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Channel multiplexing quantum communication based on exploiting continuous-variable entanglement
of optical modes offers great potential to enhance channel capacity and save quantum resource. Here, we
present a frequency-comb-type control scheme for simultaneously extracting a lot of entangled sideband
modes with arbitrary frequency detuning from a squeezed state of light. We experimentally demonstrate
fourfold channel multiplexing quantum dense coding communication by exploiting the extracted four pairs
of entangled sideband modes. Due to high entanglement and wide frequency separation between each
entangled pairs, these quantum channels have large channel capacity and the cross talking effect can be
avoided. The achieved channel capacities have surpassed that of all classical and quantum communication
under the same bandwidth published so far. The presented scheme can be extended to more channels if

more entangled sideband modes are extracted.
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After the continual exploration of theoretical and experi-
mental physics during the past few decades, quantum
information science, such as quantum dense coding [1-3],
quantum key distribution [3-7], and quantum teleportation
[3,8-11], is developing towards practical applications
[12-14]. Saving quantum resource and enhancing capacity
of quantum channels to the largest extent are common
pursuits [15-17]. The concept of frequency division multi-
plexing quantum communication has been proposed by
accessing N pairs of Einstein-Podolsky-Rosen (EPR)
entangled sideband modes, in which only a broadband
squeezed field is used for a quantum resource to provide a
large number of quantum channels with narrow bandwidth
[18,19]. The channel multiplexing quantum communication
must allow multiple users to access the independent informa-
tion without the crosstalk from each other [20]. Fifteen pairs
of quadripartite entangled states were created by a dual-
polarization optical parametric oscillator (OPO) [21]. With
an OPO driven by a femtosecond pulse train, the entangle-
ment of all possible bipartitions among ten spectral regions
was shown [22]. Sixty modes were sequentially entangled
into a dual-rail cluster state following polarization-domain
protocol [23]. In all aforementioned experiments, the
entangled sideband modes at different frequencies were
not spatially separated and were detected in turn with
corresponding frequency local oscillator (LO). Later, a pair
of entangled sidebands with the entanglement degree of
3.8 dB was spatially separated from one squeezed field
through a ring filter cavity without active stabilization
[18,24]. Applying a pair of EPR entanglement sideband
modes, the broadband improvement of gravitational-wave
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detectors has been demonstrated, which indicates a feasible
method for future precise measurement [25-27]. Very
recently, the channel multiplexing quantum communication
based on single-photon entanglement has had a great
progressing [28]. However, the development of channel
multiplexing quantum communication with continuous
variable (CV) entanglement of sideband modes of a squeezed
field is not as quick as that for single photon system.

Although it has been shown that a single broadband
squeezed field produced from an OPO is able to provide a
large number (N) of quantum channels by utilizing dis-
tributed EPR entanglement between sideband modes
[18,22,29,30], the multiplexing quantum communication
with quantum channels of N > 1 based on CV EPR
entanglement have not been realized experimentally so
far. That is because the stable control scheme of entangled
sideband modes has not been presented, which is a
necessarily resolved problem before the application. In
Ref. [18], the frequency beam splitter was not actively
controlled and the orthogonal quadrature phases were
locked in virtue of coherent amplitudes of the carrier field.
Using this scheme, it is impossible to simultaneously
manage many frequency beam splitters for scaling the
higher mode number N and to utilize these sideband modes
with frequencies far away from the carrier frequency. It is
urgent to find an extensible control scheme of entangled
sideband modes for realizing channel multiplexing quan-
tum communication with high capacity of each channel and
low cross talk between two neighboring channels.

