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Generating a bandwidth-tunable squeezed state via phase manipulation of
entangled sideband modes
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A squeezed state is one of the most vital quantum resources in quantum information processing. The
extensive attention has increasingly shifted to not only the squeezed degree but also the squeezed band-
width in quantum precise measurement. Here, we demonstrate the generation of a bandwidth-tunable
squeezed state by exploiting the entangled sideband modes and the postprocessing scheme, with the quan-
tum noise reduction of 8.0 4= 0.3 dB across a wide frequency range from 10 Hz to 10 MHz. Moreover, the
bandwidth and rotation frequency can be conveniently manipulated in the whole frequency range accord-
ing to the application requirement. There is no doubt that the demonstration will open up some potential
applications about squeezed-state interaction with atoms.
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I. INTRODUCTION

Squeezed light, in which the uncertainty in one of the
quadratures is reduced below the shot-noise limit (SNL)
and in the conjugate quadrature the uncertainty is ampli-
fied, belongs to the most common nonclassical resource
[1,2]. The parametric down-conversion process has been
proved to be the most successful scheme for squeezed-state
generation, which has continually held the highest squeez-
ing factor record [3—5]. Dependent on the bandwidth of
optical parametric oscillator (OPO), squeezed light has an
intrinsic bandwidth from several of MHz to tens of THz
[6-8]. In theory, the squeezing factor is optimal at low
Fourier frequency, and degrades with the increase of the
Fourier frequency since the OPO is a low-pass filter [9].
Limited by the laser noise and nonlinear noise coupling,
the maximum squeezing factor is at MHz with a quan-
tum noise reduction of 15 dB, not in the audio band and
even lower [4]. For the application of gravitational-wave
detection, 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 [10,11]. On the other
hand, some important applications, including atom absorp-
tion and spontaneous emission spectra measurement, need
a bandwidth-tunable squeezed state with a narrow band-
width to mitigate the line-narrowing effects of atom sys-
tems [12—14]. Unfortunately, it is unattainable to produce
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a squeezed state by directly manipulating the linewidth of
the OPO cavity without sacrificing the squeezing factor
[9]. Therefore, it is urgent that a generation scheme of a
bandwidth-tunable squeezed state should be proposed to
satisfy the interaction with an atomic ensemble.

In principle, we can manipulate the bandwidth of a
squeezed state by rotating the squeezed angle at a pre-
determined frequency, confining quantum noise reduction
to a small frequency range. The squeezing of a squeezed
field derives from quantum correlations between each pair
of symmetric sidebands around the half pump frequency
[15—18]. By tuning the relative phase between the symmet-
ric sideband modes, the correlation noise of two sideband
modes changes from squeezing noise to antisqueezing
noise. By the employment of an additional narrowband
filter cavity (FC), the reflected sideband modes have a dif-
ferent phase shift that depends on the detuning from the
resonant frequency, causing a rotation of squeezed angle
[19-22]. The narrower the linewidth of the FC turns out
to be, the lower the rotation frequency can be accurately
observed. To realize the bandwidth-tunable manipulation
at ultralow frequency, the FC should have ultranarrow
linewidth, which faces challenges of complexity and cost
[23-25]. Besides, the electromagnetically induced trans-
parency media also can be regarded as a dispersive device
to manipulate the squeezed angle by controlling the atomic
density or driving field intensity [26]. The optomechanical
squeezing that exploits the quantum nature of the mechan-
ical interaction between laser and a membrane mechanical
resonator also dynamically tunes the squeezed bandwidth
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[27-29]. These methods mentioned above rely on addi-
tional optical components, such as external FCs, atomic
vapor cells, and optomechanical coupling systems, which
inevitably causes an excess loss. In a laser interferometer
measurement system, utilizing the interferometer operat-
ing in a detuned configuration as both a measurement appa-
ratus and a filter cavity, the upper and lower sidebands of
the squeezed field undergo a frequency-dependent differ-
ential phase delay, resulting in a quadrature rotation. The
scheme avoids an external FC that is complex and expen-
sive. But its application is limited to the measurement
system based on an interferometer [30—32].

