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Sideband entanglement preparation and their applications in

quantum information science
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Abstract: In the field of quantum information science, the development of quantum resources for generating copi-
ous entangled photons remains a critical challenge. Leveraging the broad spectral characteristics of the parametric
down-conversion process, numerous sideband modes distributed symmetrically around the squeezed light in the
frequency domain exhibit quantum noise correlations analogous to Einstein-Podolsky-Rosen (EPR) entanglement,
which also termed as sideband entanglement. Owing to their distinct advantages in deterministic entanglement
distribution, high-capacity entanglement generation, and high-efficiency detection, continuous-variable entangled
sideband modes hold significant promise for applications in quantum information science. In this paper, the devel-
opment of quantum sideband entanglement and experimental progress over the past two decades are reviewed.
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Introduction

In 1935, Einstein, Podolsky, Rosen and Schrodinger first
recognized a “spooky” feature of quantum mechanics which
has become a pivotal area of physics research in the 21st
century®. This fascinating phenomenon, known as “entan-
glement,” was originally called by Schrddinger
“Verschrdnkung”, which underlines the intrinsic order of
statistical relations between subsystems of a compound
guantum system?. While quantum entanglement, as a
fundamental quantum resource, does not carry informa-
tion by itself, it enables critical applications such as mini-
mizing the complexity of classical communication, facilitat-
ing the construction of quantum networks, and realizing
long-distance quantum communication®. In 1964, Bell
further extended the theory by proposing the local hidden
variable model and formulating Bell's inequality*. At the
same time, Bell also provided a feasible direction for the
preparation of entangled states based on discrete variable
system. Within the discrete variable system, the entangle-
ment in the freedom degree of photons can be produced by
parametric down-conversion (PDC) and conditional single-
photon detection®S. Recent years it has been witnessed
remarkable progress in discrete variable entanglement
research’**. With the development of quantum communi-

cation protocols, this process has naturally extended to
continuous-variable (CV) systems in infinite-dimensional
Hilbert spaces. Later, Simon, Duan, and their collaborators
introduced separability criteria for CV entanglement in
bipartite systems composed of two harmonic oscillators
which provides a sufficient condition for entanglement®?.
The CV system, characterized by quadrature-amplitude
and quadrature-phase of the light field, offers the distinct
advantage of the deterministic generation, high-efficiency
quantum detection, and strong compatibility with classical
system?31314, The preparation of CV quantum state based on
the parametric down-conversion process of nonlinear crys-
tals is one of the most mature techniques at present®®. The
PDC process converts a pump photon with frequency wp
into two lower-frequency photons (a signal photon of
frequency ws and an idler photon of frequency w;) via the
nonlinear crystal. This process satisfies the conservation of
energy (wp=ws+w;) and momentum (kp=ks+ki, where k is
the wave vectors), the phase-matching condition of the
nonlinear crystal, and the resonance condition of the opti-
cal parametric oscillator (OPO). For the degenerate PDC,
the idler and signal photons are indistinguishable in
frequency (ws=w;j). The OPO, where the PDC process takes
place inside a cavity, has proven to be the most efficient
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source of quadrature squeezed light. In past decades,
squeezed states were used in many proof-of-principle
experiments to implement the quantum information
process. In 1986, Wu et al.'® used a sub-threshold OPO
where a MgO: LiNbOg3 crystal was placed in linear optical
cavity to generate squeezed vacuum state at 1064 nm. With
the experimental development during the last 40 years,
squeezed vacuum states were generated with a maximum
nonclassical noise suppression of 15 dB at a wavelength of
1064 nm*” and 13.5 dB at 1550 nm*® in MHz frequency
region. The bright squeezed state was detected with the
maximum quantum noise reduction of 12.6 dB by mutually
compensating the phase fluctuations®®. Meanwhile, the
frequency band was extended to 0.5 Hz at 1550 nm* and 4
mHz at 1064 nm? in virtue of the low frequency noise-
immunity technique. Since the initial observation, the
squeezed states have been used to demonstrate the Einstein-
Podolsky-Rosen (EPR) paradox, and further act as an indis-
pensable resource for quantum information process.

The primary approaches for generating quantum entan-
gled states via second-order nonlinear optical effects in
crystals are as follows: producing polarization-entangled
optical fields through non-degenerate OPO; generating
two-mode squeezed states by coherently coupling two
single-mode squeezed light fields at a 50/50 beam splitter;
creating entangled sideband modes via optical frequency
comb of the OPO. In 1992, H. J. Kimble et al. firstly demon-
strated the CV entangled state with the entangled degree of
0.70+£0.01 dB by employing the non-degenerate optical
parametric amplifier (OPA)?%. In 2003, P. K. Lam et al.
generated two-mode squeezed state with the entangled
degree of 3.5 dB from the interference of two amplitude
squeezed beams?. At present, the high-quality two-mode
squeezed states were realized with the entangled degree of
12.0 dB at 1064 nm? and 11.1 dB at 1550 nm?:. Concur-
rently, the generation of multimode quantum entangle-
ment states has emerged as a prominent area on the basis of
two-mode squeezed state. In 2003, K. Peng et al. and A.
Furusawa et al. successively prepared three-parties entan-
gled states by using linear optical beam splitters?>?. The
research was further extended, leading to the generation of
quadripartite and eight-partite cluster states via the similar
optical technique®”?®. However, both the quality and the
quantity of entangled states generation via linear optical
beam splitters remain challenges by the intrinsic loss
inevitably introduced by such optical components.

The concept of multiplexing quantum communication
was proposed by accessing additional physical variables,
such as time, frequency, wavelength, etc., as extra degrees of
freedom to generate a large-scale entangled state. This
expanded degree of freedom facilitates the development of
large-scale quantum systems, laying a foundational ground-
work for critical tests in quantum information processing.
In addition, these advancements also encompass a signifi-
cant enhancement in quantum information capacity,

greater robustness in quantum communications, further
heightened sensitivity in quantum metrology, and the
enabling of innovative algorithms for quantum simulations
and computations. In 2013, A. Furusawa et al. deterministi-
cally generated and fully characterized a CV cluster state
containing more than 10,000 entangled modes by multi-
plexing light modes in the time domain®. The entangled
modes were individually addressable wave packets of light
in two beams. The time-multiplexed experimental platform
of entanglement generation was scalable to a large-scale
two-dimensional topology, making it suitable for fault-
tolerant quantum computation®3t. In 2014, O. Pfister et al.
experimentally realized one 60-mode copy and two 30-
mode copies of a dual-rail quantum-wire cluster state in the
quantum optical frequency comb by introducing frequency
as the quantum variable. The entanglement was simultane-
ously available and addressable making them accessible for
efficient quantum information processing®>®. In parallel,
the entangled sideband modes only used a broadband
squeezed field to provide N pairs of EPR and manifold
boost information capacity®*=. In 2025, X. Su et al. reported
a deterministic generation of a continuous-variable quan-
tum microcomb that produces multimode squeezed-
vacuum optical frequency combs below the threshold®. On
the other hands, Q. He et al. generated the cluster quantum
microcombs within an on-chip optical micro-resonator
driven by multi-frequency lasers through the four-wave
mixing processes®’.

Since the first experimental demonstration in 20024,
numerous studies have embarked on route towards genera-
tion and application of entangled sideband modes. Figure 1
provides an overview of the four aspects of entangled side-
band modes including generation*>*, the application for
qguantum communication**5, quantum computation3.%236,
and quantum metrology‘s-*. This review is started as
follows: in section of preparation of sideband entanglement,
we introduce the origin of entangled sideband modes, EPR-
like quantum correlations between the upper and lower
sidebands, and sketch the mathematical description of their
noise variance. We also present the methods for generation,
manipulation, and detection. In section of sideband entan-
glement in quantum information, we focus on two princi-
pal research fields in quantum information science, includ-
ing quantum communication and quantum computation.
Regarding quantum communication, we systematically
examine experimental advancements in various communi-
cation protocols and present our research work utilizing
entangled sideband modes. For quantum computation, we
review recent developments in cluster states of diverse
architectures and dimensionalities achieved through chan-
nel multiplexing, while analyzing their connections with
entangled sideband modes. In section of sideband entangle-
ment in quantum metrology, we show the applications in
quantum metrology including quantum noise reduction in
gravitational-wave (GW) detection and circumvention of
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Fig. 1 | Overview of the entangled sideband modes. The research scope covers the generation of entangled sideband modes®#<°, and corresponding appli-
cations including quantum communication‘®#445, quantum computation®**°, and quantum metrology‘¢. Figure reproduced with permission from:
ref.8, Springer Nature Ltd; ref.*°, © Optical Society of America; ref.°, Springer Nature Ltd; ref.**, AAAS; ref.*5, Wiley-VCH Verlag; ref.*°, AAAS; ref.>, Springer

Nature Ltd.; ref.6, Springer Nature Ltd.

the inherent 3-dB quantum penalty in heterodyne readout
schemes. Finally, in section of conclusions, we offer a brief
summary and provide an outlook on the future prospects
for the quantum technologies based on sideband entangle-
ment.

Preparation of sideband entanglement

Efficient implementation of the key steps in entangled side-
band modes involves preparation, manipulation, and detec-
tion. The entangled sideband modes are generated by
pumping a single OPO, where the down-converted optical
field spans a continuous spectrum within the phase-match-
ing bandwidth of the nonlinear medium®-*, The output
exhibits a comb-type spectrum due to the presence of the
intrinsic cavity modes of the OPO. Each tooth in frequency
comb corresponds to a longitudinal mode of OPO, which is
referred as a sideband mode. The frequency interval
between adjacent sideband modes equals the free spectral
range (FSR) of the OPO. Each pair of symmetric frequency
components w+, and w., centers around the carrier
frequency wg exhibiting nonclassical correlations. The
schematic diagram for the preparation of the entangled
sideband modes is shown in Fig. 2.

Figure 3 is the key milestones in the development of
entangled sideband modes including: the first experimental
demonstration®, the wavelength-multiplexed quantum
communication network*5, the channel multiplexed quan-
tum communication“>®?, and the integrated optical chip
based on the optical frequency comb®. Early attempts can
be traced back to the first generation of the separated entan-
gled optical fields by employing the two-ended ring reson-
ator and frequency-shifted local oscillators (LOs). The
multiplexing techniques manifold boosted information capa-
city by integrating several channels into one channel, demons-
trating their superiority and scalability over traditional two-
mode squeezed state. Subsequently, many significant
advancements were made in generation and manipulation
of the sideband entanglement, applications for quantum
communication and other quantum information
processing.

Theoretical description of sideband entanglement

According to the Heisenberg uncertainty principle, the
quadrature-amplitude and quadrature-phase of an optical
field cannot be simultaneously precisely measured with
arbitrary precision. Consider the balanced homodyne detec-
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Fig. 2 | Schematic diagram of the entangled sideband modes generation. (a) Entangled sideband modes are generated using a sub-threshold OPO*.
(b) Sideband modes of squeezed light show the frequency-comb characteristics, and symmetrical of them exhibit entangled correlation®. Figure repro-

duced with permission from: (a, b) ref. “5, Wiley-VCH Verlag.

Fig. 3 | Timeline of the generations and applications for entangled sideband modes®*%424952_ The key milestones include: the first experimental demon-
stration®, the wavelength-multiplexed quantum communication network**s! ,the frequency multiplexed quantum communication“>%?, and the integrated

optical chip based on the optical frequency comb®.

tion (BHD) of a quadrature-amplitude (or quadrature-phase)
squeezed beam with central frequency wg. The quadrature
component of the measured signal field is:

AN

Where * can be Fourier transformed into:

where ~ and ~ are the annihilation operator and the
creation operator of the signal field, respectively, 8 is the
squeezed angle, Q is the detected analysis frequency.

When the squeezed angle is locked to 0, the quadrature-
amplitude of the signal field is detected:

AN

where r is the squeezing factor, h is the variance of
operator "
When the squeezed angle is locked to 1/2, the quadra-

ture-phase of the input field is detected:

where is the variance of operator ".

