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Quantum teleportation is a key primitive across a number of quantum information tasks and represents a fun-
damental ingredient for many quantum technologies. Channel capacity, other than the fidelity, becomes another
focus of quantum communication. Here, we present a 5-channel multiplexing continuous-variable quantum tele-
portation protocol in the optical frequency comb system, exploiting five-order entangled sideband modes.
Because of the resonant electro-optical modulation (EOM) that is specifically designed, the fidelities of five chan-
nels are greater than 0.78, which are superior to the no-cloning limit of 2∕3. This work provides a feasible scheme
for implementing efficient quantum information processing. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.459889

1. INTRODUCTION

Quantum teleportation can transfer to an arbitrary quantum
state, including a single-photon state, a vacuum state, a coher-
ent state, and a squeezed state, from one terminal to the other,
exploiting shared quantum entanglement and classical commu-
nication between two terminals [1–11]. As one of the most ba-
sic protocols in quantum information, it serves as a key
primitive across a number of quantum information tasks
and represents a fundamental ingredient to the development
of many quantum technologies, driving the continuing
progress of quantum information processing [12–19]. Since
the concept of quantum teleportation was proposed in 1993
[1], the fidelity that represents the overlap of the input state
and the output state becomes one of the most essential indica-
tors to quantify the teleportation performance [3,20].
Subsequently, the protocol was experimentally demonstrated
in optical qubits [21–23], optical modes [3,4,11], atomic en-
sembles [24,25], trapped atoms [26,27], and solid state systems
[28,29]. Thanks to the continuing progress of the entangle-
ment quality, the fidelity of continuous-variable quantum tele-
portation was gradually increased [30], reaching the maximum
value of 0.905 [31].

With the advancement of quantum technology, channel
capacity, other than the fidelity, becomes another focus of
quantum communication [32]. Channel multiplexing can
manifold boost information capacity by integrating several
channels into one, which provides a valuable scheme toward
effective communication [33,34]. It is well known that many
physical systems can support a large number of optical modes

to construct many communication channels, such as the orbital
angular momentum (OAM) of light [35], the optical frequency
comb (OFC) system [36,37], the wavelength-division-multi-
plexing polarization-entangled photon source [38], and the
time-domain multiplexing cluster state [39,40]. Recently,
OAM multiplexed quantum teleportation, quantum dense
coding, and quantum entanglement swapping have been exper-
imentally implemented [41–43], exploiting the Einstein–
Podolsky–Rosen (EPR) entanglement source on OAM super-
position modes. For a squeezed field, each pair of symmetric
sidebands around the half-pump frequency presents a quantum
correlation, which constitutes natural quantum communica-
tion channels [37,44]. On the basis of the parametric down-
conversion process, the channel multiplexing quantum key
distribution based on single-photon entanglement has been
demonstrated [38]. Subsequently, we extended the demonstra-
tion from the single-photon to the continuous-variable entan-
glement of optical modes, implementing fourfold channels
multiplexing quantum dense coding [45]. However, multi-
channel multiplexing quantum teleportation via the OFC sys-
tem has not yet been demonstrated.

Here, we experimentally demonstrate 5-channel multiplex-
ing quantum teleportation, exploiting five pairs of entangled
sideband modes of a single squeezed field. The resonant
electro-optical amplitude modulator (EOAM) and the
electro-optical phase modulator (EOPM) are specifically de-
signed, addressing the problem of under capacity of the aux-
iliary beam (Aux). Fivefold entangled sideband modes are
spatially separated at the first five resonances of the optical
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parametric oscillator (OPO) to perform the quantum telepor-
tation, in turn, corresponding to the fidelity of 0.799, 0.799,
0.791, 0.787, and 0.785, respectively. Since the five quantum
channels are located at different resonances of the OPO with
large frequency intervals, the cross-talking effect can be com-
pletely avoided. By utilizing the OPO with low free spectral
range (FSR), the number of the multiplexing channels is ex-
pected to scale to a higher level.

