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Quantum entanglement is an important pillar of quantum
information processing. In addition to the entanglement
degree, the bandwidth of entangled states becomes another
focus of quantum communication. Here, by virtue of a broad-
band frequency-dependent beam splitter, we experimentally
demonstrate six pairs of independent entangled sideband
modes with maximum entanglement degree of 8.1 dB. Uti-
lizing a time delay compensation scheme, the bandwidth
of independent entangled sideband modes is expanded to
dozens of megahertz. This work provides a valuable resource
to implement efficient quantum information processing. ©
2023 Optica Publishing Group

https://doi.org/10.1364/0L.493217

With the continual exploration by quantum physicists, quan-
tum information protocols, such as quantum dense coding
[1,2], quantum key distribution [3-5], and quantum teleporta-
tion [6-9], are moving gradually toward practical applications.
Increasing channel number and enhancing capacity of each
quantum channel to the largest extent are ongoing pursuits
[10-12]. Here, we consider the creation of a squeezed state
with an optical parametric oscillator (OPO), in which a pump
photon of frequency 2w splits into a pair of lower-energy pho-
tons subject to energy conservation and the cavity resonance
condition [13]. Each pair of symmetric sidebands around half
the pump frequency w, initiate quantum correlation [14,15],
which makes the squeezed state exhibit fewer fluctuations than
the shot noise limit (SNL) in one quadrature. Therefore, the
squeezed state generated from a parametric downconversion pro-
cess should intrinsically have a large bandwidth that covers the
whole spectral acceptance range of nonlinear crystal [16]. How-
ever, the optical cavity introduces spectral filtering, which leads
to a frequency-comb-type spectral distribution of the downcon-
verted light [17,18]. These comb-teeth have a width that is the
same as the linewidth of the OPO, having the separation of the
cavity free spectral range (FSR).

At first, two narrowband upper and lower modes of a
squeezed field were separated by employing a ring filter
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cavity (RFC) as frequency-dependent beam splitter, constructing
Einstein—Podolsky—Rosen (EPR) sideband entanglement, and
their correlations were detected with two balanced homodyne
detectors (BHDs) that used frequency-shifted local oscillators
(LOs) [19]. Later 15 pairs of quadripartite entangled states, 60
modes dual-rail cluster state were sequentially created using
one OPO [20,21]. With an OPO driven by a femtosecond pulse
train, the entanglement of all possible bipartitions among ten
FSRs was demonstrated [22]. These demonstrations verify that
entangled sideband modes have a large bandwidth that cov-
ers many FSRs of the OPO. In addition, a scheme that splits
a single broadband squeezed field into N pairs of indepen-
dent EPR sideband entanglement fields was also proposed,
but not experimentally demonstrated for a long time [14,23].
Recently, we presented a frequency-comb-type control scheme
of entangled sideband modes, solved the unmanageable prob-
lem of higher-order longitudinal modes, and produced many
pairs of entangled sideband modes with high entanglement
degree [24]. For practical quantum communication systems,
the channel capacity is not only dependent on the entangle-
ment degree, but also proportional to the bandwidth of the
entanglement state [25]. However, owing to the additional phase
delay originating from the transmission process of the RFC, the
phase acquired by the transmission sideband modes is depen-
dent on measurement frequency, leading to measured quadrature
rotation with frequency [26-28]. Therefore, the generation
of entangled sideband modes with larger bandwidth faces a
challenge.

In this Letter, we propose a phase delay compensation scheme
by virtue of additional time delay of the electrical signal,
effectively expanding the bandwidth of each pair of entangled
sideband modes. Utilizing the compensation scheme, we exper-
imentally generate six pairs of entangled sideband modes with
maximum entanglement degrees of 7.8, 8.1, 7.9, 8.0, 7.7, and
6.1 dB, respectively. Each pair of entangled modes is located
at different resonances of the OPO, which intrinsically guaran-
tees that these entangled modes have large frequency intervals
and enough bandwidth. All these obtained entangled sideband
modes have a bandwidth of more than 32 MHz, which is of
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Fig. 1. Experimental setup of the high-order entangled side-
band mode generation. MC, mode cleaner; SHG, second-harmonic
generator; OPO, optical parametric oscillator; WGM, waveguide
phase modulator; RF, radio frequency source; LO, local oscilla-
tor; RFC, ring filter cavity; BHD, balanced homodyne detector;
SA, spectrum analyzer; PD, photodetector; FI, Faraday isolator;
HR, high-reflection mirror; DBS, dichroic beam splitter; BS, beam
splitter; FM, flip mirror; EOM, electro-optical modulator; PS, phase
shifter; Ed, electronic delay.

vital importance for practical frequency-multiplexing quantum
communication [10,11].