N N

Here and are the quadrature-
amplitude and quadratures-phase associated with the
upper-sideband mode, whereas " and *
are the quadratures associated with the lower-sideband
mode. The corresponding uncertainty relations for the
upper and lower sidebands of the quadrature-phase and
quadrature-amplitude are given by:

The upper and lower sidebands possess EPR-like entan-
glement correlations with quadrature-amplitude anticorre-
lation and quadrature-phase correlation
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At the same time, the phase-quadrature component must
be larger than the standard quantum limit since:

When the squeezed angle is locked to 0, the amplitude-
sum and phase-difference between the upper and lower
sidebands exhibit correlated noise variance, while the
amplitude-difference and phase-sum show anti-correlated
characteristics.

Generation and detection of sideband entanglement
Several experimental schemes are provided for preparing
and detecting the correlation between entangled sideband
modes accurately and rapidly. As shown in Fig.4, R. J.
Senior et al. experimentally detected the noise correlation
about 3 dB, where 1.7 GHz, 3.4 GHz and 5.1 GHz corre-
spond to the first-, second- and third-order resonances of
the OPO®. The broadband detector and frequency-shifted
LOs were employed to evaluate the quantum noise variance.
Limited by the detector dark noise and the LOs inevitable
coupling loss, it was impossible to achieve the strong
squeezing.

In 2007, A. M. Marino et al. proposed the scheme that
the bichromatic field was regarded as the LO in a balanced
heterodyne measurement®™. This approach enabled that
only one narrow-band detector was used to measure the
correlated noise variance between sideband modes with
arbitrary frequency separation>, By the proper selection
of the frequencies of the bichromatic field, it avoided excess
technical noise present at specific frequencies in the system.

In 2015, J. Zhang et al. conducted an experimental demon-
stration of the proposal®. The bichromatic local oscillator
(BLO) had a frequency shift of £5 MHz generated from
three acousto-optic modulators (AOMs), as shown in
Fig. 5(c). As a result, the quantum correlation of the upper
and lower sideband with the squeezing degree of 4.1 dB was
achieved. This scheme was applicable within narrow
frequency range due to the limited response bandwidth of
the AOMs. In 2020, S. Shi et al. demonstrated the experi-
mental measurements of the squeezing and anti-squeezing
levels for the first three odd-order resonances of OPO by
employing the BLO, as shown in Fig. 5(d)*". The BLOs was
generated by tuning the driven frequency of the waveguide
modulator to match the frequencies of higher-order side-
bands of the OPO. Meanwhile, subsequent specially
designed optical mode cleaner was adopted for filtering the
unwanted optical mode. The maximum noise variances for
each resonance over the measurement frequency range
were superior to 10.0 dB below the shot noise limit (SNL).
The BLO extended the measurement frequency to higher
order resonance, up to tens of GHz.

In the above experimental generation and detection
processes, the upper and lower sidebands remain spatially
degenerate. However, in practical applications such as
quantum dense coding (QDC), quantum teleportation
(QT), and quantum key distribution (QKD) et al., spatial
separation of the entangled sideband mode is essential to
enable independent information processing on each mode.
For discrete-variable systems, it can be implemented using
commercial bandpass filters*. For CV systems, high effi-
ciency spatial separation demands the design of low-loss
optical components, such as Mach-Zehnder interferome-
ters, two-mirror standing-wave cavities, and triangular trav-
eling wave ring filter cavities (RFC). The upper and lower
sidebands of spatial separation are jointly measured by
employing two pairs of BHDs.

In 2005, E. H. Huntington et al. demonstrated the
production of entangled sideband mode by separating the
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Fig. 4 | Direct detection scheme of the entangled sideband modes via broadband photodetector®. (a) Setup of the entangle sideband modes generation.
(b) Power spectrum of entangled state. Figure reproduced with permission from: (a, b) ref.>3, © Optical Society of America.
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qguantum sidebands via unbalanced Mach—Zehnder inter-
ferometer®, as shown in Fig. 6(a). The path-length differ-
ence of the interferometer’s two arms was determined by
the frequency at which sideband separation is required. In
2010, R. Schnabel et al. employed a triangular traveling
wave frequency dependent splitter to generate EPR entan-
glement from a single broadband squeezed field*>. The
frequency dependent splitter was operated in its low-finesse
status. It detuned with respect to the carrier field to trans-
mit the lower sidebands and reflected the rest. As shown in
Fig. 6(b), the LOs were modulated by an electro-optical
phase modulator and separated via two filter cavities (FCs).
The signals performed a joint measurement with two BHDs
by interfering with the corresponding LOs. In 2020, Y.
Zheng et al. experimentally demonstrated fourfold channel
multiplexing QDC communication by exploiting the
extracted four pairs of entangled sideband modes®?®, as
shown in Fig. 6(c). The entangled degrees of the fourfold
entangled sideband modes were 8.0, 7.9, 7.2, and 7.6 dB,
respectively. Subsequently, by upgrading the two-mirror
standing-wave OPO to the four-mirror configuration, the
number of detectable entangled sideband pairs increased to
42. On the other hand, they also simultaneously generated
and detected of two types of nonclassical states by only one
OPO with the type-0 phase-matching. The output field of
the OPO included the squeezed carrier field wg and entan-
gled sideband modes wotw,, which subject to the cavity
resonance condition. Both of the correlation noise of
squeezed and entanglement states were superior to 10.0 dB

below the SNL®,

Manipulation of entangled bandwidth

Controlling the entangled sideband modes is crucial to the
generation and applications. 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 RFCs and relative phases between local oscil-
lators and signals in the downstream experiment, is
impossible. As shown in Fig. 7(a), Y. Zheng et al. employed
a frequency-comb-type beam, which generated by the fiber-
coupled waveguide electro-optic modulator, as the auxil-
iary control laser for simultaneous manipulation of multi-
pairs of EPR entangled sideband modes*. The comb teeth
of the auxiliary control beam were corresponding to the
resonances of the OPO and the phase was locked to the
carrier squeezed field. Combining each vacuum sideband
mode of a squeezed state and a corresponding auxiliary
control beam at the same frequency, vacuum sideband
modes were converted to the bright optical modes by
coherent amplitudes, which can be utilized to manage the
downstream RFCs and BHDs. To reduce the complexity of
the system due to additional phase locking loop in above
demonstration, they further proposed a novel scheme of the
frequency-comb-type seed beam injection®, as shown in
Fig. 7(b). In this scheme, the downconversion sideband
modes were naturally converted to bright optical
modes with coherent amplitudes. Taking advantage of the
phase-matching relationship, the parametric amplification
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of second-order sideband modes along with parametric
deamplification of first-order sideband modes were
achieved. Two pairs of entangled sideband modes
were simultaneously generated with active stabilization,
with entanglement degrees higher than 6.7 dB for both
pairs.

In addition to the entanglement degree, the bandwidth of
entangled states becomes another focus of quantum
communication. Owing to the additional phase delay origi-
nating from the transmission process of the RFC, the phase
acquired by the transmission sideband modes is dependent
on measurement frequency, leading to measured quadra-
ture rotation with frequency. Y. Zheng et al. confirmed the
dependence of the time delay T on the Q factor of the
RFC and proposed a compensation scheme based on elec-
tronic delay, as shown in Fig. 8(a)*. Exploiting the elec-
tronic delay compensation scheme, the bandwidth of
independent entangled sideband modes was expanded to
dozens of megahertz. They experimentally demonstrated
six pairs of independent entangled sideband modes with
maximum entanglement degree of 8.1 dB. The same
phenomenon was also verified in four-wave mixing system,
where different group velocities between the correlated
probe and conjugate signals led to the similar results®62,
On the other hand, a bandwidth-tunable squeezed state was

generated by exploiting the entangled sideband modes and
the postprocessing scheme, as shown in Fig. 8(b)®.
By introducing the frequency-comb-type auxiliary beam
with a frequency-shifted of 20 MHz to manage the down-
stream RFC and BHDs, the quantum noise reduction was
achieved with 8.0 £ 0.3 dB across a wide frequency range
from 10 Hz to 10 MHz. At last, the correlation noise
between two sideband modes was obtained by the employ-
ment of the postprocessing for the time-domain data of the
upper and lower sideband modes, demonstrating the char-
acteristics of similar low-pass, high-pass, and bandpass
filters.

Sideband entanglement in quantum
information

Quantum information science, which harnesses the princi-
ples of quantum mechanics to process and store informa-
tion, has emerged as one of the most promising fields of
research in modern physics. The primary motivation
behind the development of quantum information technolo-
gies stems from the limitations of classical information
systems, which struggles to address certain communication,
computation, and security challenges. By exploiting quan-
tum phenomena such as superposition, entanglement, and
quantum interference, quantum information provides a
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Fig. 8 | (a) Entangled bandwidth expansion‘. (b) Entangled bandwidth manipulation®:. Figure reproduced with permission from: (a) ref.“*, © Optical Soci-

ety of America; (b) ref.%, © Optical Society of America.

fundamentally new framework that can enhance the effi-
ciency and capabilities of various technological systems.
This has led to groundbreaking advancements in quantum
communication and quantum computing, with far-reach-
ing implications for fields such as cybersecurity and data
science. In particular, the entangled sideband modes of a
single squeezed field show exceptional potential in quan-
tum information. These modes exhibit immunity to
crosstalk between sidebands with distinct frequencies,
thereby enhancing their applicability in a wide range of
guantum communication and computation protocols.

Quantum teleportation

QT protocol is one of the most important protocols in
guantum communication. Its essence lies in the ability to
transfer an arbitrary quantum state from one terminal to
another by utilizing shared quantum entanglement and
classical communication between the two terminals®-%, QT
has enabled the realization of various quantum informa-
tion protocols, such as entanglement swapping and quan-

tum repeater®’%, CV-QT is a protocol that combines CV
qguantum entanglement and classical communication,
allowing information transmission using quantum states in
quantum systems with infinite-dimensional Hilbert spaces.
Unlike discrete-variable QT, CV-QT does not rely on indi-
vidual qubits but instead transmits physical quantities with
continuous values (e.g., phase or amplitude). CV-QT proto-
cols are typically implemented using optical bosonic modes,
where the electric field can be described by position and
momentum conjugate operators. The theoretical proposal
for CV-QT wias firstly presented by S. L. Braunstein and H.
J. Kimble in 1998%, and experimental verification was
carried out in optical modes in the same year (Fig. 9(a))™.
Subsequently, it was also demonstrated in atomic ensem-
bles, collective spins and optomechanical systems*-73. This
review analysis primarily focuses on the implementation of
the CV-QT protocol through optical modes.

As shown in the Fig. 9(a), the Bell-state detection process
in the CV-QT experiment is implemented employing BHD,
while the loading of classical channel information at the
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receiver terminal (Bob) is achieved through electro-optic
modulation. At Bob's terminal, an electro-optic amplitude
modulator and an electro-optic phase modulator are placed
on the auxiliary light path to encode quadrature-amplitude
and quadrature-phase information, respectively. The verifi-
cation of the transmitted quantum state at Victor is also
performed using BHD. In 2007, A. Furusawa et al. gener-
ated three independent squeezed light fields by utilizing
three OPO and experimentally demonstrated the teleport-
ing of broadband squeezed state’. In 2018, M. Huo et al.
realized deterministic QT over a 6 km fiber-optic channel,
confirming the feasibility of CV-QT over optical fiber chan-
nels (Fig. 9(b))™.

Considering that the primary goal of the QT protocol is
to enable the transmission of signals, thus increasing the
capacity of the CV-QT channel has become the central
pursuit of researchers. S. Liu et al. implemented a measure-
ment-free Bell-state detection by innovatively using a high-
gain parametric amplifier based on four-wave mixing in an
8Bb vapor cell, which effectively avoided the photoelectric
and electro-optic conversion processes required in tradi-
tional Bell-state detection’. Through the four-wave mixing-
based all-optical feedback technique, it was expected to
overcome the bandwidth limitations of CV quantum infor-

a b

mation protocols in constructing broadband quantum
networks. As a result, 9 orbital angular momentum multi-
plexed all-optical QT (Fig. 9(c))’” have been demonstrated.
In 2014, H. Song et al. proposed a theoretical protocol for
entanglement swapping and quantum teleportation utilizing
entangled sideband modes, laying the groundwork for prac-
tical qguantum communication applications based on such
modes’®. Subsequently, experimental demonstrations of QT
protocol employing entangled sideband modes have
advanced rapidly. As shown in the Fig. 10, the QT protocol
using 5 pairs of channel multiplexed entangled sideband
modes (Fig. 10(a))™, the star topology QT network consisting
of 4 pairs of entangled sideband modes (Fig. 10(b))?, and
the fully connected QT network composed of 3 pairs of
entangled sideband modes (Fig. 10(c)) have been experi-
mentally demonstrated®.