2. EXPERIMENT PROCEDUCE

In this protocol of multi-channel multiplexing quantum tele-
portation, we employ a single broadband squeezed field gener-
ated from an OPO as the quantum resource. A squeezed field
involves many EPR entangled modes at the symmetric side-
bands of ω�i (i � 1, 2,…, n) around the half-pump frequency
within the phase-matching bandwidth of the nonlinear crystal
[33,45,46]. Each pair of the entangled modes can independ-
ently perform the quantum teleportation protocol. The en-
tangled sideband modes are divided into an upper sideband
mode (EPR+) and a lower sideband mode (EPR−) by two fre-
quency dependent beam splitters. An unknown input state
combines with the EPR+ at a balanced beam splitter (BS),
and the output fields are detected by two balanced homodyne
detectors (BHDs) to extract the phase and amplitude quadra-
tures information at Alice’s station. The detected signals are
transmitted to Bob’s station through classical channels. The
Aux obtains the transmitted information by utilizing an
EOAM and an EOPM. The Aux carrying the acquired infor-
mation is combined with the EPR− at a 1:99 ratio BS to re-
assemble the initial input state. In order to implement the
teleportation process, we generate coherent upper and lower
sideband modes with the same frequencies as entangled side-
band modes by using a fiber-coupled waveguide electro-optical
modulator (WGM). The coherent sideband modes have four
functions: the locking beam, the input state, the local oscillators
(LOs), and the Aux for classical information extraction. What is
worth highlighting is that only one percent of the Aux is re-
flected to couple with the EPR− to restore the input state dur-
ing teleportation, which requires a high Aux power to
compensate for the coupling loss. However, it is quite less
in power in the coherent sideband modes owing to the limited
performance of the WGM. To address this problem, we spe-
cifically design a resonant EOAM and an EOPM that enhance
the modulation depth and reduce the requirement for the Aux
power. The output state is then verified by a BHD, and the
fidelity is calculated to quantify the teleportation performance.

The detailed experiment setup is shown in Fig. 1. A non-
classical OFC system is generated by pumping a subthreshold
OPO. The OPO is a semi-monolithic cavity consisting of a
concave mirror driven by piezoceramics and a periodically
poled KTiOPO4 (PPKTP) crystal. The threshold power,
Pth, of the OPO is 220 mW with an FSR, ωFSR , of
3.325 GHz. In the OFC system, a squeezed carrier field has
a non-classical noise reduction of 12.6 dB without the elec-
tronic noise corrected [47], and the symmetric sideband modes
are used as the EPR entangled resources because of the corre-
lated characteristics [44]. However, the entangled sideband
modes of the OPO are vacuum states [34]. A locking beam

is introduced to manage the downstream ring filter cavities
(RFCs) and the BHDs [45,48,49]. The coherent upper and
lower sideband modes from the WGM are divided into four
parts by utilizing polarization beam splitters (PBS) and mode
cleaners (MCs), which serve as the locking beam (B1), the in-
put state, the LOs, and the Aux. The WGM has a modulation
bandwidth and insertion loss of 20 GHz and 3 dB, which is
driven in turn by a modulation frequency of nωFSR

(n � 1,2,3,4,5). The signal generator (Keysight E8257D
PSG) has a bandwidth and power of 20 GHz and 25 dBm.
Therefore, the 1st to 5th coherent sideband modes can be gen-
erated to assist the teleportation process.

As shown in Fig. 2(a), the upper and lower sideband modes
are resonated with RFC1 and RFC2, respectively. Hence, the
RFCs transmit the resonant sideband modes and reflect the
rest. In order to reduce the decoherence from the separation
process of the upper and lower sideband modes, the RFC as
the frequency dependent beam splitter should have the loss
as low as possible [50,51]. The influences of the impedance
matching, the linewidth, and the sideband suppression ratio
of the RFCs on the entanglement degree are synthetically con-
sidered in the design and construction of the RFC. The RFC is
an impedance-matching cavity with a round-trip length, fine-
ness, and linewidth of 232.0 mm, 29.8, and 43.4 MHz, respec-
tively. Figures 2(b)–2(f ) show the mode resolution capabilities
of the RFCs for the 1st to the 5th sideband modes, indicating
that the lower sideband modes are reflected under the reso-
nance condition of the corresponding upper sideband modes.
All results are normalized to the FSR of the OPO. In addition,
it is known, from Fig. 2, that the lower sidebands have the re-
flectivity of 98.5%, 99.5%, 99.7%, 99.7%, and 99.6%, respec-
tively, when the corresponding upper sidebands resonate with

Fig. 1. Schematic of the experimental setup for multi-channel mul-
tiplexing quantum teleportation. OPO, optical parameter oscillator;
PS, phase shifter; RFC, ring filter cavity; MC, mode cleaner;
WGM, waveguide electro-optical modulator; EOAM, electro-optical
amplitude modulator; EOPM, electro-optical phase modulator; PBS,
polarization beam splitter; λ∕2, half-wave plate; EOM, electro-optical
modulator; PD, photo detector; Aux, auxiliary beam; BHD, balanced
homodyne detector; LO, local oscillator; SA, spectrum analyzer; and
OSC, oscilloscope.
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the RFC. Owing to the limited bandwidth of the BHDs, the
residual transmission of the non-resonance sideband modes
does not interfere with the teleportation process. The MCs
serving as the generation of coherent sideband modes have
an extremely low power transmittance (about 0.001%) for
the non-resonant sidebands and carrier to avoid interfering
with the measurement. All these cavities are actively controlled
using the Pound–Drever–Hall technique [52].

