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To scale quantum information processing, quantum state
distributors are an indispensable technology in quantum
networks. We present a universal scheme of a continuous
variable quantum state distributor that performs point-to-
multipoint distributions via quantum teleportation with
partially disembodied transport. The fidelity of the state
at the output nodes can be conveniently manipulated as
needed by engineering the correlation noise of the Einstein–
Podolsky–Rosen (EPR) beam. For a 1 → 2 distributor,
controllable distributions were demonstrated by manipulat-
ing the squeezing factor of EPR entanglement. The fidelities
of the two receivers gradually changed from (2/3, 2/3) to
(0.95, 0.17) corresponding to the transition from symmetric
to asymmetric quantum cloning. © 2021 Optical Society of
America

https://doi.org/10.1364/OL.419261

Quantum state distribution is the key ingredient of quantum
network and distributed quantum computation [1,2]. It is
believed to provide the ultimate solution to the scalability of
quantum communication and computation [3]. In general,
quantum state distribution refers to the operation in which
the information encoded in the states is partially transferred
from one system to the others [4–8]. Because of the limitation
set by the quantum no-cloning theorem, an unknown quan-
tum state cannot be perfectly replicated [9] and thus prevents
deterministic distribution style involving symmetric multi-
directional broadcast with high fidelity in the quantum system.
Additionally, the limit can be surpassed by abandoning deter-
minism and using probabilistic methods [10,11]. Hence, the
deterministic distribution of a quantum state to a desired mul-
tipoint is an important challenge for quantum systems, driving
intense investigation.

As a burgeoning research area, numerous schemes of quan-
tum state distribution on single photons have been developed
[12,13], and optimal quantum distribution based on entangled
states has also been proposed [14,15] and demonstrated [16].
However, continuous variable (CV) quantum state distribution
is less explored, which is particularly salient for distributed
networks of modules [17]. Recently, a CV quantum cloning

scheme with linear optics was proposed to realize asymmetric
quantum cloning, easily implemented with setups experimen-
tally accessible since only linear optics is required [18]. Yet, in
this protocol, most of the information is directly transmitted
to the distributor through the quantum channel; therefore,
it is vulnerable to potential eavesdropping [19,20]. On the
other hand, in stark contrast to a direct channel that suffers
from the eavesdropping risk, state teleportation [21–25] was
proposed and experimentally demonstrated as a technique for
securely transferring an unknown quantum state in virtue of
highly entangled states [26,27]. This is a result of the fact that
the amount of thermal noise of half of the Einstein–Podolsky–
Rosen (EPR) beam is big enough to hide the information of the
transmitted state. However, quantum teleportation is limited in
point-to-point protocols.

In this Letter, we report an experimental demonstration of
a quantum state distributor with controllable fidelity with the
assistance of an entanglement state. As a unification of CV quan-
tum teleportation [28,29] and quantum cloning [30–41], the
defects aforementioned are overcome. Strikingly, the informa-
tion in the transmitted channel is enveloped by the usage of the
EPR entangled beam [42] while point-to-multipoint distribu-
tion is enabled with high fidelities. In addition, the asymmetry
of quantum cloning can be manipulated by adjusting the
quantum correlation of the EPR beam.

We use the protocol of quantum state transfer with par-
tially disembodied transport to realize the desired quantum
state distribution [43], which can be outlined as follows.
Generally, quantum states of light can be described by the
electromagnetic field annihilation operator â . The asso-
ciated amplitude and phase quadratures are written as
X̂ = â + â † and Ŷ = (â − â †)/i , respectively, with the
canonical commutator [X̂ , Ŷ ] = 2i . As illustrated in Fig. 1,
Sender and Distributor share an EPR entangled beam with
〈1(X̂ EPR1 + X̂ EPR2)

2
〉 = 〈1(ŶEPR1 − ŶEPR2)