Fidelity is a crucial metric for evaluating the quality of
guantum information transmission in QT protocols.
Assuming that the gain factors for the quadrature-ampli-
tude and quadrature-phase components are identical, the
fidelity F of CV-QT can be expressed as follows:

Fig. 9 | Schematic of a typical QT protocol and its applications in various systems. (a) Schematic of the experimental apparatus for teleportation of an
unknown quantum state™. (b) Experimental scheme of fiber-channel CV-QT?™. (c) Experimental schematic for four-degree-of-freedom all-optical QT"".
Figure reproduced with permission from: (a) ref.”, AAAS; (b) ref.”, AAAS; (c) ref.””, APS.
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where r represents the squeezing factor of the squeezed
field. With the development and maturation of quantum
technologies, the fidelity of CV-QT has gradually improved.
In 1998, the fidelity of the first coherent-state QT was only
0.587°. In 2003, T. C. Zhang et al. improved the fidelity to
0.61 and provided a detailed analysis of the factors influenc-
ing the fidelity of the QT protocols®. In 2005, A. Furusawa's
group raised the fidelity to 0.70, surpassing the no-cloning
limit of 2/3%. Then, they further improved the fidelity of
QT to 0.83 in 2008%. In 2021, Q. Wang et al. achieved the
fidelity of 0.905 by virtue of balancing the extraction loss
and phase fluctuation, thus meeting the requirements for
constructing a cubic phase gate involving four-time sequen-
tial teleportation®. The fidelity of various QT protocols
based on entangled sideband modes has also surpassed the
no-cloning limit*>", providing a fresh perspective for the
practical application of quantum communication.

The inevitable optical losses limit the fidelity of CV-QT
protocols. By integrating with DV systems, the loss-induced
degradation of fidelity can be effectively mitigated, and
various hybrid system approaches have been explored in
this regard®>-%’. Although CV-QT is still primarily confined
to finite-scale experimental researches, it holds significant
potential for future applications in quantum internet and
guantum networks, particularly in the areas of efficient
information transfer and quantum information processing
between quantum nodes.

Entanglement swapping is also another pivotal quantum
communication protocol, fundamentally rooted in quan-
tum teleportation. In this protocol, a Bell-state measure-
ment is performed on two particles from independent
entangled sources, thereby entangling the remaining parti-
cles that have never directly interacted. Since its theoretical

proposal in 1993%, discrete variable entanglement swap-
ping has been experimentally demonstrated using various
entanglement sources, including polarization, energy-time,
orbital angular momentum, and superconducting qubit
entanglement®®-2, For CV entanglement swapping, the
theoretical framework was established in 1999, proving that
the protocol could be realized using just two single-mode
squeezed states®. This laid the groundwork for experimen-
tal implementations. In 2004, X. Jia et al. achieved the first
unconditional CV entanglement swapping by using two
nondegenerate optical parametric amplifiers operating in
the deamplification status®. In 2005, N. Takei et al. demon-
strated a CV quantum teleportation protocol with coherent
states at unit gain, surpassing the no-cloning limit with a
fidelity of 0.7, and further verifying entanglement swap-
ping®. In 2016, X. Su et al. presented the first experimental
demonstration of deterministic entanglement swapping
between two multipartite entangled states of light®. In 2022,
S. Liu et al. introduced an all-optical, measurement-free,
and multichannel quantum teleportation scheme’.

Entanglement swapping serves as a critical component in
quantum repeater architectures, demonstrating the remark-
able reconfigurability of quantum resources. Furthermore,
this technology provides an essential solution to mitigate
photon loss in long-distance fiber-optic or free-space quan-
tum channels, laying the foundation for the future quantum
internet.

Quantum dense coding

QDC also known as superdense coding, is fundamentally
the “opposite” of QT®. With the assistance of shared quan-
tum entanglement, a single qubit of quantum information
is used to transfer two classical bits of information from one
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Fig. 10 | Experimental progress of CV-QT employing entangled sideband modes. (a) Schematic of the experimental setup for five-channel multiplexing CV-
QT™. (b) Schematic diagram of the CV-QT network with star topology®. (c) Schematic of experimental setup for fully connected CV-QT network®. Figure
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terminal to another, enabling the transmission of up to
twice the capacity of a classical communication
channel®®%°7.%_Initially introduced in discrete-variable
systems, QDC was experimentally demonstrated using
polarization-entangled photon sources®. CV-QDC is typi-
cally implemented using EPR beams, such as two-mode
squeezed states generated via the OPO or entangled beams
prepared through four-wave mixing system. These nonclas-
sical optical fields exhibit strong quantum correlations,
enabling efficient encoding of quantum information
required by CV-QDC protocols®. Alice encodes classical
information by applying a displacement operator to one of
the EPR beams, and then, with the assistance of the shared
EPR beam, Bob decodes the information by performing
Bell-state measurements.

In 1999, M. Ban proposed a QDC protocol based on two-
mode squeezed vacuum states, demonstrating that, at high
average photon numbers, QDC can achieve a lower error
probability compared to classical channelsi®. In 2000, S. L.
Braunstein et al. introduced a CV-QDC scheme and
provided a comparison of the channel capacities of differ-
ent quantum channels®.. In the same year, J. Zhang et al.
presented an experimentally feasible CV-QDC scheme
based on bright amplitude-squeezed light'%?. These theoreti-
cal developments laid a solid foundation for the advance-
ment of CV-QDC. In 2002, X. Y. Li et al. experimentally
realized CV-QDC based on bright squeezed light for the
first time'®. This experiment was later developed into a
controlled dense coding for CV system, where tripartite
entanglement was distributed among Alice, Bob and Char-
lie?s. In 2005, J. Mizuno et al. demonstrated an experimen-
tal implementation of entanglement-assisted encoding
using two-mode squeezed states, proving its effectiveness in
weak light power sensing®. These theoretical and experi-
mental advancements laid the groundwork for the develop-
ment of entanglement-assisted communication.

It is noteworthy that in the QDC protocol, the transmis-
sion of classical information via a quantum channel, and
the information transfer rate, is one of the most critical
parameters. In 2003, J. Zhang proposed the theory of gener-
ating N pairs of EPR entanglement by spatially separating
the sideband entanglement of a single-mode squeezed state
with carrier-symmetric sidebands®. In 2010, B. Hage et al.
experimentally verified the EPR entangled sideband pair for
the case when using a filtering cavity and proposed
an experimental scheme for multiple EPR entangled quan-
tum channels®. In 2020, S. Shi et al. presented a frequency-
comb-type control scheme for simultaneous generation of
more pairs of EPR entangled sideband modes with arbi-
trary frequency detuning with respect to the carrier field,
which was based on the waveguide electro-optic modula-
tors®. As shown in Fig. 11(b), a cascade of seven triangular-
shaped RFCs was employed as the bandpass filters to sepa-
rate these sideband modes. Finally, four pairs of entangled
sideband modes were extracted, and experimentally

demonstrated fourfold channel multiplexing QDC commu-
nication by exploiting these sideband modes. In 2023, F. Li
et al. constructed a fully connected CV-QDC communica-
tion network by utilizing the first three pairs of entangled
sideband modes from an OPO (Fig.11(a))*®. In this
network, any party was connected to any other party
through their own private link, which was established by
sharing a pair of exclusive sideband entanglement modes.

In addition to entangled sideband modes, experimental
implementations of QDC have also been carried out in
other systems. The orbital angular momentum of light has
been utilized for multiplexing and increasing the channel
capacity of free-space or optical fiber communication
links'6197 and these channels have been shown to support
QDC protocols'®. Quantum radio-frequency optical carrier
communication based on broadband entanglement'®,
frequency-division multiplexing schemes!*’, and CV quan-
tum network coding scheme for parallel transmission of
multiple quantum states** have also been demonstrated to
be applicable to QDC protocols.

The channel capacity is an important criterion for
measuring the CV information transmission capability. The
dense coding capacity C of the two-mode squeezed state
protocol is given by

where is the average photon number'®. Recent experi-
mental results demonstrate that the channel capacity of the
QDC protocol significantly exceeds the classical limit,
thereby offering robust evidence for the superiority of QDC
in classical information transfer''?,

Quantum key distribution
QKD is a technology for secure communication that utilizes
the principles of quantum mechanics, aiming to generate
and share keys in insecure communication channels®>13-115,
The essence of the development of the QKD protocol is
actual the improvement of the security of quantum cryptog-
raphy. Since C. Bennet and G. Brassard proposed the first
QKD protocol (BB84 protocol)!*¢, a lot of theoretical and
experimental advancements have been made®6.113-117, Simi-
lar to the aforementioned QT and QDC protocols, key
information is often encoded in optical modes with contin-
uous values, such as the quadrature-amplitude and quadra-
ture-phase in coherent states or squeezed states. Recently,
Y. Zhang et al. proposed that the implementation of CV-
QKD system has rapidly progressed from the initial proof-
of-principle demonstration and high performance and
system robustness, and has now entered the third stage, in
which the modern architecture is evolving with the benefit
of being fully compatible with classical optical coherent
communication*,

In 1999, T. C. Ralph. first proposed the theoretical proto-
col of CV-QKD, which achieved secret key distribution by
utilizing the squeezed state (Fig. 12(a))*¢. Considering the
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challenges of preparing the squeezed state, the GG02 proto-
col for distributing secret key using coherent states and
homodyne detection was proposed in 2002'°. Since the
quadrature-amplitude and quadrature-phase need to be
switched when the Bob is performing homodyne detection,
resulting in data discard. In 2004, C. Weedbrook et al.
solved this situation by using heterodyne detection instead
of homodyne detection?. In 2009, heterodyne detection
was also proven to be applicable to Gaussian modulation
squeezed state protocols, and it was found that its perfor-
mance had also improved (Fig. 12(b))*?*. X. Su et al. demon-
strated that CV-QKD could also be realized without signal
modulation by exploiting the quantum correlation of the
EPR entangled states (Fig. 12(c))* In 2021, W. Zhang et al.
theoretically quantified the influence of bias effect on the
secret key rate and secure distance, and proposed a solu-
tion of generating unbiased entangled states protocol
(Fig. 12(d))*=.

The security of key transmission is one of the most criti-
cal issues in the CV-QKD protocol. To defend against vari-
ous attacks from the eavesdropper Eve, in addition to the
one-way CV-QKD protocols analyzed above, some attrac-
tive alternatives have also been proposed, including two-
way protocolst®1?5 semi-device-independent protocols'?61?
and device-independent protocols'?® that eliminate certain
assumptions regarding the reliability of the devices.
However, the device-independent QKD is currently unfea-
sible because of the loophole-free Bell test. Semi-device-
independence protocols can be further divided into source-
device-independent (SDI)'?°130 and measurement-device-
independent (MDI)*%.1%2,

The proposal and implementation of these QKD proto-
cols have greatly promoted the development of quantum
communication technology. At present, the CV-QKD
protocol has achieved remarkable achievements in long-
distance information transmission systems'** and on-chip

miniaturized systems'**. Notably, CV-QKD implementa-
tions based on entangled sideband modes have emerged as
a promising alternative, offering potential performance
enhancements'*>%, Moreover, both theoretical proposals
and experimental demonstrations of CV-QKD systems
utilizing optical frequency combs with frequency-domain
multiplexing techniques have been reported, where coher-
ent and entangled light states are encoded across multiple
frequency modes. In 2017, Z. Qu et al. constructed a high-
speed four-state CV-QKD system featuring three-dimen-
sional multiplexing capability under atmospheric turbu-
lence conditions . Subsequently, in 2019, Y. Wang et al.
proposed an optical frequency comb-based CV-QKD
system suitable for parallel multichannel system®. More
recently, O. Kovalenko et al. addressed the critical issue of
crosstalk in frequency-domain multiplexing implementa-
tions, achieving substantial improvements in secure key
transmission rates 3. Although experimental realizations of
QKD utilizing entangled sideband modes remain relatively
scarce in the literature, the inherent flexibility of these
modes in frequency manipulation and channel switching
capabilities presents a compelling avenue for future devel-
opments in CV-QKD systems. This approach could poten-
tially introduce new degrees of freedom for system opti-
mization and performance scaling.