In Alice’s terminal, the EPR+ beam is coupled with the in-
put state, ain, at a balanced BS, performing a joint measurement
with two BHDs by interfering with the LO+. The relative
phases of BHDs A and B are locked to 0 and π∕2 to derive
the amplitude and phase information of the input state, respec-
tively. The detected amplitude and phase information are trans-
mitted to Bob’s station through the classical channels with
proper gain. The Aux is used to get the transmitted information
utilizing the EOAM2 and the EOPM2. A half-wave plate
placed between the EOAM2 and the EOPM2 is precisely ad-
justed to make sure there is no interference between the am-
plitude and the phase modulation [4,53]. After modulation, the
Aux is coupled with the EPR− at a mirror with the transmis-
sivity of 0.99, and the relative phase between the Aux and the
EPR− is locked to 0. The output beam is verified with the
BHD C by interfering with the LO-. To reduce the uncertainty
in the measurement, the three homemade BHDs are selected to
have the same performance and high common mode rejection
ratio [54]. The alternating current (AC) output of BHD C is
split into two parts via a power splitter. One is measured by a
spectrum analyzer to obtain the noise power in the frequency
domain. The other is mixed with an electrical signal to get the
time-domain signal on an oscilloscope to reconstruct the
Wigner function of the teleported state. Finally, we can calcu-
late the fidelity from the noise power and the Wigner function
of the output state to verify whether quantum teleportation is
successfully implemented.

3. EXPERIMENTAL RESULTS

Before the teleportation process, the correlation noise variances
of the first five pairs of the entangled sideband modes of the

OPO are measured by utilizing the existing instruments.
We add the output signals of BHD A and BHD B to obtain
the total noise variance of the upper sideband mode. The noise
variance of the lower sideband mode is measured by using the
single BHD C, which is combined with the output of BHD A
and BHD B to read the correlation noise. The correlation
noises of the amplitude sum and the phase difference for
the 1st to the 5th entangled sideband modes are unbiased
and equal to 6 dB. During the measurement of each order en-
tangled sideband mode, the powers of the LOs are equal and
remain unchanged.

For quantum teleportation, the fidelity F ≡ hψ injρoutjψ ini is
a crucial indictor of quantifying quantum teleportation, where
ψ in represents the input state, and ρout is the density matrix of
output state [3]. In the actual teleported process with the en-
tangled sideband modes, the fidelity of the teleported state is
quantified by

F � 2

σQ
exp

�
−
2

σQ
jβout − βinj2

�
, (1)

where

σQ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�1� σxW ��1� σ p

W �
q

, (2)

σxW � σ p
W � g2 � 1

2
e2r�1 − g�2 � 1

2
e−2r�1� g�2: (3)

βin and βout represent the amplitudes of the input and the
output states, and σQ is the noise variance of the Q function of
the output state. σxW and σ p

W are the noise variances of the
amplitude and the phase quadratures of the output state, r
(0 ≤ r < ∞) is the squeezing factor, and g is the gain factor
of the classical channel, which is selected as the unity value
for the amplitude and the phase quadratures [4,55]. To achieve
quantum teleportation, the signals detected by Alice must be
transmitted to Bob with proper gain and phase shift. The pro-
cess of regulating the gain is shown in Fig. 3(a). A modulation
signal with a modulated frequency and amplitude of 3 MHz
and 20 dB is imposed on the input state. Without the EPR
state, the noise powers of the amplitude and the phase quad-
ratures detected via Bob’s BHD are 20 dB higher than the shot
noise limit (SNL) [Traces (iii) and (iv)]. When the modulated
signal is turned off, the noise variance of the amplitude and the
phase quadrature is 4.77 dB higher than the SNL, and the
classical teleportation is confirmed [Trace (ii)]. In addition,
the relative phase between the amplitude and the phase quad-
ratures is π∕2.