2
〉 = 2e−2r . An

unknown state â in is divided by beam splitter BS1 with variable
reflectivity R at the sending station. The reflected output state
is combined with Sender’s half of the EPR beam Ê1 at a 50/50
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Fig. 1. Schematic of the experimental setup for a CV 1→M
quantum state distributor. An unknown quantum state from node 1 is
distributed to M nodes (node 2 to node (M + 1)). OPO, optical
parametric oscillator; BS, beam splitter; AM, amplitude modulator;
PM, phase modulator; LO, local oscillator; Aux, auxiliary beam; PS,
power splitter; SA, spectrum analyzer; FG, function generator; LP,
low-pass filter; PA, pre-amplifier; OSC, oscilloscope.

beam splitter, and then the amplitude X̂ and phase Ŷ quadra-
tures are measured by two homodyne detectors. In this sense,
reflectivity R evaluates the amount of destroyed information
of the unknown quantum state. The extracted information
from homodyne detection is encoded in an auxiliary beam via
two independent modulators with scaling factors g X and g Y .
The transmitted output of BS1 is displaced by such an auxiliary
beam by means of 1/99 optical interference. The displaced
state âdisp is then transmitted to Distributor through the semi-
quantum channel. After receiving the information from Sender,
Distributor reconstructs the unknown state by interfering with
the displaced field using his entangled beam Ê2 at another beam
splitter BS2 with the same reflectivity R .

State transfer is generally evaluated by the fidelity, deter-
mined by the overlap between input state |ψin〉 and output
state |ψout〉, i.e., F = 〈ψin|ρ̂out|ψin〉, with density matrix
ρ̂out = |ψout〉〈ψout|. In the scheme presented here, the value
of fidelity F is associated with squeezing degree r and rela-
tive phase θ , and thus for convenience, we define a parameter
V (r , θ)= e−2r cos2 θ

2 + e 2r sin2 θ
2 to formulate the fidelity

(see Section 2 of Supplement 1). As stated above, this protocol
is a unification of quantum teleportation and quantum cloning:
(1) R = 1—it is equivalent to standard quantum teleportation
with fidelity F = 1

1+V (r ,θ) ranging from 0.5 to one, as shown
in Fig. 2(b); (2) R = 1/2—1→ 2 symmetric and asymmetric
Gaussian cloning can be realized [Fig. 2(c)]. In the absence of
an entanglement source (r = 0, V (r , θ)= 1), the two out-
put nodes have the same fidelities of 2/3, corresponding to
symmetric Gaussian cloning. However, when V (r , θ) < 1,
the fidelity at one of the outputs (here assumed to be node 2)
on BS2 is F = 2

2+V (r ,θ) , obviously larger than 2/3. At this
moment, the other output (node 3) on BS2 has a phase π + θ
of EPR2 relative to the displaced beam. Moreover, the fidelity
F = 2

2+V (r ,θ+π) at the output is less than 2/3, with no violation
of the no-cloning theorem. Interestingly, with θ = 0, the fidelity
at node 2 (node 3) changes from 2/3 to one (zero) as squeezing
factor r increases to infinity. On the contrary, the fidelities of
node 2 and node 3 are inversed when θ = π . Thus, one can
manipulate the fidelities at two output nodes with an arbitrary
value from zero to one by the combined control of r and θ in
ideal conditions. Furthermore, together with (M − 2) beam
splitters, the setup can be extended to the 1→M optimal

Fig. 2. (a) Dependence of distributed state fidelity on the squeezing
factor, and the reflectivity R of BS1 and BS2. (b) Cross-section of
(a) for R = 1, corresponding to quantum teleportation. (c) Cross-
section of (a) for R = 1/2, corresponding to the 1→ 2 quantum state
distributor. (d) Fidelity of the quantum state distributor as a function
of reflectivity R ; orange line: fidelity in the quantum range could be
achieved by our setup.

quantum state cloning by simply replacing R with (M − 1)/M.
Similarly, the fidelity at each node can be manipulated by r and
θ , and the fidelities at node 4 to node (M + 1) are the same as
that of node 3. Therefore, controllable CV point-to-multipoint
quantum state distributors can be realized with our scheme.
We emphasize that by increasing reflectivity R , the proportion
of the thermal noise of entanglement becomes higher; conse-
quently, the potential eavesdropper could get less information of
the transmitted quantum state from the semi-quantum channel
(see Section 5 of Supplement 1). It is the main advantage of the
introduction of EPR entanglement.