Quantum computing

In addition to utilizing the entanglement characteristics
between frequency comb modes generated by optical cavi-
ties during PDC as a means of communication, cluster
states with a large number of entangled quantum modes
also represent a highly important application scheme!“,
Cluster states are essentially multi-body entangled states,
and by performing single-qubit adaptive measurements on
them, measurement-based quantum computation (MBQC)
can be implemented!#1“2, The scale of a cluster state typi-
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Figure reproduced with permission from: (a) ref.*¢, APS; (b) ref.'?%, APS; (c) ref.*??, IOP Publishing Ltd; (d) ref.?%, © Optical Society of America.

cally determines the number of possible computational
steps, while its structure dictates the potential logic gate
schemes that can be implemented. Since cluster states can
deterministically generate large-scale entangled states on a
large scale, they are often employed as an essential techno-
logical approach for realizing CV quantum computation.
The advancements in cluster states represent progress in
MBQC, enabling the construction of universal quantum
resources through the manipulation and measurement of
bosonic modes**. Compared to the uncertainties associ-
ated with photon generation in discrete variables, CV clus-
ter states, based on the deterministic properties of orthogo-
nal components, do not require post-selection processing of
measurements'“®. On the flip side, the disadvantage of the
CV-MBQC has been considered as finite squeezing in clus-
ter states resource, which results in accumulation of noises
during computation'*4. However, there is a possibility of a
special encoding which can circumvent this problem, By
utilizing cluster states as quantum resources, quantum
computation can be performed in a purely local manner.,

In 2006, J. Zhang et al. have proposed an interaction model
to realize CV cluster-like states and compared these states
to Greenberger-Horne-Zeilinger-like states in terms of local
operations and classical communication'“. Then, N. C.
Menicucci et al. proposed an optical implementation that
used squeezed-light sources and quantum nondemolition
operations to build a Gaussian cluster state, extending
quantum computing based on cluster state from discrete
variables to CV'%2. In 2014, they further presented a scheme
and theoretical proof for fault-tolerant measurement-based
quantum computing by using CV cluster states'*. In 2008,
M. Yukawa et al. realized the generation of three types of
CV four-mode cluster states by constructing a beam split-
ter network'’. Subsequently, in order to construct entan-
gled resources on a larger scale, multiplexing techniques
including time-domain and frequency-domain multiplex-
ing have evolved.

Time-domain multiplexing technology has achieved
remarkable achievements at present. In 2011, N. C.
Menicucci proposed a time-based approach for extensible
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experimental design of optical temporal-mode CV cluster
states of arbitrary size using four offline (vacuum) squeez-
ers and six beam splitters is presented'®. In 2018, R. N.
Alexander et al. proposed a method using temporal modes
for generating the bilayer-square-lattice cluster state®°. In
2013, S. Yokoyama et al. deterministically generated and
fully characterized a CV cluster state containing over 10,000
entangled modes through a scheme for time-domain multi-
plexing of optical modes®. In 2016, J.-i. Yoshikawa et al.
circumvented the issue of optical phase drift through
continuous feedback control of the optical system, thereby
expanding the number of entangled modes contained in the
cluster state to over 1,000,000"°. The generation of the
aforementioned cluster state is limited to the one-dimen-
sional case. In 2019, W. Asavanant et al. constructed four
squeezed light sources and a linear optical network consist-
ing of five beam splitters and two delay lines to generate
and verified a universal cluster state with a 5- by 1240-site
two-dimensional square lattice structure®®, providing a
feasible pathway for the development of practical quantum
computers. Meanwhile, Mikkel V. Larsen et al. proposed a
simpler method for generating two-dimensional cluster
states, utilizing two OPO to generate a cluster state contain-
ing over 30,000 entangled modes®. In 2020, Fukui et al.
proposed a scheme for generating three-dimensional clus-
ter states and demonstrated that the entangled state exhib-
ited robustness against simulation errors induced by limited
squeezing in quantum computing based on topological-
protected measurements'>:. (All the references related to the
preparation of cluster states in this text using time-domain
multiplexing techniques are provided in Fig. 13(a).)

Optical frequency comb technology has been applied to
the preparation of frequency-multiplexed CV cluster states.
This method achieves frequency multiplexing through the
resonant frequency modes of an OPA. In 2007, N. C.
Menicucci et al. have shown that any CV cluster state with a
bipartite graph can be generated from the application of a
single multimode squeezing, using only one OPO and no
beam-splitter network®s?. In 2008, H. Zaidi et al., from the
same research group, extended the aforementioned experi-
ment and demonstrated the generation of a large number of
independent 2x2 and 2x3 square-grid cluster states within a
single OPO™:. In the same year, the group proposed a theo-
retical scheme for utilizing CV cluster states generated by
optical frequency combs for one-way quantum computing
for the first time'>*. Subsequently, in 2009, they extended
this scheme and detailed a new proposal for a scalable
method of creating cluster states using only a single multi-
mode OPO™5, The method generated a CV cluster state that
was universal for quantum computation and encoded in the
quadratures of the optical frequency comb of the OPO.
Furthermore, in the experiment, 15 pairs of quadripartite
entangled states'*s, and multipartite entanglement of 60
adjacent modes® over 60 modes of quantum optical
frequency comb were generated from a dual-polarized

OPO, respectively. J. Roslund et al. and Y. Cai et al. utilized
femtosecond pulse technology to respectively prepare clus-
ter states with 10 and 13 independent frequency modes®4°.
(All the references related to the preparation of cluster
states in this text using frequency-domain multiplexing
techniques are provided in Fig. 13(b).)

Beyond the generation of CV cluster states through time-
division and frequency-division multiplexing techniques
applied to spatial light, they have been recent realized to
utilize on-chip optical microresonators for the preparation
of CV cluster states based on quantum microcombs®=7,
indicating the possibility of scaling photonic quantum tech-
nologies.

CV entanglement states form the foundation for
measurement-based quantum computing and multi-user
quantum networks. However, the upper and lower entan-
gled sideband modes of entanglement states are typically
evaluated through bichromatic detection rather than spatial
separation, which limits their application in certain scenar-
ios, such as multi-user quantum communication®. A
currently viable solution is to achieve spatial separation of
the upper and lower entangled sideband modes through
FCs. Therefore, whether preparing entangled sideband
modes or frequency-multiplexed cluster states, the process
essentially involves manipulating and measuring the side-
bands generated by the OPO.

Sideband entanglement in quantum
metrology

The exploitation of EPR correlations in entangled sideband
modes has emerged as a significant approach to surpass
classical limits in precision measurements, particularly in
GWs detection and optical metrology. By leveraging these
qguantum correlations, a novel archetype has been demon-
strated to improve the sensitivity, which represents the
major breakthrough in quantum metrology.

Gravitational wave detection

The GWs detection has been significantly advanced by the
application of quantum metrology techniques, particularly
through the injection of squeezed states to mitigate quan-
tum noise. In the early 1980s, C. Caves connected the origin
of quantum noise with vacuum fluctuations due to the zero-
point energy of the electro-magnetic field in an interferom-
eter, and recognized that the quantum noise could be
reduced by replacing ordinary vacuum states with squeezed
vacuum states'®”%8, In the third observing run (O3) of the
GWs detectors'>*1%, such as LIGO, Virgo, and GEO600, all
interferometers employed squeezed state to mitigate shot
noise at the expense of increased uncertainty in the quadra-
ture-amplitude. Consequently, a maximum noise reduction
of 6 dB at the GEO 600 had been achieved®®. Nevertheless,
this reduction cannot extend across the entire observable
frequency band, primarily due to the higher unwanted
qguantum radiation pressure noise present at low frequen-
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Fig. 13 | Schematic overview of large-scale CV cluster states via time-domain and frequency-domain multiplexing techniques. (a) Timeline of advances in
cluster state preparation exploiting time-division multiplexing techniques. The key milestones include: initial preparation of cluster states in CV using a
beam splitter network'#’, theoretical proposal of cluster states with four squeezers and six beam splitters*é, cluster states with over 10,000 entangled
modes?, cluster states with over 1,000,000 entangled modes'®, theoretical proposal of a bilayer-square-lattice cluster state'*°, experimental preparation
of a 5- by 1240-site two-dimensional square lattice cluster state*’, a simplified scheme for the preparation of two-dimensional cluster states®!, and the
theoretical proposal for the generation of three-dimensional cluster states'>’. (b) Timeline of advances in cluster state preparation exploiting frequency-
division multiplexing techniques. The key milestones include: integration of multiple OPOs into a single multimode OPO for cluster state preparation®®?,
experimental generation of four-mode cluster states'>, preparation of cluster states suitable for one-way quantum computation employing a single multi-
mode OPO**, detailed supplemental schemes for cluster state preparation via a single multimode OPO*®, simultaneous generation of 15 four-partite
entangled cluster states within a 60-mode optical frequency comb generated from a single OPO**¢, generation of cluster states across 10 independent
frequency modes using a femtosecond frequency comb*, utilization of adjacent modes in a 60-mode frequency comb generated by a single OPO for exper-
imental multipartite entanglement preparation®?, and preparation of cluster states spanning 13 independent frequency modes with a femtosecond
frequency comb®.

cies. In 2001, J. Kimble et al. proposed using a low-loss opti- and achieving a broadband quantum advanced entire astro-
cal FC to impart the necessary frequency-dependent rota- physical detection band®-%°, In the LIGO Livingston
tion of the squeezed states quadrature before injection into detector, the frequency dependent squeezed state was
the interferometer’®s, When the squeezed state carrier utilized to reduce quantum noise with a maximum degree
frequency was detuned with the FC, the differential phase of 3 dB below standard quantum limit between 35-75 Hz to
shift was integrated between the upper and lower sidebands achieve a broadband sensitivity improvement, increasing
and the squeezed quadrature presents the frequency- the overall detector sensitivity during astrophysical observa-
dependent characteristics. The appropriate anti-rotation tionst6e.169,

was introduced to counteract the quantum radiation pres- In 2017, the researchers from California Institute of
sure noise, thereby restoring sensitivity at low frequencies Technology proposed an alternative proposal to generate
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the conditional squeezing, which relied on the use of EPR
entangled states®®. In a laser interferometer measurement
system, utilizing the interferometer operating in a detuned
configuration as both a measurement apparatus and a FC,
the upper and lower sidebands of the squeezed field under-
went a frequency-dependent differential phase delay, result-
ing in a quadrature rotation*-*, The above-mentioned
scheme avoided an external FC that is complex and expen-
sive. The pumping frequency of the OPA was detuned from
2wo to wp=2we+A, enabling two EPR-entangled beams: the
signal beam centered at the carrier frequency wp and the
corresponding idler beam at wo+A. The entanglement
between the upper and lower sidebands was generated by
the optical nonlinearity and the entanglement also existed

a
“ITAS=417
- -
00 0o
Signal beam  Half pumping  Idler beam
a . frequency b Measured
: a sy 2 idler-beam
}v 1Y}v o quadrature
squeezed B)
signal-beam
a b,
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quadrature
EPR
entangled

between wp+Q and wo+A—-Q, as well as wg—Q and we+A+Q,
as shown in Fig. 14. Within the squeezing bandwidth, each
pair of symmetrical sidebands was equivalent to an EPR-
type entanglement. The signal beam was in resonance with
the interferometer, while the idler beam interacted with the
interferometer as a detuned cavity and underwent
frequency-dependent quadrature rotation. The homodyne
measurement of a fixed quadrature of the output idler beam
conditionally squeezed the input signal beam in a
frequency-dependent way, thereby achieving the broad-
band reduction of quantum noise over the entire frequency
band.