In this paper, we present an alternative strategy for
preparing a bandwidth-tunable squeezed state by utiliz-
ing the entangled sideband modes and the postprocessing
technique. The squeezed state is experimentally prepared
with a bandwidth from 10 Hz to 10 MHz. Subsequently, a
triangular-shaped ring filter cavity (RFC) is employed as
the frequency-dependent filter to separate the upper and
lower sideband modes. The noise variances of the two
sideband modes are measured in virtue of two pairs of
balanced homodyne detectors (BHDs). We construct an
algorithm that can rotate the squeezed angle with arbi-
trary frequency, and perform the postprocessing on the
output of one of the BHDs. At last, the correlation noise
between two sideband modes is obtained, demonstrating
the characteristic of similar low-pass, high-pass, and band-
pass filters. The demonstration provides a valuable scheme
for the bandwidth-tunable squeezed state, which will open
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Schematic of the quantum squeezed-state generation and manipulation. (a) Broadband squeezing, (b) periodic squeezing,

up some potential applications in atom absorption and
spontaneous emission spectra measurement.

II. EXPERIMENTAL SETUP

The squeezing of a squeezed state derives from quan-
tum correlations between each pair of symmetric side-
band modes around the carrier within the phase-matching
bandwidth of the nonlinear crystal [15,33]. Frequency-
independent squeezed state can be directly generated from
an OPO. Utilizing a local oscillator (LO) as an auxil-
iary beam, we can measure the correlation noise of the
upper and lower sideband modes, which is equivalent to
no phase delay between two sideband modes [34]. Then
the squeezed angle, which is dependent on the pump phase,
remains constant as shown in Fig. 1(a), generating a broad-
band squeezed state. Figure 1(b) shows the correlation
noise of the upper and lower sideband modes at a con-
stant (nonzero) phase delay, which presents a periodic
oscillation with Fourier frequency, corresponding to a rota-
tion of squeezed angle [6,35,36]. The oscillation period
decreases with an increase in the phase delay. Therefore,
we cannot independently select the bandwidth and rota-
tion frequency. We expect to construct a like-dispersion
delay model to address the problem that originates from the
constant phase delay. As shown in Fig. 1(c), utilizing the
postprocessing algorithm, we develop the equivalent of the
FCs, converting a frequency-independent squeezed state
into a frequency-dependent one. The data processing and

Noise ellipse rotation

(c) bandwidth-tunable squeezing. The first column synthesizes the experimental setup, the second column presents the data processing
and noise variance distribution of the quantum squeezed states, and the third column shows the noise ellipse rotation in the sideband
picture. The X and P are amplitude and phase quadrature in the phase space, respectively, and /' denotes the Fourier frequency. OPO,
optical parametric oscillator; BHD, balanced homodyne detector; FM, flip mirror.
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FIG. 2. Experimental setup of the bandwidth-tunable squeezed-state generation. (a) Optical unit, (b) data acquisition and analysis
unit, (¢) frequency diagram at three different locations in phase control loop: (I) entangled sideband modes, (2) phase control auxiliary
beam AUXp, () heterodyne beat control beam. The ) is the optical frequency of the carriers and sideband modes. OPO, optical para-
metric oscillator; FI, Faraday isolator; PS, phase shifter; RFC, ring filter cavity; AOM, acoustic-optic modulator; WGM, waveguide
electro-optic phase modulator; AUX, auxiliary beam; PD, photodetector; PBS, polarization beam splitter; BHD, balanced homodyne

detector; LO, local oscillator.

the noise variance distribution of the squeezed states are
shown in the middle column of Fig. 1, the black curves rep-
resent the SNL. The third column shows the noise ellipse
rotation in the sideband picture.

The detailed experimental setup is shown in Fig. 2.
The squeezed state is produced through an OPO that is
a semihemilithic optical resonator containing a periodi-
cally poled KTiOPO4 (PPKTP) crystal. The design of the
OPO is based on earlier experiments presented in [37—
39]. The OPO has a free spectral range (FSR) of 3.325
GHz. Since high-order sideband modes have no coherent
amplitude, they cannot directly obtain the error signal for
the downstream experiment [36]. In the previous experi-
ment, we employ a waveguide electro-optic phase mod-
ulator (WGM) to generate a frequency-comb-type auxil-
iary beam that manages the RFC and relative phase in
the downstream experiment [37—39]. Unfortunately, under
this scheme each vacuum sideband mode of the squeezed
state has the same frequency with corresponding auxiliary
control beam. Each comb of the auxiliary beam has consid-
erably high technical noise at low frequency, which limits
the generation of the low-frequency squeezed state.