Experimentally, an EPR entangled beam is generated by
combining two independent squeezed beams at a 50/50 beam
splitter, with the relative phase π/2 between the squeezed fields
actively servo-controlled. The squeezed fields are produced by a
sub-threshold optical parametric oscillator (OPO) with periodi-
cally poled KTiOPO4 (PPKTP). With technical improvements
in phase noise [44–46], system loss [47,48], and detector dark
noise [49,50], the maximum squeezing level is measured at
13.8 dB below the shot noise limit (SNL) at 1064 nm. Notice
that weak coherent beams are injected into two OPOs as probe
beams that provide cavity- and phase-locking. Finally, the EPR
beam with 〈1(X̂ EPR1 + X̂ EPR2)

2
〉 =−11.3± 0.2 dB and

〈1(ŶEPR1 − ŶEPR2)
2
〉 =−11.1± 0.2 dB is obtained serving

as the key building block of the presented scheme. As shown in
Fig. 1, EPR beam 1 propagates to the sending station, where it is
combined at a 50/50 beam splitter with the reflected part of the
unknown input state â in (coherent state, encoded by amplitude
and phase modulators). Then the measured information with
two-homodyne detection is fed back to the transmitted part of
â in by means of interference of the modulated auxiliary beam
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with the transmitted output of BS1 with the relative phase
φ = 0. This displaced beam is sent to the distributing station
through the semi-quantum channel, where Distributor recon-
structs the unknown state by interfering with the transmitted
optical field using his entangled beam Ê2 at another beam split-
ter BS2 with relative phase θ . Note that all the relative phases,
including the beam combination and quadrature component
detection, are actively stabilized during the measurement cycle
via the Pound–Drever–Hall locking technique, and phase θ is
locked to zero orπ , which is dependent on the desired fidelity of
the distributed quantum state between the two outputs of BS2.
In addition, output node 3 of BS2 can be sent to a single user to
perform two-path quantum state distribution and also through
multiple beam splitters to perform a multi-path distribution.
Actually, imperfections inevitably exist in the distributor to
deteriorate fidelity, which are attributed mainly to phase fluc-
tuations, losses, and excess noises in the state’s preparation,
modulation, transmission, and detection processes.

For R = 1, quantum teleportation has been experimentally
verified [25], and here we perform a controllable point-to-two-
point quantum state distribution experimentally by setting
R = 1/2. To assess the quality of the CV quantum state dis-
tributor, the gains for the amplitude and phase information
are carefully calibrated [Fig. 3(a)], and the noise power of the
distributed state at node 2 and node 3 is measured at optimal
V (r , θ) (r = 1.128, θ = 0) to obtain the optimal fidelities at the
two nodes; the results are shown in Fig. 3(b). SNL is measured
with only the local oscillator entering the detector. With the
pump beams of the two OPOs blocked, the outputs from BS1
are not quantum correlated. The noise power of the distrib-
uted state corresponds to the classical limit, which is the best
achievable value in the absence of an EPR entangled beam. In
this case, the two output states at node 2 and node 3 have the
same fidelity of 2/3, which sets a boundary for entrance into
the quantum domain. In the presence of an EPR entangled
beam, the noise power of the distributed states at node 2 and
node 3 are measured at optimal V (r , θ). The measured values
are 2.6± 0.2 dB below the noise level of the corresponding
classical boundary, and 7.2± 0.2 dB above that of the classical
boundary [Fig. 3(b)]. The fidelities at the two output nodes that
were inferred from the fidelity expression are 0.95 (node 2) and
0.17 (node 3). Furthermore, we measured the noise power of the
distributed states at r = 1.128, θ = π [Fig. 3(c)]. All the results
are the same as those in Fig. 3(b) except for the noise power
switchover between the two nodes.