In 2020, R. Schnabel et al. and D. E. McClelland et al.
conducted the proof-of-principle experimental demonstra-

b
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Fig. 14 | (a) Spectral decomposition of EPR-entangled beams (upper panel) and the quantum statics of the signal and idler beams (lower panel)“. (b) Opti-
cal configuration for noise suppression via EPR entanglement‘®. Figure reproduced with permission from: (a) ref.*¢, Springer Nature Ltd; (b) ref.*, Springer

Nature Ltd.
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Fig. 15 | Simplified experimental setup to achieve broadband squeezing of the total quantum noise via the preparation of EPR entanglement. (a) EPR
entanglement within the OPO linewidth*’. (b) EPR entanglement among different optical modes of OPO*. Figure reproduced with permission from: (a)

ref.#’, Springer Nature Ltd; (b) ref. “¢, Springer Nature Ltd.
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tion that achieved the broadband noise reduction by using
EPR entangled states instead*"*¢. As shown in Fig. 15(a), the
frequency of the pump beam was wp=wj+ws. Within the
squeezing bandwidth, the fields at w,/2+Aw showed strong
EPR entangled, as well as the w;j and s in R. Schnabel et al.
demonstration*’. The standing-wave cavity was used to
simulated the signal-recycling cavity for the GW observa-
tory and was locked to arbitrary detuning. Frequency
components emitted by a broadband squeezed-light source,
when reflected off a cavity, experienced a frequency-depen-
dent phase that could compensate for the frequency-depen-
dence of quantum backaction. The bichromatic LOs with
the frequency corresponding to the w; and ws were utilized
to detected the entangled sideband modes. By carefully
tuning the FCs, the desired frequency-dependent squeezing
spectrum was created. D. E. McClelland et al. also presented
the demonstration to control the squeezing phase by
employing the two-mode frequency-dependent squeezed
vacuum with EPR entangled states, as shown in Fig. 15(b)*.
The EPR entangled signal and idler pair at frequencies wg
and wo+A were generated by pumping an OPO at frequency
2wotA, where A was corresponding to the FSR of the OPO.
The signal field upper sideband was correlated with the
idler field lower sideband, and vice versa. The EPR entan-
gled sideband modes were injected into the test cavity with
the signal field on resonance and the idler field detuned.
The upper and lower sideband of the idler beam underwent
a frequency-dependent phase rotation due to the detuned
cavity response. Two BHDs were jointed to detect the noise
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spectrum, resulting in conditional squeezing in a frequency-
dependent manner. At present, limited by the linewidth of
signal-recycling cavity and the test cavity, these two
schemes mentioned above allows for enhanced strain sensi-
tivity at megahertz frequency. In 2024, T. Zhang et al. intro-
duced a theoretical scheme of QT-based broadband quan-
tum noise suppression, which aimed to overcome the limi-
tations of optical components at lower frequency bands*™.

Circumvention of 3 dB noise penalty
In traditional heterodyne readout, widely used for its
immunity to low-frequency technical noise, the quantum
fluctuations in uncorrelated sideband (around the LO) intro-
duce a 3-dB noise penalty compared to homodyne read-
outt’t172 EPRcorrelationsinopticalsidebandmodeshaveemer-
ged as a solution to circumvent this penalty, enabling hetero-
dyne-based systems to rival the sensitivity of homodyne
techniques while preserving operational simplicity ">~

In 2024, K. Anai et al. proposed and theoretically proved
that the shot noise could be reduced to zero using squeezed
light with infinite squeezing level in phase-insensitive
heterodyne detection. By correlating the quantum fluctua-
tion in the signal and image bands, they also experimen-
tally demonstrated beyond 3 dB noise reduction at 3 MHz
sideband frequency around the 10 MHz beat signal, as
shown in Fig. 16(b)*">. A parallel approach was realized to
evade the inherent 3 dB quantum penalty in heterodyne
readout schemes to improve the readout sensitivity of
audio-band signals by employing the two-mode squeezing
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Fig. 16 | (a) Conceptual schematic of optical phase-insensitive heterodyne detection 7. (b) Experimental setup for phase-insensitive heterodyne detection *7°.
(c) Simplified schematic for the heterodyne detection in twin-Michelson interferometer outputs'’®. Figure reproduced with permission from: (a, b) ref.’s,

© Optical Society of America; (c) ref.76, APS.
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state'’®, as shown in Fig. 16(c). They experimentally demon-
strated a quantum enhanced heterodyne readout of two
spatially distinct interferometers with direct optical signal
combination and simultaneously obtained quantum-
enhanced quadrature-amplitude and quadrature-phase
information without introducing additional photodetectors.
These strategies demonstrate that entangled state not only
surpasses the traditional quantum limits of heterodyne
detection, but also paves the way for quantum-enhanced
systems previously constrained by fundamental noise
penalties.

Conclusions

In conclusion, it has been shown that a single broadband
squeezed field produced from an OPO is able to provide a
large number of quantum channels via distributed EPR
entanglement between sideband modes. Benefiting from
advancements in control and detection technologies, quan-
tum sideband entanglement has undergone rapid matura-
tion, emerging as a versatile platform within the domain of
guantum information technologies. Up to now, the quan-
tum noise correlation of sideband entanglement reaches
about 10.0 dB, which is approached the benchmark of two-
mode squeezing quite closely. The differences mainly come
from the inevitable optical losses during the sideband sepa-
ration process. Nevertheless, strategically trading off a
moderate level of quantum correlation to achieve a larger
number of quantum channels represents a promising
advancement.

This review provides an in-depth exploration of the
recent advancements in this specific research domain. It is
anticipated that integrating these resources with advanced
optical technologies, such as low-loss optical components
and scalable configuration frameworks. Notably, the OPO
and FCs have been successfully demonstrated by utilizing
waveguide-integrated silicon-based materials. In this novel
FC configuration, stable system control can be achieved via
passive means, thereby significantly alleviating the
complexity and difficulty of active control mechanisms. As
we look further ahead, given the remarkable breakthroughs,
sideband entanglement is anticipated to eventually emerge
as a fundamental quantum resource for constructing
diverse quantum network architectures.

References

1. Einstein A, Podolsky B, Rosen N. Can quantum-mechanical de-
scription of physical reality be considered complete. Phys Rev 47,
777-780 (1935).

2. Schrodinger E. Die gegenwartige Situation in der quanten-
mechanik. Naturwissenschaften 23, 807-812 (1935).

3. Horodecki R, Horodecki P, Horodecki M et al. Quantum entangle-
ment. Rev Mod Phys 81, 865-942 (2009).

4. Bell JS. On the Einstein Podolsky Rosen paradox. Phys Physique
Fizika 1, 195-200 (1964).

5. Ou ZY, Mandel L. Violation of bell's inequality and classical proba-
bility in a two-photon correlation experiment. Phys Rev Lett 61,
50-53 (1988).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kwiat PG, Mattle K, Weinfurter H et al. New high-intensity source
of polarization-entangled photon pairs. Phys Rev Lett 75,
4337-4341 (1995).

Chang KC, Cheng X, Sarihan MC et al. 648 Hilbert-space dimen-
sionality in a biphoton frequency comb: entanglement of forma-
tion and Schmidt mode decomposition. npj Quantum Inf 7, 48
(2021).

Achatz L, Bulla L, Ecker S et al. Simultaneous transmission of hy-
per-entanglement in three degrees of freedom through a multi-
core fiber. npj Quantum Inf 9, 45 (2023).

Chang KC, Cheng X, Sarihan MC et al. Towards optimum Fran-
son interference recurrence in mode-locked singly-filtered bipho-
ton frequency combs. Photonics Res 11, 1175-1184 (2023).

Yan WH, Zheng XD, Wen WJ et al. A measurement-device-inde-
pendent quantum key distribution network using optical frequency
comb. npj Quantum Inf 11, 97 (2025).

Larsen MV, Bourassa JE, Kocsis S et al. Integrated photonic
source of Gottesman—Kitaev—Preskill qubits. Nature 642, 587-591
(2025).

Duan LM, Giedke G, Cirac JlI et al. Inseparability criterion for con-
tinuous variable systems. Phys Rev Lett 84, 2722—-2725 (2000).
Su XL, Hao SH, Deng XW et al. Gate sequence for continuous
variable one-way quantum computation. Nat Commun 4, 2828
(2013).

Lau HK, Pooser R, Siopsis G et al. Quantum machine learning
over infinite dimensions. Phys Rev Lett 118, 080501 (2016).
Andersen UL, Gehring T, Marquardt C et al. 30 Years of squeezed
light generation. Phys Scr 91, 053001 (2016).

Wu LA, Kimble HJ, Hall JL et al. Generation of squeezed states by
parametric down conversion. Phys Rev Lett 57, 2520-2523
(1986).

Vahlbruch H, Mehmet M, Danzmann K et al. Detection of 15 dB
squeezed states of light and their application for the absolute cali-
bration of photoelectric quantum efficiency. Phys Rev Lett 117,
110801 (2016).

Meylahn F, Willke B, Vahlbruch H. Squeezed states of light for fu-
ture gravitational wave detectors at a wavelength of 1550 nm.
Phys Rev Lett 129, 121103 (2022).

Yang WH, Shi SP, Wang YJ et al. Detection of stably bright
squeezed light with the quantum noise reduction of 12.6 dB by
mutually compensating the phase fluctuations. Opt Lett 42,
4553-4556 (2017).

Gao L, Zheng LA, Lu B et al. Generation of squeezed vacuum
state in the millihertz frequency band. Light Sci Appl 13, 294
(2024).

Ou ZY, Pereira SF, Kimble HJ et al. Realization of the Einstein-
Podolsky-Rosen paradox for continuous variables. Phys Rev Lett
68, 3663-3666 (1992).

Bowen WP, Schnabel R, Lam PK et al. Experimental investiga-
tion of criteria for continuous variable entanglement. Phys Rev
Lett 90, 043601 (2003).

Sun XC, Wang YJ, Tian YH et al. Deterministic and universal
guantum squeezing gate with a teleportation-like protocol. Laser
Photonics Rev 16, 2100329 (2022).

Zhang WH, Jiao NJ, Li RX et al. Precise control of squeezing an-
gle to generate 11 dB entangled state. Opt Express 29,
24315-24325 (2021).

Jing JT, Zhang J, Yan Y et al. Experimental demonstration of tri-
partite entanglement and controlled dense coding for continuous
variables. Phys Rev Lett 90, 167903 (2003).

Aoki T, Takei N, Yonezawa H et al. Experimental creation of a ful-
ly inseparable tripartite continuous-variable state. Phys Rev Lett
91, 080404 (2003).

Su XL, Tan AH, Jia XJ et al. Experimental preparation of quadri-
partite cluster and Greenberger-Horne-Zeilinger entangled states

250002 (Page 18 of 22)


https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1007/BF01491891
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysRevLett.61.50
https://doi.org/10.1103/PhysRevLett.75.4337
https://doi.org/10.1038/s41534-021-00388-0
https://doi.org/10.1038/s41534-023-00700-0
https://doi.org/10.1364/PRJ.483570
https://doi.org/10.1038/s41534-025-01052-7
https://doi.org/10.1038/s41586-025-09044-5
https://doi.org/10.1103/PhysRevLett.84.2722
https://doi.org/10.1038/ncomms3828
https://doi.org/10.1088/0031-8949/91/5/053001
https://doi.org/10.1103/PhysRevLett.57.2520
https://doi.org/10.1103/PhysRevLett.117.110801
https://doi.org/10.1103/PhysRevLett.129.121103
https://doi.org/10.1364/OL.42.004553
https://doi.org/10.1038/s41377-024-01606-y
https://doi.org/10.1103/PhysRevLett.68.3663
https://doi.org/10.1103/PhysRevLett.90.043601
https://doi.org/10.1103/PhysRevLett.90.043601
https://doi.org/10.1002/lpor.202100329
https://doi.org/10.1002/lpor.202100329
https://doi.org/10.1364/OE.428501
https://doi.org/10.1103/PhysRevLett.90.167903
https://doi.org/10.1103/PhysRevLett.91.080404
https://doi.org/10.29026/ioe.2025.250002

Shi SP et al. Intell Opt-Electron 1, 250002 (2025)

https://doi.org/10.29026/ioe.2025.250002

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

for continuous variables. Phys Rev Lett 98, 070502 (2007).

Su XL, Zhao YP, Hao SH et al. Experimental preparation of eight-
partite cluster state for photonic qumodes. Opt Lett 37, 5178-5180
(2012).