Here we present a frequency-comb-type control
scheme for simultaneous generation of more pairs of
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EPR entangled sideband modes with arbitrary frequency
detuning with respect to the carrier field. In virtue of the
control scheme, we experimentally demonstrate channel
multiplexing CV quantum dense coding communication, in
which four pairs of entangled sideband modes of a single
squeezed field are spatially separated and then used for
information transmission between two independent pairs of
distant users. Fourfold entangled sideband modes, respec-
tively, with high entanglement of 8.0, 7.9, 7.2, and 7.6 dB
are spatially separated at the first four resonances of OPO.
Since the four quantum channels are located at different
resonances of the OPO with the large frequency intervals,
the cross talking effect can be totally avoided. The achieved
channel capacities surpass that of all other quantum
communication with the same bandwidth, such as coherent
state, squeezed state and Fock state [31] communication.
According to the presented scheme, a CV multiplexing
quantum communication involving more users can be
realized by a single quantum resource of squeezed state.
The schematic diagram of the channel multiplexing
quantum communication is shown in Fig. 1. Squeezed
states have fewer fluctuations in one quadrature than
vacuum noise at the expense of increased fluctuations in
the other quadrature [32]. The squeezing of a broadband
squeezed field derives from quantum correlations between
each pair of symmetric sidebands around the half pump
frequency @, [22]. In other words, a squeezed field
involves a lot of EPR entangled modes at these sidebands
of wy; (i=1,2,n) within the spectral acceptance of
nonlinear crystal [23] and the frequency separation between
two adjacent modes is a free spectral range of OPO cavity.
Each pair of sideband modes can be used for an indepen-
dent quantum channel for quantum communication, the
spectrum bandwidth of which is determined by the line-
width of the OPO. The upper sidebands are distributed to
the senders for performing signal encoding. After the
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FIG. 1. Schematic diagram of the channel multiplexing

quantum communication. Squeezed light source (squeezer) is
an OPO pumped by a continuous-wave single-frequency laser,
the output spectrum is then split by two sets of cascade bandpass
filters (BF,; and BF_;, i = 1,2, n). In Sender, different signals
are individually encoded on different sidebands. At Receiver,
modes (A1, A,, A,) after demultiplexing, these transmitted signals
are, respectively, decoded with the help of the other half of
corresponding EPR entangled sideband modes by different users
(B 1> BZ! Bn)-

demultiplexing operation with a cascade of bandpass
filters, the transmitted signals of each sender are independ-
ently encoded on one of the separated upper sideband
modes (w,, ®w,;, ®,,), respectively. These encoded
signals may be submerged in huge thermal noise of a half
of EPR mode [33], such that the unauthorized receiver
without holding the other half of the EPR mode cannot
retrieve the transmitted signal. The lower sidebands (@_;,
w_,, w_,) are transmitted to distant receivers after de-
multiplexing. Then, each receiver demodulates the received
signals using the other half of EPR modes held by them,
independently. Due to the use of EPR entanglement, the
signal-to-noise ratio (SNR) of signals decoded by each
receiver can break through the corresponding shot noise
limit (SNL) [34].

With the experimental setup shown in Fig. 2, we
implement the four-channel multiplexing quantum
communication applying four pairs of EPR sideband modes
from a squeezed field. The squeezed state of light is
generated by a below-threshold OPO operating at deam-
plification state, which has been analyzed in detail in our
previous publications [35,36]. A cascade of seven triangu-
lar-shaped ring filter cavities is employed as the bandpass
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FIG. 2. Experimental setup of the channel multiplexing quan-
tum communication. At sender station (Alice), four sets of the
classical amplitude and phase signals are modulated on sideband
modes @, |, ®,,, w3, and @, 4, and then are independently sent
to the receiver station (Bob). The four sideband modes w_;, @_,,
w_3, and w_, are sent to the receiver station through one
frequency multiplexing channel, where after demultiplexing they
are respectively distributed to four users. Then, the four users
decode the signals carried by sideband modes @ |, @ ,, @3, and
@, 4 under the help of four sideband modes w_;, @_,, ®_3, and
@_y, respectively. The decoding was performed by four sets of
balanced homodyne detectors; WGM, waveguide electro-optic
modulator; EOM, electro-optic modulator; OPLL, optical phase
locking loop; AM, amplitude modulator; PM, phase modulator;
LO, local oscillator.
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filters to separate these sideband modes. Seven filter
cavities resonate with each sideband modes at one of
frequencies w_{, ..., w4 and o_;, @_,, @w_3, respectively,
thus a corresponding frequency component is transmitted
from a filter cavity. In order to reduce the decoherence
resulting from losses, we consider synthetically the
influences of impedance matching, linewidth, and sideband
suppression ratio of filter cavity on the EPR sideband
entanglement in the design and building of filter cavity (for
details, see the Supplemental Material [37]). Since there are
no enough coherent amplitudes at these sideband modes of
an optical squeezed state, the extraction of these signals,
which are needed for actively these filter cavities and
relative phases between local oscillators and signals in the
downstream experiment [43,44], is impossible.