While varying squeezing factor r , the noise powers of the two
nodes with θ = 0 are measured. Figure 4(a) shows the fidelities
inferred from the noise power measurements. It is found that the
fidelity at node 2 (node 3) changes from 2/3 to 0.95 (0.17), as r
increases. The squeezing factor can be conveniently controlled
between zero and 1.128 by changing the pump power of the
OPOs (see Section 1 of Supplement 1).

Furthermore, we also measured the noise power of the two
nodes as a function of phase θ with fixed squeezing factor r
[Fig. 4(b)]. Clearly, by varing θ , the fidelities at the two nodes
switch back and forth with phase during the distribution. Due
to the existance of an additional phase delay of π at node 3 with
respect to node 2, the fidelities at the two outputs of BS2 are rel-
evant but different. In combination with controlling squeezing
factor r , we manipulate the controllable fidelity from 0.17 to
0.95 at each distributed node. When the fidelity at one of the

Fig. 3. (a) Noise powers recorded at node 2 while scanning the
phase of the input beam without EPR entanglement: trace (i) is the
shot noise limit; trace (ii) shows the teleported state for a vacuum
input without EPR entanglement; trace (iii) and trace (iv) show the
recreation of input coherent modulation amplitude of 20 dB, demon-
strating that the peak input and output amplitudes are equal, and
the amplitude and phase quadratures are indeed π/2 apart in phase.
(b) Distributed state for a vacuum input with EPR entanglement
(R = 1/2, θ = 0, θ is the phase of EPR2 relative to the auxiliary beam).
(c) Distributed state for a vacuum input with EPR entanglement
(R = 1/2, θ = π ).

Fig. 4. Fidelities at node 2 and node 3 as a function of squeezing
factor of the correlation variance V (r , θ) (1→ 2 quantum state
distributor). (a) With the squeezing factor manipulated, θ = 0;
(b) with θ scanned, r = 1.128. The error bars are acquired during 20
measurements.

two nodes is more than the classical boundary 2/3, the fidelity at
the other node must be less than this classical boundary without
violating the no-cloning limit. However, in the presented con-
trollable distribution process, by tuning squeezing factor r and
θ at the desired time, high-fidelity quantum state distribution is
feasible at each of the two nodes, thereby functioning as a 1→ 2
distributor of quantum information. By optimizing V (r , θ) to
reach the minimum value, the distributed quantum state has the
best achievable fidelity.

In conclusion, we have reported an experimental realization
of unifying the CV point-to-multipoint quantum state distri-
butions via quantum teleportation with partially disembodied
transport. By setting values of reflectivity R for BS1 and BS2,
the functionality of the setup can be conveniently switched.
In either case, the fidelity at the output nodes can be adjusted
within limits as needed by manipulating the parameter V (r , θ)

https://doi.org/10.6084/m9.figshare.14153318
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with regard to EPR entangled states. The fidelity at only one of
the nodes may exceed the classical boundary, with no violation
of the no-cloning theorem. Strikingly, the information of the
transmitted quantum state is submerged in the thermal noise of
the highly entangled state with the introduction of the entan-
gled states. By virtue of the controllable distribution process,
the quantum state for which the fidelity rises above the classical
boundary is capable of a time-sharing operation at the two
nodes, thereby functioning as a 1→ 2 distributor of quantum
information for a distributed quantum network and quantum
computer. Together with (M − 2) beam splitters, the setup can
also be extended to a 1→M optimal quantum state distribu-
tion by simply changing R to (M − 1)/M. With R = 1/2, we
succeeded in obtaining an optimal fidelity of F = 0.95 with
a coherent state as an input state. Owing to high fidelity, the
scheme can also be scalable to 29 distribution nodes by a cas-
caded distribution operation with the ultimate fidelity beyond
the classical limit 2/3 (see Section 4 of Supplement 1). This
work introduces a new route to exploring the CV multiple-point
quantum state distributor and advanced quantum operations by
means of CV quantum state transport protocols. Furthermore,
the reversibility of CV quantum cloning could be implemented
by upgrading our setup [19,39], which will prompt the protocol
applied to the multiple-point to multiple-point connecting,
quantum interface [51], and quantum transducers.
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