Yokoyama S, Ukai R, Armstrong SC et al. Ultra-large-scale contin-
uous-variable cluster states multiplexed in the time domain. Nat
Photonics 7, 982—986 (2013).

Asavanant W, Shiozawa Y, Yokoyama S et al. Generation of time-
domain-multiplexed two-dimensional cluster state. Science 366,
373-376 (2019).

Larsen MV, Guo XS, Breum CR et al. Deterministic generation of
a two-dimensional cluster state. Science 366, 369-372 (2019).
Chen MR, Menicucci NC, Pfister O. Experimental realization of
multipartite entanglement of 60 modes of a quantum optical fre-
quency comb. Phys Rev Lett 112, 120505 (2014).

Cai Y, Roslund J, Ferrini G et al. Multimode entanglement in re-
configurable graph states using optical frequency combs. Nat
Commun 8, 15645 (2017).

Huntington EH, Ralph TC. Separating the quantum sidebands of
an optical field. J Opt B Quantum Semiclassical Opt 4, 123-128
(2002).

Zhang J. Einstein-Podolsky-Rosen sideband entanglement in
broadband squeezed light. Phys Rev A 67, 054302 (2003).

Jia XY, Zhai CH, Zhu XZ et al. Continuous-variable multipartite
entanglement in an integrated microcomb. Nature 639, 329-336
(2025).

Wang Z, Li KK, Wang Y et al. Large-scale cluster quantum micro-
combs. Light Sci Appl 14, 164 (2025).

Joshi C, Farsi A, Clemmen S et al. Frequency multiplexing for
quasi-deterministic heralded single-photon sources. Nat Commun
9, 847 (2018).

Jankowski M, Yanagimoto R, Ng E et al. Ultrafast second-order
nonlinear photonics —from classical physics to non-Gaussian
quantum dynamics: a tutorial. Adv Opt Photon 16, 347-538
(2024).

Qi ZT, Li YH, Huang YW et al. A 15-user quantum secure direct
communication network. Light Sci Appl 10, 183 (2021).

Schori C, Sgrensen JL, Polzik ES. Narrow-band frequency tun-
able light source of continuous quadrature entanglement. Phys
Rev A 66, 033802 (2002).

Hage B, Samblowski A, Schnabel R. Towards Einstein-Podolsky-
Rosen quantum channel multiplexing. Phys Rev A 81, 062301
(2010).

Shi SP, Wu YM, Gao L et al. Generating six pairs of bandwidth-
expanded entangled sideband modes via time delay compensa-
tion. Opt Lett 48, 3111-3114 (2023).

Wengerowsky S, Joshi SK, Steinlechner F et al. An entanglement-
based wavelength-multiplexed quantum communication network.
Nature 564, 225-228 (2018).

Shi SP, Wang YJ, Tian L et al. Continuous variable quantum tele-
portation network. Laser Photonics Rev 17, 2200508 (2023).

Ma YQ, Miao HX, Pang BH et al. Proposal for gravitational-wave
detection beyond the standard quantum limit through EPR entan-
glement. Nat Phys 13, 776-780 (2017).

Yap MJ, Altin P, McRae TG et al. Generation and control of fre-
quency-dependent squeezing via Einstein—-Podolsky—Rosen en-
tanglement. Nat Photonics 14, 223-226 (2020).

Sudbeck J, Steinlechner S, Korobko M et al. Demonstration of in-
terferometer enhancement through Einstein—Podolsky—Rosen en-
tanglement. Nat Photonics 14, 240-244 (2020).

Roslund J, de Araujo RM, Jiang SF et al. Wavelength-multiplexed
quantum networks with ultrafast frequency combs. Nat Photonics
8, 105-112 (2014).

Madsen LS, Laudenbach F, Askarani MF et al. Quantum compu-
tational advantage with a programmable photonic processor.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Nature 606, 75-81 (2022).

Joshi SK, Aktas D, Wengerowsky S et al. A trusted node-free
eight-user metropolitan quantum communication network. Sci Adv
6, eaba0959 (2020).

Shi SP, Tian L, Wang YJ et al. Demonstration of channel multi-
plexing quantum communication exploiting entangled sideband
modes. Phys Rev Lett 125, 070502 (2020).

Senior RJ, Milford GN, Janousek J et al. Observation of a comb of
optical squeezing over many gigahertz of bandwidth. Opt Express
15, 5310-5317 (2007).

Marino AM, Stroud CR Jr, Wong V et al. Bichromatic local oscilla-
tor for detection of two-mode squeezed states of light. J Opt Soc
Am B 24, 335-339 (2007).

Embrey CS, Hordell J, Petrov PG et al. Bichromatic homodyne de-
tection of broadband quadrature squeezing. Opt Express 24,
27298-27308 (2016).

Li W, Yu XD, Zhang J. Measurement of the squeezed vacuum
state by a bichromatic local oscillator. Opt Lett 40, 5299 (2015).
Shi SP, Wang YJ, Tian L et al. Observation of a comb of
squeezed states with a strong squeezing factor by a bichromatic
local oscillator. Opt Lett 45, 2419-2422 (2020).

Huntington EH, Milford GN, Robilliard C et al. Demonstration of
the spatial separation of the entangled quantum sidebands of an
optical field. Phys Rev A 71, 041802 (2005).

Tian L, Shi SP, Li YH et al. Entangled sideband control scheme
via frequency-comb-type seed beam. Opt Lett 46, 3989-3992
(2021).

Tian L, Shi SP, Tian YH et al. Resource reduction for simultane-
ous generation of two types of continuous variable nonclassical
states. Front Phys 16, 21502 (2020).

de Araujo LEE, Zhou ZF, DiMario M et al. Characterizing two-
mode-squeezed light from four-wave mixing in rubidium vapor for
guantum sensing and information processing. Opt Express 32,
1305-1313 (2024).

Marino AM, Pooser RC, Boyer V et al. Tunable delay of Einstein-
Podolsky-Rosen entanglement. Nature 457, 859—-862 (2009).

Wu YM, Shi SP, Liu X et al. Generating a bandwidth-tunable
squeezed state via phase manipulation of entangled sideband
modes. Phys Rev Appl 23, 044021 (2025).

Bennett CH, Brassard G, Crépeau C et al. Teleporting an un-
known quantum state via dual classical and Einstein-Podolsky-
Rosen channels. Phys Rev Lett 70, 1895-1899 (1993).
Weedbrook C, Pirandola S, Garcia-Patrén R et al. Gaussian
quantum information. Rev Mod Phys 84, 621-669 (2012).
Braunstein SL, van Loock P. Quantum information with continu-
ous variables. Rev Mod Phys 77, 513-577 (2005).

Pan JW, Bouwmeester D, Weinfurter H et al. Experimental entan-
glement swapping: entangling photons that never interacted. Phys
Rev Lett 80, 3891-3894 (1998).

Duan LM, Lukin MD, Cirac JI et al. Long-distance quantum com-
munication with atomic ensembles and linear optics. Nature 414,
413-418 (2001).

Braunstein SL, Kimble HJ. Teleportation of continuous quantum
variables. Phys Rev Lett 80, 869-872 (1998).

Furusawa A, Sgrensen JL, Braunstein SL et al. Unconditional
quantum teleportation. Science 282, 706—709 (1998).

Sherson JF, Krauter H, Olsson RK et al. Quantum teleportation
between light and matter. Nature 443, 557-560 (2006).

Krauter H, Salart D, Muschik CA et al. Deterministic quantum tele-
portation between distant atomic objects. Nat Phys 9, 400-404
(2013).

Pirandola S, Mancini S, Vitali D et al. Continuous-variable entan-
glement and quantum-state teleportation between optical and
macroscopic vibrational modes through radiation pressure. Phys
Rev A 68, 062317 (2003).

250002 (Page 19 of 22)


https://doi.org/10.1103/PhysRevLett.98.070502
https://doi.org/10.1364/OL.37.005178
https://doi.org/10.1038/nphoton.2013.287
https://doi.org/10.1038/nphoton.2013.287
https://doi.org/10.1126/science.aay2645
https://doi.org/10.1126/science.aay4354
https://doi.org/10.1103/PhysRevLett.112.120505
https://doi.org/10.1038/ncomms15645
https://doi.org/10.1038/ncomms15645
https://doi.org/10.1088/1464-4266/4/2/307
https://doi.org/10.1103/PhysRevA.67.054302
https://doi.org/10.1038/s41586-025-08602-1
https://doi.org/10.1038/s41377-025-01812-2
https://doi.org/10.1038/s41467-018-03254-4
https://doi.org/10.1364/AOP.495768
https://doi.org/10.1038/s41377-021-00634-2
https://doi.org/10.1103/PhysRevA.66.033802
https://doi.org/10.1103/PhysRevA.66.033802
https://doi.org/10.1103/PhysRevA.81.062301
https://doi.org/10.1364/OL.493217
https://doi.org/10.1038/s41586-018-0766-y
https://doi.org/10.1002/lpor.202200508
https://doi.org/10.1038/nphys4118
https://doi.org/10.1038/s41566-019-0582-4
https://doi.org/10.1038/s41566-019-0583-3
https://doi.org/10.1038/nphoton.2013.340
https://doi.org/10.1038/s41586-022-04725-x
https://doi.org/10.1126/sciadv.aba0959
https://doi.org/10.1103/PhysRevLett.125.070502
https://doi.org/10.1364/OE.15.005310
https://doi.org/10.1364/JOSAB.24.000335
https://doi.org/10.1364/JOSAB.24.000335
https://doi.org/10.1364/OE.24.027298
https://doi.org/10.1364/OL.40.005299
https://doi.org/10.1364/OL.385912
https://doi.org/10.1103/PhysRevA.71.041802
https://doi.org/10.1364/OL.433440
https://doi.org/10.1364/OE.507727
https://doi.org/10.1038/nature07751
https://doi.org/10.1103/PhysRevApplied.23.044021
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1103/PhysRevLett.80.3891
https://doi.org/10.1103/PhysRevLett.80.3891
https://doi.org/10.1038/35106500
https://doi.org/10.1103/PhysRevLett.80.869
https://doi.org/10.1126/science.282.5389.706
https://doi.org/10.1038/nature05136
https://doi.org/10.1038/nphys2631
https://doi.org/10.1103/PhysRevA.68.062317
https://doi.org/10.1103/PhysRevA.68.062317
https://doi.org/10.29026/ioe.2025.250002

Shi SP et al. Intell Opt-Electron 1, 250002 (2025)

https://doi.org/10.29026/ioe.2025.250002

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Yonezawa H, Braunstein SL, Furusawa A. Experimental demon-
stration of quantum teleportation of broadband squeezing. Phys
Rev Lett 99, 110503 (2007).

Huo MR, Qin JL, Cheng JL et al. Deterministic quantum teleporta-
tion through fiber channels. Sci Adv 4, eaas9401 (2018).

Liu SS, Lou YB, Chen YX et al. All-optical entanglement swap-
ping. Phys Rev Lett 128, 060503 (2022).

Liu SS, Lv YH, Wang XT et al. Deterministic all-optical quantum
teleportation of four degrees of freedom. Phys Rev Lett 132,
100801 (2024).

Song HB, Yonezawa H, Kuntz KB et al. Quantum teleportation in
space and frequency using entangled pairs of photons from a fre-
quency comb. Phys Rev A 90, 042337 (2014).

Wu YM, Wang QW, Tian L et al. Multi-channel multiplexing quan-
tum teleportation based on the entangled sideband modes. Pho-
tonics Res 10, 1909-1914 (2022).

Wu YM, Tian L, Yao WX et al. Continuous variable quantum tele-
portation network with star topology. Appl Phys Lett 124, 114002
(2024).

Zhang TC, Goh KW, Chou CW et al. Quantum teleportation of
light beams. Phys Rev A 67, 033802 (2003).

Takei N, Yonezawa H, Aoki T et al. High-fidelity teleportation be-
yond the no-cloning limit and entanglement swapping for continu-
ous variables. Phys Rev Lett 94, 220502 (2005).

Yukawa M, Benichi H, Furusawa A. High-fidelity continuous-vari-
able quantum teleportation toward multistep quantum operations.
Phys Rev A 77, 022314 (2008).