A schematic of our experimental setup is illustrated in Fig. 1.
The squeezed state preparation, including spatial-temporal
filtering, polarization purifying, pump beam generation, LO fre-
quency shifting, and squeezed state generation, is similar to that
of our previous works [24,29,30]. Different from the generation
of a two-mode squeezed state [31-33], the entangled sideband
modes are generated by separating the symmetrical sideband
modes around the carrier mode. Since there are not enough
coherent amplitudes at these sideband modes of an optical
squeezed state, the extraction of these signals, which are needed
for actively filtering the cavities and relative phases between LOs
and signals in the downstream experiment, is impossible [34].
In order to solve the problem, a frequency-comb-type beam that
is generated from a fiber coupled waveguide phase modulator
(WGM) is employed as an auxiliary light control [24].

The RFC that adopts a triangular-shaped cavity design is
located behind the OPO. The RFC resonates with upper sideband
modes, while reflecting the rest, particularly the lower sidebands
that are symmetric with the transmitted sidebands along half
the pump frequency. The RFC has a FSR of 1.29 GHz and
linewidth of 80 MHz, which can effectively separate the upper
sideband modes from the corresponding lower sideband modes,
not narrowing the bandwidth of the sideband modes. The sepa-
rated sideband modes interfere with the corresponding LOs on
a 50:50 beam splitter and directed toward two pairs of BHDs to
measure the correlation noise [35].

To accurately evaluate the loss of entangled sideband modes in
the separation process, we used a photodetector and oscilloscope
to collect the reflection signals of the RFC of different polarized
light fields [36,37], as shown in Fig. 2. The P-/S-polarization
resonance modes of the RFC are non-degenerate due to the
dispersion of the input/output coupling mirrors. We normal-
ize them to the same resonant position for visual convenience.
It can be inferred that the transmissivity and linewidth of the
filter cavity of different polarized light fields are 77ps) = 98.0%
(96.5%) and Avps, = 80 MHz (24 MHz), respectively. Under the
resonating and detuning conditions of the RFC, the squeezing
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Fig. 2. Measurement results of RFC transmission loss for differ-
ent polarization beams. Trace (i): theoretical reflection curve of the
RFC with perfect impedance matching and mode matching. Trace
(ii) and trace (iii): reflection signals of P- and S-polarization beam.
Trace (iv): DC reference with the detector blocked. Trace (v) and
trace (vi): DC signals with P- and S-polarization on resonance. The
inset shows the unabridged FSR to infer the linewidth of the RFC.

noise variances measured at transmission and reflection ends of
the RFC are 8.2 dB and 9.0 dB at the analysis frequency of 1
MHz without subtracting electronic noise. Considering that the
squeezing level at the output of the OPO is 12.0 dB, we can infer
that the transmission loss of the RFC is 2.7% [38]. The value of
n decreases by the Lorenz function with the analysis frequency.

In addition to the loss, the separation process of entangled
sideband modes also results in a time delay, which leads to the
degradation of the quantum correlation that is dependent on
the analysis frequency [26,28]. For a near-impedance-matching
RFC, the additional time delay T of the transmission field
is dependent on the Q factor of the RFC, which can be
approximately expressed as [39,40]

_ 2

T .
Wy

(1)
According to the expression Q = w, /(27 X Av) for the Q factor,
T can be transformed into 7 = 1/(x X Av) (Av is the cavity
linewidth). By virtue of the measurement results of the RFC
parameters above, T (3.9 ns for P-polarization, 13.2 ns for S-
polarization) can be obtained.

For implementing BHDs on sideband modes, six pairs of
frequency-shifting LOs are prepared by utilizing WGMs and
subsequent optical mode cleaners. Each WGM is modulated
by a radio frequency (RF) source with a frequency of approx-
imately Q, = n X FSRepo (1 is an integer, FSRepo is the FSR
of the OPO). Before performing each measurement, we contin-
uously tune the modulation frequency near 2, to optimize the
correlation noise variances of sideband modes.

To confirm the effect of the time delay T, we first measure
the correlation noise variances of first-order sideband modes.
Figure 3 presents the measurement results for the analysis fre-
quency range from 2 MHz to 10 MHz. With the signal ports
of the two BHDs blocked, the output of the joint measure-
ment corresponds to the SNL, shown in trace (i). Without delay
compensation, the noise variances degrade with the analysis fre-
quency, shown with trace (ii) for the P-polarization resonance
mode of the RFC and trace (iii) for the S-polarization one. The
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Fig. 3. Correlation noise variances of first sideband modes with
P-polarization and S-polarization resonating, under the conditions
of with and without delay compensation. The noise peak of trace
(iv) at 5.3 MHz comes from the coupling of electronic noise.

sharp change of noise variances with the analysis frequency is
mainly caused by the time delay T that originates from the RFC.
With delay compensation through electronic delay at the output
of BHD?2, the bandwidth of the noise spectra is effectively opti-
mized, shown with trace (iv) and trace (v). All of these dashed
lines are the theoretical results. Owing to the narrower linewidth
of the S-polarization resonance modes, there is a larger loss for
the sideband field far away from the central one, degrading more
severely the noise variances for the high-frequency band. It is
worth noting that we employ different electronic delays to com-
pensate the time delay 7" from S-polarization and P-polarization
resonance modes. To achieve optimal compensation, the time
delay introduced from the electronic delay should be equal to T
of the RFC. Nevertheless, the electronic delay is 3.5 ns and 12.7
ns for P-polarization and S-polarization resonance modes of the
RFC, respectively. The electronic delay has a slight difference
from T of the RFC, which is mainly attributed to the measure-
ment error. The results further confirm the dependence of T on
the Q factor.