To address the question, it would be specially mentioned
that two additional acoustic-optic modulators (AOMs) are
inserted into the optical path to generate a frequency shift
of 20 MHz for each modulation sideband of the WGM.
Two AOMs operate at the modulation frequencies of +110
and —90 MHz, respectively [40,41]. The WGM has a mod-
ulation frequency of 3.325 GHz, which equals the FSR
of the OPO. The output from the WGM, including the
carrier and modulated sidebands, acts as the phase-control

auxiliary beam (AUXGp). The carrier of the AUXp is phase
locked to 0 with that of the squeezed beam via the hetero-
dyne beat control technique. The error signal is extracted
from the photodetector PD; with the demodulation fre-
quency of 20 MHz [42]. For the corresponding sideband
mode, the AUXp and the squeezed state have a constant
frequency difference, as shown in Fig. 2(c) [43]. There-
fore, the relative phases between each sideband and its
corresponding auxiliary control beam are naturally locked.
The influence of weak frequency shift (20 MHz) from the
entangled sideband mode on the system performance can
be neglected.

The low-loss RFC, located behind the OPO, serves
as a frequency-dependent beam splitter to separate the
entangled sideband modes. The upper sideband mode
resonates with the RFC, and thus a corresponding fre-
quency component is transmitted, while the lower side-
band mode is completely reflected. It should be noted
that the RFC is primarily used to separate the sideband
modes and further detect the sideband entanglement, rather
than introducing the detuned phase like an optical FC
for frequency-dependent squeezed-state generation. More-
over, the stable and unbiased control of the RFC length
is essential for low-loss sideband separation. We employ
another auxiliary beam (AUX() with orthogonal polariza-
tion to actively control the cavity length of the RFC. The
AUXc is reversely injected to the RFC to avoid the par-
asitic interference, its frequency is precisely manipulated
by an AOM-based frequency-shifted unit. The separated
sideband modes interfere with the corresponding LOs on
a 50:50 beam splitter and are directed toward the BHDs
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to measure the quantum noise. The generation of the
frequency-shifting LOs is similar with our previous works
[37-39]. The LO phases are simultaneously locked to 0
(7 /2) by extracting the signals from the ac (dc) output of
two BHDs. The signals detected by two BHDs are split
into two parts via the power splitters, one is for time-
domain data acquisition by an oscilloscope, another is for
frequency-domain measurement via a spectrum analyzer.
The time-domain data are postprocessed to generate the
noise variance.

III. EXPERIMENTAL ANALYSIS AND RESULTS

With the pump power P; = 175 mW, a maximum corre-
lation noise of 8.0 £ 0.3 dB below the SNL at the Fourier
frequency from 10 Hz to 1 kHz is directly obtained from
the spectrum analyzer, corresponding to an anticorrela-
tion noise of 18.0 &= 0.4 dB. The result also serves as the
reference for theoretical analysis and postprocessing result.

The noise variances of the squeezing (V) and anti-
squeezing (V,) can be expressed as [44]:

_ 4n/Pi /Py
(1 & VPI/Pg) +4(f/)>

where 7 is the total efficiency, Py, is the threshold power
(280 mW), « is the linewidth of the OPO (68 MHz),
f is the Fourier frequency. The escape efficiency e, =
T/(T + L) of the OPO is 98.3%, dependent of the coupling
mirror power transmissivity 7 and the intracavity round-
trip loss L. The propagation efficiency nprop is 95.0%, the
electronic efficiency neje 1S 99.7%, the quantum efficiency
Nphoto Of the photodiode is 99.0%, and the homodyne
contrast efficiency nys is 97.0%. From these results, we
estimated the system total efficiency as [4]

Vs/a =1 (1)

11 = NescNpropMeleTphotovis = 89.0%. (2)

Except for the optical loss, the phase fluctuation between
the signal and LO field changes the noise variances distri-
bution in phase and amplitude quadrature. When the phase
fluctuation 6 is considered, the noise variance accordingly
changes as

V. = V,cos’ 6 + V,sin 6. ?3)

In our prior work about the generation of broadband-
entangled sideband modes [6], the constant time delay
caused by the resonance RFC has been analyzed, which
leads to the degradation of the quantum correlation noise
in the high-frequency band. Via an electronic delay com-
pensation scheme, the broadband frequency-independent
entangled sideband modes are experimentally obtained.
The same phenomenon is also verified in four-wave mix-
ing system, where different group velocities between the

correlated probe and conjugate signals leads to the similar
results [35,45]. Consequently, the noise variance exhibits
periodic oscillations with the Fourier frequency /' and the
time delay ¢ In this context, the noise variance can be
described as follows:

Vieriodic = Vs cos*(tf 1w + 0) + V,sin®(tf +6).  (4)