Wang QW, Tian YH, Li W et al. High-fidelity quantum teleporta-
tion toward cubic phase gates beyond the no-cloning limit. Phys
Rev A 103, 062421 (2021).

Takeda S, Fuwa M, van Loock P et al. Entanglement swapping
between discrete and continuous variables. Phys Rev Lett 114,
100501 (2015).

Ulanov AE, Sychev D, Pushkina AA et al. Quantum teleportation
between discrete and continuous encodings of an optical qubit.
Phys Rev Lett 118, 160501 (2017).

Sychev DV, Ulanov AE, Tiunov ES et al. Entanglement and tele-
portation between polarization and wave-like encodings of an opti-
cal qubit. Nat Commun 9, 3672 (2018).

Zukowski M, Zeilinger A, Horne MA et al. “Event-ready-detectors”
bell experiment via entanglement swapping. Phys Rev Lett 71,
4287-4290 (1993).

Ma XS, Zotter S, Kofler J et al. Experimental delayed-choice en-
tanglement swapping. Nat Phys 8, 479-484 (2012).

Halder M, Beveratos A, Gisin N et al. Entangling independent pho-
tons by time measurement. Nat Phys 3, 692—-695 (2007).

Zhang YW, Agnew M, Roger T et al. Simultaneous entanglement
swapping of multiple orbital angular momentum states of light. Nat
Commun 8, 632 (2017).

Ning W, Huang XJ, Han PR et al. Deterministic entanglement
swapping in a superconducting circuit. Phys Rev Lett 123, 060502
(2019).

van Loock P, Braunstein SL. Unconditional teleportation of contin-
uous-variable entanglement. Phys Rev A 61, 010302(R) (1999).
Jia XJ, Su XL, Pan Q et al. Experimental demonstration of uncon-
ditional entanglement swapping for continuous variables. Phys
Rev Lett 93, 250503 (2004).

Su XL, Tian CX, Deng XW et al. Quantum entanglement swap-
ping between two multipartite entangled states. Phys Rev Lett
117, 240503 (2016).

De Wolf R. Quantum communication and complexity. Theor Com-
put Sci 287, 337-353 (2002).

Bennett CH, Wiesner SJ. Communication via one- and two-parti-
cle operators on Einstein-Podolsky-Rosen states. Phys Rev Lett
69, 2881-2884 (1992).

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Guo Y, Liu BH, Li CF et al. Advances in quantum dense coding.
Adv Quantum Technol 2, 1900011 (2019).

Mattle K, Weinfurter H, Kwiat PG et al. Dense coding in experi-
mental quantum communication. Phys Rev Lett 76, 4656—4659
(1996).

Ban M. Quantum dense coding via a two-mode squeezed-vacu-
um state. J Opt B Quantum Semiclassical Opt 1, L9-L11 (1999).
Braunstein SL, Kimble HJ. Dense coding for continuous variables.
Phys Rev A 61, 042302 (2000).

Zhang J, Peng KC. Quantum teleportation and dense coding by
means of bright amplitude-squeezed light and direct measure-
ment of a bell state. Phys Rev A 62, 064302 (2000).

Li XY, Pan Q, Jing JT et al. Quantum dense coding exploiting a
bright Einstein-Podolsky-Rosen beam. Phys Rev Lett 88, 047904
(2002).

Mizuno J, Wakui K, Furusawa A et al. Experimental demonstra-
tion of entanglement-assisted coding using a two-mode squeezed
vacuum state. Phys Rev A 71, 012304 (2005).

Li F, Zhang XL, Li JB et al. Demonstration of fully-connected
guantum communication network exploiting entangled sideband
modes. Front Phys 18, 42303 (2023).

Wang J, Yang JY, Fazal IM et al. Terabit free-space data trans-
mission employing orbital angular momentum multiplexing. Nat
Photonics 6, 488-496 (2012).

Bozinovic N, Yue Y, Ren YX et al. Terabit-scale orbital angular
momentum mode division multiplexing in fiber. Science 340,
1545-1548 (2013).

Chen YX, Liu SS, Lou YB et al. Orbital angular momentum multi-
plexed quantum dense coding. Phys Rev Lett 127, 093601 (2021).
Liang SC, Cheng JL, Qin JL et al. High-speed quantum radio-fre-
guency-over-light communication. Phys Rev Lett 132, 140802
(2024).

Liang SC, Cheng JL, Qin JL et al. Frequency-division multiplexing
continuous variable quantum dense coding with broadband entan-
glement. Laser Photonics Rev 18, 2400094 (2024).

Zhou TA, Xu G, Guo YW et al. Optical frequency comb-based
multichannel parallel continuous-variable quantum network cod-
ing. Phys Rev Appl 23, 064003 (2025).

Ralph TC, Huntington EH. Unconditional continuous-variable
dense coding. Phys Rev A 66, 042321 (2002).

Gisin N, Ribordy G, Tittel W et al. Quantum cryptography. Rev
Mod Phys 74, 145-195 (2002).

Zhang YC, Bian YM, Li ZY et al. Continuous-variable quantum key
distribution system: past, present, and future. Appl Phys Rev 11,
011318 (2024).

Li YM, Wang XY, Bai ZL et al. Continuous variable quantum key
distribution. Chin Phys B 26, 040303 (2017).

Bennett CH, Brassard G. Quantum cryptography: public key distri-
bution and coin tossing. Proceedings of the IEEE International
Conference on Computers 175-179 (1984).

Scarani V, Pasquinucci HB, Cerf NJ et al. The security of practi-
cal quantum key distribution. Rev Mod Phys 81, 1301-1350
(2009).

Ralph TC. Continuous variable quantum cryptography. Phys Rev
A 61, 010303 (1999).

Grosshans F, Grangier P. Continuous variable quantum cryptog-
raphy using coherent states. Phys Rev Lett 88, 057902 (2002).
Weedbrook C, Lance AM, Bowen WP et al. Quantum cryptogra-
phy without switching. Phys Rev Lett 93, 170504 (2004).

Patron RG, Cerf NJ. Continuous-variable quantum key distribu-
tion protocols over noisy channels. Phys Rev Lett 102, 130501
(2009).

Su XL, Wang WZ, Wang Y et al. Continuous variable quantum key
distribution based on optical entangled states without signal mod-
ulation. Europhys Lett 87, 20005 (2009).

250002 (Page 20 of 22)


https://doi.org/10.1103/PhysRevLett.99.110503
https://doi.org/10.1103/PhysRevLett.99.110503
https://doi.org/10.1126/sciadv.aas9401
https://doi.org/10.1103/PhysRevLett.128.060503
https://doi.org/10.1103/PhysRevLett.132.100801
https://doi.org/10.1103/PhysRevA.90.042337
https://doi.org/10.1364/PRJ.459889
https://doi.org/10.1364/PRJ.459889
https://doi.org/10.1063/5.0191643
https://doi.org/10.1103/PhysRevA.67.033802
https://doi.org/10.1103/PhysRevLett.94.220502
https://doi.org/10.1103/PhysRevA.77.022314
https://doi.org/10.1103/PhysRevA.103.062421
https://doi.org/10.1103/PhysRevA.103.062421
https://doi.org/10.1103/PhysRevLett.114.100501
https://doi.org/10.1103/PhysRevLett.118.160501
https://doi.org/10.1038/s41467-018-06055-x
https://doi.org/10.1103/PhysRevLett.71.4287
https://doi.org/10.1038/nphys2294
https://doi.org/10.1038/nphys700
https://doi.org/10.1038/s41467-017-00706-1
https://doi.org/10.1038/s41467-017-00706-1
https://doi.org/10.1103/PhysRevLett.123.060502
https://doi.org/10.1103/PhysRevLett.93.250503
https://doi.org/10.1103/PhysRevLett.93.250503
https://doi.org/10.1103/PhysRevLett.117.240503
https://doi.org/10.1016/S0304-3975(02)00377-8
https://doi.org/10.1016/S0304-3975(02)00377-8
https://doi.org/10.1016/S0304-3975(02)00377-8
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1002/qute.201900011
https://doi.org/10.1103/PhysRevLett.76.4656
https://doi.org/10.1088/1464-4266/1/6/101
https://doi.org/10.1103/PhysRevA.61.042302
https://doi.org/10.1103/PhysRevA.62.064302
https://doi.org/10.1103/PhysRevLett.88.047904
https://doi.org/10.1103/PhysRevA.71.012304
https://doi.org/10.1007/s11467-023-1269-3
https://doi.org/10.1038/nphoton.2012.138
https://doi.org/10.1038/nphoton.2012.138
https://doi.org/10.1126/science.1237861
https://doi.org/10.1103/PhysRevLett.127.093601
https://doi.org/10.1103/PhysRevLett.132.140802
https://doi.org/10.1002/lpor.202400094
https://doi.org/10.1103/PhysRevApplied.23.064003
https://doi.org/10.1103/PhysRevA.66.042321
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1063/5.0179566
https://doi.org/10.1088/1674-1056/26/4/040303
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/PhysRevA.61.010303
https://doi.org/10.1103/PhysRevA.61.010303
https://doi.org/10.1103/PhysRevLett.88.057902
https://doi.org/10.1103/PhysRevLett.93.170504
https://doi.org/10.1103/PhysRevLett.102.130501
https://doi.org/10.1209/0295-5075/87/20005
https://doi.org/10.29026/ioe.2025.250002

Shi SP et al. Intell Opt-Electron 1, 250002 (2025)

https://doi.org/10.29026/ioe.2025.250002

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

Zhang WH, Li RX, Wang YJ et al. Security analysis of continuous
variable quantum key distribution based on entangled states with
biased correlations. Opt Express 29, 22623-22635 (2021).
Pirandola S, Mancini S, Lloyd S et al. Continuous-variable quan-
tum cryptography using two-way guantum communication. Nat
Phys 4, 726-730 (2008).

Ghorai S, Diamanti E, Leverrier A. Composable security of two-
way continuous-variable quantum key distribution without active
symmetrization. Phys Rev A 99, 012311 (2019).

Li ZY, Zhang YC, Xu FH et al. Continuous-variable measurement-
device-independent quantum key distribution. Phys Rev A 89,
052301 (2014).

Pirandola S, Ottaviani C, Spedalieri G et al. High-rate measure-
ment-device-independent quantum cryptography. Nat Photonics 9,
397-402 (2015).

Acin A, Brunner N, Gisin N et al. Device-independent security of
quantum cryptography against collective attacks. Phys Rev Lett
98, 230501 (2007).

Weedbrook C. Continuous-variable quantum key distribution with
entanglement in the middle. Phys Rev A 87, 022308 (2013).
Zhang YC, Chen ZY, Weedbrook C et al. Continuous-variable
source-device-independent quantum key distribution against gen-
eral attacks. Sci Rep 10, 6673 (2020).

Huang LY, Zhang YC, Chen ZY et al. Unidimensional continuous-
variable quantum key distribution with untrusted detection under
realistic conditions. Entropy 21, 1100 (2019).

Bai DY, Huang P, Zhu YQ et al. Unidimensional continuous-vari-
able measurement-device-independent quantum key distribution.
Quantum Inf Process 19, 53 (2020).

Zhang YC, Chen ZY, Pirandola S et al. Long-distance continuous-
variable quantum key distribution over 202.81 km of fiber. Phys
Rev Lett 125, 010502 (2020).

Zhang G, Haw JY, Cai H et al. An integrated silicon photonic chip
platform for continuous-variable quantum key distribution. Nat
Photonics 13, 839-842 (2019).

Wang N, Du SN, Liu WY et al. Long-distance continuous-variable
quantum key distribution with entangled states. Phys Rev Appl 10,
064028 (2018).

Fan YR, Luo Y, Guo K et al. Quantum entanglement network en-
abled by a state-multiplexing quantum light source. Light Sci Appl
14, 189 (2025).

Qu Z, Djordjevic IB. High-speed free-space optical continuous-
variable quantum key distribution enabled by three-dimensional
multiplexing. Opt Express 25, 7919-7928 (2017).

Wang YJ, Mao YY, Huang WT et al. Optical frequency comb-
based multichannel parallel continuous-variable quantum key dis-
tribution. Opt Express 27, 25314-25329 (2019).