By tuning and optimizing the modulation frequency and the
corresponding RF modulation power, we in turn obtain noise
power spectra of quadrature amplitude sum and phase differ-
ence of the first- to sixth-order entangled sideband modes. The
P-polarization resonance mode of the RFC has a linewidth of
80 MHz, which is more than the linewidth of the OPO (68
MHz). Thus, the separation process of the upper and lower
sideband modes is performed by employing P-polarization res-
onance of the RFC to reduce the separation loss. Figure 4
shows the measurement results at an analysis frequency from
5 MHz to 45 MHz, without the electronic noise corrected. Here,
two BHDs are switched into broadband mode, which inevitably
decreases the clearance between the shot noise and electronic
noise, then degrades the measured correlation noise. The entan-
glement bandwidth can be defined as the spectral width over
which the correlation noise variance increases from its low-
est variance V at small Fourier frequencies to V + 0.5 (1 - V)
[41]. By definition, all of the six pairs of entangled sideband
modes have a bandwidth of more than 32 MHz, which is of vital
importance for high-efficiency frequency-multiplexing quantum
communication. The degradation of the measured entanglement
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Fig. 4. Noise power spectra of quadrature amplitude sum and
phase difference of six pairs of entangled sideband modes. The
results are recorded at an analysis frequency from 5 MHz to 45 MHz,
with a resolution bandwidth of 300 kHz and a video bandwidth of
200 Hz. Trace (i) is the SNL. Trace (ii) and trace (iii) represent
the noise power of quadrature amplitude sum and phase difference,
respectively.
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Fig. 5. Optimal correlation noise variances of the first- to sixth-
order entangled sideband modes. The results are recorded at an
analysis frequency of 1 MHz. The variances of quadrature amplitude
sum and phase difference are unbiased and the distinction can be
ignored.

degree with the Fourier frequency is mainly attributed to the
limited bandwidth of the OPO and BHDs. In future, the entan-
glement bandwidth can be improved by optimizing the OPO and
BHDs.

Further, we measure the optimal correlation noise variances
of the first- to sixth-order entangled sideband modes by employ-
ing narrowband and high-gain BHDs. Here, the BHDs have a
clearance of 25 dB at 1 MHz, which corresponds to an equivalent
loss of 0.33% [42]. Thus, the influence of the electronic noise
on the measured results can be neglected. Figure 5 presents
the measured results at an analysis frequency of 1 MHz. The
entanglement degree of the first- to fifth-order entangled side-
band modes is approximately 8.0 dB. The slight difference of
entanglement degree with order number » mainly comes from
the separation efficiency of the RFC. The sixth-order entangled
sideband modes have an entanglement degree of about 6.1 dB,
which is obviously less than that of the first- to fifth-order entan-
gled sideband modes. It should be noted that the degradation
of the entanglement degree is not due to the parametric pro-
cess. At a modulation frequency of Q, = 6 X FSRpo, there is a
smaller signal amplitude for the RF source, a lower modulation
efficiency, which limits the clearance of the BHDs. Therefore,
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the measured entanglement degree severely deviates from the
generated value.

In summary, we have experimentally demonstrated six pairs
of entangled sideband modes by employing a broadband RFC to
separate the upper and lower sideband modes of one squeezed
light field. Owing to the additional phase delay originating from
the transmission process of the RFC, the generated sideband
entanglement states have a limited bandwidth. We confirm the
dependence of the time delay T on the Q factor of the RFC
and propose a compensation scheme based on electronic delay.
Exploiting the electronic delay compensation scheme, the band-
width of independent entangled sideband modes is expanded to
dozens of megahertz. Compared with the existing experimental
demonstration scheme of entangled sideband mode detection
which focuses on a single analysis frequency or minor band-
width of several megahertz [23,24,34,35], our results represent
a considerable improvement in bandwidth and channel numbers.
At the same time, the maximum entanglement degree reaches
8.1 dB.

We expect to construct and detect entangled sideband modes
with more channels, utilizing a new generation scheme of
frequency-shifting LOs [43], or all-optical cavity enhanced
parametric homodyne detection [44,45]. The quantum resource
promises to provide a solution for the increase of communication
capacity in a practical quantum communication system.
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