In order to solve the problem, we design a generation
system of auxiliary control beams by employing two fiber-
coupled waveguide electro-optic modulators (WGM; and
WGM,). WGM; with a modulation frequency (amplitude)
of 3.325 GHz (26 dBm) simultaneously generates sideband
modes @, Wiy, and w;3. WGM, with a modulation
frequency (amplitude) of 13.3 GHz (22 dBm) produces the
sideband modes @.4. The two modulation frequencies
equal to one and four times of the free spectral range of
OPO, respectively. When we tune the modulation fre-
quency starting from zero, the first-order sideband of WGM
is shifted until the transmission peak overlaps with the
carrier first. At that particular moment, the modulation
frequency is recorded, which equals to the free spectral
range of OPO. The carrier fields of WGM, and WGM, are
phase locked by an optical phase locking loop. In this way,
the obtained auxiliary control beam involves many optical
modes with different frequencies (0., ®4,, ®.,) just like
an optical frequency comb. The comb teeth corresponding
to the first four resonances of the OPO have a phase
difference of O or z with the carrier. On the other hand, the
phase difference between a sideband mode of the squeezed
state generated by the OPO and seed beam injected into the
OPO is also 0 or z. Therefore, when the phase of the carrier
of the auxiliary control beam is locked in that of the
transmitted seed beam, the relative phases between each
sideband and its corresponding auxiliary control beam at
the same frequency are naturally locked. The power of the
seed beam transmitted from the OPO is about 45 uW,
which is enough to be used for optical phase-locking
loop (for details, see supplemental material [37]).
Combining each vacuum sideband mode of a squeezed
state and a corresponding auxiliary control beam at the
same frequency and phase, vacuum sideband modes are
converted to the bright optical modes by coherent
amplitudes, which can be utilized to manage the down-
stream filter cavities and balanced homodyne detections
(BHDs). Besides, the bright sideband modes can also be
directly encoded by amplitude and phase modulators, to
implement conveniently quantum communication [37].

For implementing BHDs on sideband modes of a
squeezed state at w,; (i = 1-4), four pairs of LOs at
() + WESR>, @ + ZO)FSR, (O + 3(0FSR, and (O + 4a)FSR
have to be prepared. These LOs with different fre-
quencies are also generated by four waveguide electro-
Optical modulators (WGMLO], WGMLOZs WGML03, and
WGM; 4) driven by radio frequency sources at wggg,
2wpsr, 3wpsr, and 4wpgr, and subsequent optical mode
cleaners, respectively, where wggg is the free spectral range
of the OPO. An optical mode cleaner consists of two plane
mirrors and one curved mirror with the round-trip length of
232.0 mm, and the curved cavity mirror shows a trans-
missivity of 0.008% with the curvature radius of 1.0 m. The
two plane cavity mirrors have a power transmissivity of
0.5% for s-polarized beam, corresponding to the finesse
value of 620 and linewidth of 2 MHz. The optical mode
cleaner has a power transmission of 81% for the resonant
sideband and less than 0.001% for the carrier and non-
resonant sidebands, thus the suppression factor of about
10° for the carrier and other sideband modes is obtained,
which is enough to be used to measure the quadrature
operators without any interference. Two optical mode
cleaners after each WGM resonant successively with the
sidebands @ + wgsg and wy — wrsg, the transmitted side-
band is solely picked out [37]. All of these locking loops
are constructed by a Pound-Drever-Hall technique and
error signals are extracted by resonant photodetectors with
high Q value to reduce the loss of signal extraction as much
as possible.

The correlation noises of amplitude sum and phase
difference between the upper and lower sidebands mea-
sured by BHDs are shown in Fig. 3. The variances of
amplitude sum and phase difference are unbiased and equal
to 8.0, 7.9, 7.2, and 7.6 dB for @, @1y, w3, and @w.y,
respectively, without the correct of the electronic noise,
which are the first report of the simultaneous measurement
of four EPR sideband entanglement pairs. The small
reduction of quantum correlation from wy; to wi4 is
mainly caused by the loss of cascade filter cavities and
additional loss of error signal extraction, but not limited by
the spectral acceptance bandwidth of periodically poled
KTiOPQ,, thus it can be further improved by decreasing
the loss of filter cavities and improving the performance of
control loop. The generated four pairs of EPR entangled
sideband beams well satisfy the inseparable criteria [45] of
Var(X, + Xp) + Var(¥, — ¥) < 2. The measured corre-
lation variances in the left of the inequality are 0.314 for
w4, 0.324 for w,,, 0.381 for w3, and 0.348 for w4,
respectively. Such a high entanglement level for four pairs
of sideband modes provides the fundamental physical
condition to accomplish the channel multiplexing quantum
communication with large channel capacity.