During the teleportation process, there are multiple phases
that need to be controlled. The phase fluctuations originating
from nonideal phase locking will reduce the system fidelity.
When the phase fluctuations in the phase-locking loops are
constant, the phase fluctuation caused by the anti-squeezing
quadrature results in the increased additional noise and reduced
fidelity [31]. As shown in Fig. 3(b), for the 1st entangled side-
band mode, when the pump power is 120 mW, 100 mW,
80 mW, and 60 mW, the corresponding fidelity is 0.751,
0.768, 0.799, and 0.749, respectively. The highest fidelity is
0.799 at the pump power of 80 mW, corresponding to the

Fig. 2. (a) Schematic of the spatial separation of the entangled side-
band modes utilizing the ring filter cavities (RFCs). (b)–(f ) The trans-
mission peak for the 1st to the 5th sideband modes. The red lines
represent the longitudinal modes of the OPO, and the blue lines re-
present the longitudinal modes of the RFC. When the upper sideband
resonates with the RFC, the lower symmetrical sideband is almost
completely reflected.
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pump factor of 0.36. For the 1st to the 5th entangled sideband
modes, the experimental setup remains unchanged, so there is
the same feature for the system loss and the phase fluctuations.
In sequence, we achieve the quantum teleportation with the
fidelity of 0.799, 0.791, 0.715, and 0.65, respectively, by uti-
lizing the broadband EOAM and the EOPM at the pump fac-
tor of 0.36, exploiting the 2nd to the 5th entangled sideband
modes, as shown in Fig. 3(c). The fidelities of the 4th and the
5th channels are less than that of the first three channels. This is
due to the lower power of the 4th and the 5th coherent side-
bands, which limits the effective displacement of the classical
signals (the WGM has a limited input power, and signal gen-
erator has a lower output power at high frequency). To address
this problem, we try to amplify the classical signals in the
classical channels by employing two radio frequency power am-
plifiers in the series. However, the serial amplification results in
excess noise, which destroys the quantum teleportation process.
Even more to the point, we specifically design the resonant
EOAM and the EOPM with the resonant frequency of
3 MHz as an effective alternative, which not only compensates
for the under capacity of the Aux but also solves the problem of
excess noise. After optimization, the quantum teleportation of
the 4th and the 5th channels is achieved with fidelities of 0.787
and 0.785.

Figure 3(a) shows the calibration results of the gain factor
with a coherent state as the input state at an analysis frequency
of 3.0 MHz when the entangled beam is blocked [resolution
bandwidth (RBW) = 100 kHz, video bandwidth (VBW) =
100 Hz]. All traces are the noise variances recorded by
BHD C. Figure 3(b) shows the fidelity as a function of the
pump power with the 1st sideband entangled modes as the
quantum resource. Figures 3(c) and 3(d) show the fidelity as
a function of the order number n of the sideband entangled

modes, exploiting the broadband and resonant EOAM and
EOPM as the displaced state generating devices, respectively.
To obtain the complete quantum characteristics of the output
state, the Wigner functions of the input state and teleported
states utilizing the resonant EOAM and EOPM are recon-
structed as shown in Fig. 4. Figure 4(a) represents the recon-
structed Wigner function for the input state, and Figs. 4(b)–
4(f ) are the reconstructed Wigner functions of the teleported
state with the 1st to the 5th entangled sideband modes, respec-
tively. The fidelities of the five channels are greater than 0.78,
which are superior to the no-cloning limit of 2∕3 [56].

4. CONCLUSION

In summary, we have presented five parallel channels quantum
teleportation based on the OFC system. Because of the reso-
nant EOAM and the EOPM, which are specifically designed,
we address the problem of under capacity of the Aux with the
4th and the 5th entangled sideband modes as quantum resour-
ces. The fidelities of the 1st to the 5th channels are 0.799,
0.799, 0.791, 0.787, and 0.785, respectively, which are supe-
rior to the no-cloning limit of 2∕3. Due to the limitation of the
WGM and signal generator, more higher-order quantum chan-
nels are not demonstrated. We expect to scale the number of
the multiplexing channels to a higher level by employing a
high-power and broadband WGM, a broadband signal gener-
ator, and an OPO with a low FSR. Our scheme provides an
avenue toward establishing the efficiency of quantum commu-
nication and quantum networks.
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Fig. 4. Reconstructing the Wigner functions of the input and out-
put states. (a) The Wigner function of the input state. (b)–(f ) The
Wigner functions of the output states for the 1st to the 5th entangled
sideband modes. p and q are momentum and position in the phase
space, respectively.

Fig. 3. (a) Noise power recorded by BHD C of a coherent input
beam without entanglement to optimize the gain factor. (b) The fidel-
ity at different pump powers with the 1st entangled sideband mode as
the quantum resource. (c) The fidelity utilizing the broadband EOAM
and the EOPM with the 1st to the 5th sideband entangled modes.
(d) The fidelity utilizing the resonant EOAM and the EOPM with
the 1st to the 5th sideband entangled modes. n is the order. For
(b)–(d), the red lines are the bounds of the no-cloning limit, the blue
points are the fidelities of the teleported state under different condi-
tions, and the blue lines are the visual guidance [Trace (ii)].
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