), and (3), the fidelities of the cloned states at
receivers’ terminals are obtained as follows:

2 ®)
3+e 2’

Fp =1, (6)

Fp=Fc=

where r represents the squeezing factor. For the classical case
with » = 0, which means there is no EPR correlation, the
fidelity of each cloned state at Bob’s and Claire’s receiving
terminals is found to be 1/2, the same as the classical limit
for coherent state cloning. The fidelity of the cloned state at
Dan’s receiving terminal is always 1/2, independent of the
entangled correlation. Once EPR entanglement is introduced
for any r > 0, the fidelity of Bob’s and Claire’s cloning states
will exceed the classical limit, which suggests the success of
quantum telecloning. Together with the extra cloned state at
Dan’s terminal, 1 — 3 quantum telecloning is realized. It is
worth noting that with infinite squeezing and zero loss, the
optimal fidelity of each cloned state at Bob’s and Claire’s
terminal is 2/3, the same as the no-cloning limit. In our exper-
iment, the quantum efficiency of the diodes is more than 99%
[46]; the interference visibility at the homodyning is about
99.8%. After generation, the optical loss (including all the
propagation loss and interference imperfections during beam
coupling) before homodyne detection is about 6% for non-
classical states. The expected fidelity is about 0.64 according
to these imperfections.

To verify the performance of 1 — 3 quantum telecloning,
the noise variances of the cloned states are measured. Before
the verification, the gain factor is carefully adjusted to ensure
the performance of quantum telecloning [52]. The method to
keep the unity gain factor is shown in Fig. 3; with an input
modulation amplitude of 20 dB, we show the noise power
recorded at the sender’s and receivers’ nodes while scanning
the phase of the input beam without EPR correlation. Fig-
ure 3(a) shows the noise power of the input quantum state,
while Fig. 3(b) shows the noise power recorded by Bob’s
balanced homodyne detectors. Trace (i) (solid black line)
represents the SNL that is obtained with only the local os-
cillator injecting into the balanced homodyne detectors; trace
(i1) (dashed red line) and trace (iii) (dotted blue line) are the
amplitude and phase quadratures of the input state [Fig. 3(a)]
and reconstructed state [Fig. 3(b)], in which the peak output

Noise power (dBm)

08 1.0 02
Sweep time (s)

FIG. 3. Noise power recorded while scanning the phase of the
input beam without EPR correlation: (a) Noise power of the input
quantum state with an input modulation amplitude of 20 dB; trace
(i) is the SNL (solid black line), and trace (ii) (dashed red line) and
trace (iii) (dotted blue line) are the amplitude and phase quadratures.
(b) Noise power recorded by Bob’s balanced homodyne detectors;
trace (i) is the SNL (solid black line), and trace (ii) (dashed red line)
and trace (iii) (dotted blue line) are the reconstruction of a modula-
tion amplitude of 20 dB, showing the same peak output amplitudes
as input amplitudes. The noise powers recorded at Claire’s and Dan’s
terminals are the same as Bob’s. All the traces are measured via bal-
anced homodyne detection with an analysis frequency of 2.0 MHz.
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FIG. 4. Noise power of the cloned states with a vacuum input:
(a) the cloned state at Bob’s terminal, (b) the cloned state at Claire’s
terminal, and (c) the cloned state at Dan’s terminal. Trace (i) [or-
ange (light gray) line] represents the shot-noise limit; trace (ii) [red
(medium gray) line] is the noise power of the cloned state without
EPR entanglement, and trace (iii) [blue (dark gray) line] expresses
the noise power of the cloned state with the help of EPR entangle-
ment. The measured results are the same for amplitude and phase
quadratures; only the amplitude quadrature is shown. All the traces
are measured via balanced homodyne detection with an analysis
frequency of 2.0 MHz.
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FIG. 5. Reconstructing the Wigner function of the input and
cloned states at the sender’s and receivers’ terminals. (a) Wigner
function of the input state at Alice’s terminal. (b) Wigner function of
the cloned state at Bob’s terminal. (c) Wigner function of the cloned
state at Claire’s terminal. (d) Wigner function of the cloned state at
Dan’s terminal. P and Q are the momentum and position in phase
space.

amplitudes are the same as the input amplitudes. The noise
powers recorded at Claire’s and Dan’s terminals are the same
as those at Bob’s terminal (not shown). In all measurements
the Fourier frequency is 2.0 MHz, the resolution bandwidth is
100 kHz, and the video bandwidth is 100 Hz.

After calibrating the gain factor, the EPR entanglement is
used as an auxiliary resource to perform the 1 — 3 quantum
telecloning of the coherent state. To show the variances of the
cloned states more clearly, the vacuum state is chosen as the
input state (the input modulation is canceled) here, and the
noise power of the cloned states is shown in Fig. 4. Trace (i)
[orange (light gray) line] represents the SNL; trace (ii) [red
(medium gray) line] is the noise power of the cloned states
without EPR entanglement that represents the classical limit,
and trace (iii) [blue (dark gray) line] expresses the noise power
of the cloned states with the assistance of EPR entanglement
at Bob’s [Fig. 4(a)], Claire’s [Fig. 4(b)], and Dan’s [Fig. 4(c)]
terminals. For each cloner, the noise power is about 1.5 dB
below trace (ii), 1.5 dB below trace (ii), and 0.1 dB above trace
(ii), respectively. According to Eq. (4), the fidelities of the
cloned states are calculated to be 0.64 & 0.01, 0.64 + 0.01,
and 0.49 £ 0.01.

The Wigner function, a quasiprobability distribution of
quadrature amplitude and phase in phase space, provides the
complete quantum characteristics of a quantum state. The op-

tical homodyne tomography technique is used to reconstruct
the density matrix and Wigner function of the quantum state
from the experimental data. The alternating current signal of
the homodyne detector is mixed with a 500-mV,, sinusoidal
signal of 2.0 MHz. Then the resulting signal is filtered by a
low-pass filter (the cutoff frequency is 1.9 MHz) and subse-
quently amplified by a low-noise preamplifier with broadband
of 30 kHz and gain of 500 to obtain probability distributions.
An oscilloscope (about 1 000 000 points per trace) is used to
record the signal for measuring marginal distributions in the
temporal mode of the state. The density matrix that maximizes
the likelihood of the quantum state is obtained by perform-
ing sequential iterations of the recorded data. The Wigner
function of the cloned states is reconstructed with the density
matrix to quantify the performance of the 1 — 3 quantum
telecloning process, which is shown in Fig. 5. Figure 5(a)
shows the reconstructed Wigner function of the input state,
while Figs. 5(b), 5(c), and 5(d) are the reconstructed Wigner
functions of the cloned states at Bob’s, Claire’s, and Dan’s
terminals, respectively.

IV. CONCLUSION

In conclusion, we have experimentally demonstrated 1 —
3 quantum telecloning of coherent states with the assistance
of quadripartite entangled modes. By reconstructing the extra
cloned state without sacrificing the fidelities of two intrin-
sic cloned states, no information about the distributed state
is lost during the telecloning process. The fidelities of the
cloned states are 0.64 + 0.01, 0.64 & 0.01, and 0.49 + 0.01,
respectively. The Wigner functions of the cloned states were
also reconstructed to quantify the performance of the 1 — 3
quantum telecloning. Such telecloning is the deterministic
distribution of quantum states to multiple remote nodes, which
has great possibilities in long-distance quantum communica-
tion and quantum networks.
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