The frequencies of signals are 2 MHz at @, |, 1.5 MHz at
@5, 1.6 MHz at w_ 5, and 1.8 MHz w4, respectively. The
noise level of each half of the EPR beam is 16 dB above
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FIG. 3. Spectral densities of amplitude sum (a)—(d) and phase

difference (e)—(h) at the first, second, third, and fourth resonances
of the OPO. With the signal ports of the two BHDs blocked, the
output of the power combiners corresponds to the SNL (trace I).
When the relative phases between the LOs and two sidebands of
squeezed states are 0 (z/2), the outputs of two corresponding
BHDs are combined with the positive (subtractive) power
combiners to obtain the noise powers of amplitude sum (phase
difference) are show in trace II. One of the BHD’s phases keeps
constant while another BHD’s phase is scanned linearly in time,
the corresponding noise variance is shown in trace III. When one
of the BHD signal port is blocked, the noise spectrum is higher
than the SNL, which is insensitive to the relative phase (trace [V).
Measured amplitude (i)—(I) and phase (m)—(p) signal at Bob,
when the encoding signals at Alice are 2, 1.5, 1.6, and 1.8 MHz at
the first four resonances of the OPO, indicating that four users
have no experiencing interference.

that of the corresponding SNL. It is obvious that the
extraction of signals merged in the large noise background
is quite difficult if without the help of the other half of the
EPR beam. With the aid of the EPR beam, the signals are
retrieved with the SNR of 7.8, 7.7, 7.1, and 7.5 dB beyond
the SNL for both amplitude and phase quadratures at four
logic channels, respectively, shown in Fig. 3. For the first
time, our experiments have demonstrated fourfold channel
multiplexing quantum communication in virtue of the
frequency-comb-type control scheme.

Using the above measured SNRs, we evaluate the
capacities of channel multiplexing quantum communication.
Figure 4 shows the comparison of the channel capacity at
various channels, which are calculated with the formulas in
Refs. [31,46-48]. We can see that for each channel, the
channel capacity of the quantum dense coding communica-
tion has exceeded that of other CV quantum communication
protocols, such as coherent state C,, squeezed state with the
optimal value C;, Fock state communication Cg,, which is
the Holevo limit of a single-mode bosonic channel, under the
condition of #n > 2.01, 1.99, 1.90, 1.95 (n stands for the
average photon number), respectively [31]. The channel
multiplexing further increases the total capacity, thus this

32

n>0.98, Cpy> Cepy
167 [n>1.03, Cy> Cy

n > 1.06, Cfd> CFOCk
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FIG. 4. Channel capacity by various channels, measured by
mutual information as functions of the average photon number 7.
Shown are coherent state channel C,, squeezed state channel
with optimized noise variance Cy, Holevo limit of a single-mode
bosonic channel Cg,, single dense coding channel inferred with
measured entanglement degree Cg; (Cyqp, Cgz, Cgqa), and
fourfold multiplexing channel Cgy with the sum of Cy;, Cygp,
Cy3, and Cgyy. The amount of information is presented in
nat = (1/1n2)bit.

scheme opens a new road to boost up the channel capacity of
acommunication system. If we combine the advantage of the
time domain multiplexing [48-50], according to the tech-
nology used in classical communication [51], the number of
the channel multiplexing is expected to scale to a higher level.

In conclusion, we have reported a frequency-comb-type
control scheme that allowed a simultaneous generation and
application of more pairs of entangled sideband modes
with arbitrary frequency detuning. A channel multiplexing
quantum communication exploiting fourfold EPR
entangled sideband modes from a single squeezed field
has been demonstrated for the first time. It is worthy to note
that the control scheme is able to be extended to the
generation of more entangled sideband modes according to
the requests of a practical quantum communication. The
presented control scheme is an important step toward
developing scalable channel multiplexing quantum com-
munication. Based on the use of a squeezed state, the
channel multiplexing quantum communication involving a
large number of users with high capacity can be realized by
increasing classical devices to extend the present system. If
the presented control scheme combines with the filter
cavity of waveguide [52], and integrated silicon-based
material [53-55], the compact channel multiplexing quan-
tum communication with large number of N will possibly
be accomplished.
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