Kovalenko O, Ra YS, Cai Y et al. Frequency-multiplexed entan-
glement for continuous-variable quantum key distribution. Photon-
ics Res 9, 2351-2359 (2021).

Briegel HJ, Raussendorf R. Persistent entanglement in arrays of
interacting particles. Phys Rev Lett 86, 910-913 (2001).
Raussendorf R, Briegel HJ. A one-way quantum computer. Phys
Rev Lett 86, 5188-5191 (2001).

Menicucci NC, van Loock P, Gu ML et al. Universal quantum com-
putation with continuous-variable cluster states. Phys Rev Lett 97,
110501 (2006).

Walther P, Resch KJ, Rudolph T et al. Experimental one-way
quantum computing. Nature 434, 169-176 (2005).

Ohliger M, Kieling K, Eisert J. Limitations of quantum computing
with Gaussian cluster states. Phys Rev A 82, 042336 (2010).
Menicucci NC. Fault-tolerant measurement-based quantum com-
puting with continuous-variable cluster states. Phys Rev Lett 112,
120504 (2014).

Zhang J, Braunstein SL. Continuous-variable Gaussian analog of

147.

148.

149.

150.

151.

152.

153.

154.

1565.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

cluster states. Phys Rev A 73, 032318 (2006).

Yukawa M, Ukai R, van Loock P et al. Experimental generation of
four-mode continuous-variable cluster states. Phys Rev A 78,
012301 (2008).

Menicucci NC. Temporal-mode continuous-variable cluster states
using linear optics. Phys Rev A 83, 062314 (2011).

Alexander RN, Yokoyama S, Furusawa A et al. Universal quan-
tum computation with temporal-mode bilayer square lattices. Phys
Rev A 97, 032302 (2018).

Yoshikawa JI, Yokoyama S, Kaji T et al. Invited article: generation
of one-million-mode continuous-variable cluster state by unlimited
time-domain multiplexing. APL Photonics 1, 060801 (2016).

Fukui K, Asavanant W, Furusawa A. Temporal-mode continuous-
variable three-dimensional cluster state for topologically protected
measurement-based quantum computation. Phys Rev A 102,
032614 (2020).

Menicucci NC, Flammia ST, Zaidi H et al. Ultracompact genera-
tion of continuous-variable cluster states. Phys Rev A 76, 010302
(2007).

Zaidi H, Menicucci NC, Flammia ST et al. Entangling the optical
frequency comb: simultaneous generation of multiple 2x 2 and 2x
3 continuous-variable cluster states in a single optical parametric
oscillator. Laser Phys 18, 659—666 (2008).

Menicucci NC, Flammia ST, Pfister O. One-way quantum comput-
ing in the optical frequency comb. Phys Rev Lett 101, 130501
(2008).

Flammia ST, Menicucci NC, Pfister O. The optical frequency comb
as a one-way quantum computer. J Phys B At Mol Opt Phys 42,
114009 (2009).

Pysher M, Miwa Y, Shahrokhshahi R et al. Parallel generation of
quadripartite cluster entanglement in the optical frequency comb.
Phys Rev Lett 107, 030505 (2011).

Caves CM. Quantum-mechanical radiation-pressure fluctuations
in an interferometer. Phys Rev Lett 45, 75-79 (1980).

Oelker E, Mansell G, Tse M et al. Ultra-low phase noise squeezed
vacuum source for gravitational wave detectors. Optica 3,
682-685 (2016).

Barsotti L, Harms J, Schnabel R. Squeezed vacuum states of light
for gravitational wave detectors. Rep Prog Phys 82, 016905
(2019).

Abadie J, Abbott BP, Abbott R et al. A gravitational wave observa-
tory operating beyond the quantum shot-noise limit. Nat Phys 7,
962-965 (2011).

Aasi J, Abadie J, Abbott BP et al. Enhanced sensitivity of the
LIGO gravitational wave detector by using squeezed states of
light. Nat Photonics 7, 613-619 (2013).

Grote H, Danzmann K, Dooley KL et al. First long-term applica-
tion of squeezed states of light in a gravitational-wave observato-
ry. Phys Rev Lett 110, 181101 (2013).

Tse M, Yu HC, Kijbunchoo N et al. Quantum-enhanced advanced
LIGO detectors in the era of gravitational-wave astronomy. Phys
Rev Lett 123, 231107 (2019).

Acernese F, Agathos M, Aiello L et al. Increasing the astrophysi-
cal reach of the advanced Virgo detector via the application of
squeezed vacuum states of light. Phys Rev Lett 123, 231108
(2019).

Lough J, Schreiber E, Bergamin F et al. First demonstration of 6
dB quantum noise reduction in a kilometer scale gravitational
wave observatory. Phys Rev Lett 126, 041102 (2021).

Kimble HJ, Levin Y, Matsko AB et al. Conversion of conventional
gravitational-wave interferometers into quantum nondemolition in-
terferometers by modifying their input and/or output optics. Phys
Rev D 65, 022002 (2001).

Acernese F, Agathos M, Ain A et al. Frequency-dependent
squeezed vacuum source for the advanced Virgo gravitational-

250002 (Page 21 of 22)


https://doi.org/10.1364/OE.426089
https://doi.org/10.1038/nphys1018
https://doi.org/10.1038/nphys1018
https://doi.org/10.1103/PhysRevA.99.012311
https://doi.org/10.1103/PhysRevA.89.052301
https://doi.org/10.1038/nphoton.2015.83
https://doi.org/10.1103/PhysRevLett.98.230501
https://doi.org/10.1103/PhysRevA.87.022308
https://doi.org/10.1038/s41598-020-63024-5
https://doi.org/10.3390/e21111100
https://doi.org/10.1007/s11128-019-2546-5
https://doi.org/10.1103/PhysRevLett.125.010502
https://doi.org/10.1103/PhysRevLett.125.010502
https://doi.org/10.1038/s41566-019-0504-5
https://doi.org/10.1038/s41566-019-0504-5
https://doi.org/10.1103/PhysRevApplied.10.064028
https://doi.org/10.1038/s41377-025-01805-1
https://doi.org/10.1364/OE.25.007919
https://doi.org/10.1364/OE.27.025314
https://doi.org/10.1364/PRJ.434979
https://doi.org/10.1364/PRJ.434979
https://doi.org/10.1103/PhysRevLett.86.910
https://doi.org/10.1103/PhysRevLett.86.5188
https://doi.org/10.1103/PhysRevLett.86.5188
https://doi.org/10.1103/PhysRevLett.97.110501
https://doi.org/10.1038/nature03347
https://doi.org/10.1103/PhysRevA.82.042336
https://doi.org/10.1103/PhysRevLett.112.120504
https://doi.org/10.1103/PhysRevA.73.032318
https://doi.org/10.1103/PhysRevA.78.012301
https://doi.org/10.1103/PhysRevA.83.062314
https://doi.org/10.1103/PhysRevA.97.032302
https://doi.org/10.1103/PhysRevA.97.032302
https://doi.org/10.1063/1.4962732
https://doi.org/10.1103/PhysRevA.102.032614
https://doi.org/10.1103/PhysRevA.76.010302
https://doi.org/10.1134/S1054660X08050186
https://doi.org/10.1103/PhysRevLett.101.130501
https://doi.org/10.1088/0953-4075/42/11/114009
https://doi.org/10.1103/PhysRevLett.107.030505
https://doi.org/10.1103/PhysRevLett.45.75
https://doi.org/10.1364/OPTICA.3.000682
https://doi.org/10.1088/1361-6633/aab906
https://doi.org/10.1038/nphys2083
https://doi.org/10.1038/nphoton.2013.177
https://doi.org/10.1103/PhysRevLett.110.181101
https://doi.org/10.1103/PhysRevLett.123.231107
https://doi.org/10.1103/PhysRevLett.123.231107
https://doi.org/10.1103/PhysRevLett.123.231108
https://doi.org/10.1103/PhysRevLett.126.041102
https://doi.org/10.1103/PhysRevD.65.022002
https://doi.org/10.1103/PhysRevD.65.022002
https://doi.org/10.29026/ioe.2025.250002

Shi SP et al. Intell Opt-Electron 1, 250002 (2025)

https://doi.org/10.29026/ioe.2025.250002

168.

169.

170.

171.

172.

173.

174.

175.

176.

wave detector. Phys Rev Lett 131, 041403 (2023).

Ganapathy D, Jia W, Nakano M et al. Broadband quantum en-
hancement of the LIGO detectors with frequency-dependent
squeezing. Phys Rev X 13, 041021 (2023).

Jia WX, Xu V, Kuns K et al. Squeezing the quantum noise of a
gravitational-wave detector below the standard quantum limit. Sci-
ence 385, 1318-1321 (2024).

Nishino Y, Danilishin S, Enomoto Y et al. Frequency-dependent
squeezing for gravitational-wave detection through quantum tele-
portation. Phys Rev A 110, 022601 (2024).

Yuen HP, Chan VWS. Noise in homodyne and heterodyne detec-
tion. Opt Lett 8, 177-179 (1983).

Spollard JT, Roberts LE, Sambridge CS et al. Mitigation of phase
noise and Doppler-induced frequency offsets in coherent random
amplitude modulated continuous-wave LIDAR. Opt Express 29,
9060-9083 (2021).

Zhang T, Martynov D, Freise A et al. Quantum squeezing
schemes for heterodyne readout. Phys Rev D 101, 124052
(2020).

Zhang T, Jones P, Smetana J et al. Two-carrier scheme: evading
the 3 dB quantum penalty of heterodyne readout in gravitational-
wave detectors. Phys Rev Lett 126, 221301 (2021).

Anai K, Enomoto Y, Omura H et al. Quantum-enhanced optical
phase-insensitive heterodyne detection beyond 3-dB noise penal-
ty of image band. Opt Express 32, 19372-19387 (2024).

Gould DW, Adya VB, Chua SSY et al. Quantum enhanced bal-
anced heterodyne readout for differential interferometry. Phys Rev
Lett 133, 063602 (2024).

Acknowledgements

We are grateful for financial supports from National Natural Science Founda-
tion of China (Grants No. 62225504, No. 62027821, No. U22A6003, No.
12304399, No. 12174234, No. 12274275 and No. 62375162); Fundamental
Research Program of Shanxi Province (Grants No. 202303021212003, and No.
202303021224006).

Author contributions

YH Zheng and SP Shi conceived of the idea and designed the review. SP Shi,
YM Wu, and X Liu led the manuscript writing and review, with SP Shi and YM
Wu focusing on the theoretical analysis generation and X Liu contributing to
the application aspects. YM Wu and X Liu prepared figures of the manuscript. L
Tian and YJ Wang provided critical insights and helped refine the methodology
section. SP Shi and W Li jointly supervised the project. YH Zheng, YJ Wang, L
Tian, W Li, and SP Shi provided funding support. All authors participated in
the review and discussion of the manuscript.

Competing interests

The authors declare no competing financial interests.

@ Open Access This article is licensed under a Creative
@ Commons Attribution 4.0 International License, which
BY permits use, sharing, adaptation, distribution and repro-

duction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/

©The Author(s) 2025.

Scan for Article PDF

250002 (Page 22 of 22)


https://doi.org/10.1103/PhysRevLett.131.041403
https://doi.org/10.1126/science.ado8069
https://doi.org/10.1126/science.ado8069
https://doi.org/10.1103/PhysRevA.110.022601
https://doi.org/10.1364/OL.8.000177
https://doi.org/10.1364/OE.416128
https://doi.org/10.1103/PhysRevD.101.124052
https://doi.org/10.1103/PhysRevLett.126.221301
https://doi.org/10.1364/OE.498691
https://doi.org/10.1103/PhysRevLett.133.063602
https://doi.org/10.1103/PhysRevLett.133.063602
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.29026/ioe.2025.250002

	Introduction
	Preparation of sideband entanglement
	Theoretical description of sideband entanglement
	Generation and detection of sideband entanglement
	Manipulation of entangled bandwidth

	Sideband entanglement in quantum information
	Quantum teleportation

	Sideband entanglement in quantum metrology
	Gravitational wave detection
	Circumvention of 3 dB noise penalty

	Conclusions
	References