Figure 3 presents the measurement results and theoret-
ical curves of the correlation noise at a constant phase
delay, with the noise power normalized to the SNL. To
construct an apparent oscillation in the squeezing spectrum
at low frequency, a long-time delay between the upper
and lower sideband modes is required. However, realizing
lossless time delay presents significant challenges in the
actual experiment. In order to overcome the limitation, we
adopt a postprocessing technique, which involves manip-
ulating the time-domain signal. The time-domain data of
the BHD A and BHD B are acquired through the oscillo-
scope (MDO3014, Tektronix), which has a sampling rate
fs of 2 kS/s, a sampling time of 1 s, corresponding to the
total samples N of 2000. There exists a time interval of
0.5 ms between each sample. From these parameters, we
can infer that the frequency range of the collected data is
from 1 Hz (fiin = f5/N) to 1 kHZ (fnax = f5/2). As shown
in Fig. 3 (10 Hz—1 kHz), the blue horizontal line represents
the SNL that is collected by blocking the squeezed beam.
By artificially introducing time delays (1, 2, and 3 ms) and
adding the two sets of data from BHD A and BHD B, we
can further process these data using the LPSD (logarith-
mic frequency axis power spectral density) algorithm and
obtain the relative noise power spectrum [46]. The corre-
lated noises with different periods are represented by the
yellow, green, and purple traces in Fig. 3, respectively.
The squeezed angle exhibits periodic rotation instead of
remaining fixed at a single transition frequency point. It
should be emphasized that these measurements were con-
ducted when both LOs phases were locked at 0. The spikes
detected at frequencies such as 25 and 50 Hz can be
ascribed to the electrical crosstalk from the power supply
module.

To generate the bandwidth-tunable squeezed state, a dis-
persion function model is employed to complete the noise
ellipse rotation. Introduced the differential phase in one
half of symmetric sideband modes, the relative phase as
a function of the Fourier frequency, could be expressed as
[47,48]

1
@s(f) =m + 3 arg[p(f)], (5)

SR — SRy /s
PU) =77 JRiRye?n U s’

(6)
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FIG. 3. Relative noise power spectrum of the periodic squeez-
ing, which is generated by introducing a constant phase delay.
The digital time delays of 1, 2, and 3 ms correspond to the yel-
low, green, and purple lines, respectively. The experimental data
(solid lines) are in good agreement with analysis results (dashed
lines).

where the p(f) is the transfer function, R; and R, are
the power reflectivities of the input and output coupling
mirror, § is the FSR of the optical resonator, and f; is
the cavity detuning frequency. The noise variance of the
bandwidth-tunable squeezed state is

Vbandwidth tunable = Vs cos [ — os(f)]
+ Vasin’[p — oi(1)], (7)

where ¢ is the readout angle, which determines the direc-
tion of the squeezed ellipse projected. The generation
mechanism of the bandwidth-tunable squeezed state can be
understood through a sideband picture, where the squeezed
angle is determined by the relative phase between the
upper and lower sidebands at each frequency. The upper
sideband is at far detuning, while the lower sideband
reflected from the optical resonator has a frequency-
dependent phase delay, resulting in the squeezed angle
rotation.

Figure 4 shows the relative noise power spectrum of
the bandwidth-tunable squeezed state by the employment
of the postprocessing method. The time-domain signals
from BHD A and BHD B are simultaneously collected
in a similar manner, then sent to postprocessing. With the
time delay of 0, by performing the addition (subtraction)
algorithm for the two sets of data, we can obtain the cor-
related noise spectrum V; (anticorrelated noise spectrum
V,), as shown in Fig. 4(a). The black curves are SNL,
which are obtained by only injecting LO field into the
BHDs, and the red curves and blue curves are the squeez-
ing and antisqueezing noise spectrum, respectively. The
correlated noise variance has a quantum noise reduction
of 8.0£ 0.3 dB at the Fourier frequency of 10 Hz—10
MHz, while the anticorrelated noise variance is amplified
to 18.0 £ 0.4 dB. The processing results of time-domain
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FIG. 4. Relative noise power spectra of the bandwidth-tunable
squeezing. (a) Measured relative noise power spectra of the
broadband squeezing from 10 Hz—10 MHz. The black, red, and
blue curves represent the shot-noise limit, squeezing, and anti-
squeezing noise, respectively. (b)—(d) Relative noise power spec-
tra of the bandwidth-tunable squeezing with different squeezed
frequency range. Trace (I)«III) represent the band-pass, low-
pass, and high-pass filters, respectively.

data are in good agreement with the measurement result
ones that utilizes the spectrum analyzer. Subsequently, we
perform the time delay for one of the time-domain sig-
nals by employing a dispersion function model analyzed
above. The processing results are added (subtracted) with
another time-domain signal, obtaining the relative noise
power spectrum of bandwidth-tunable squeezing shown in
Figs. 4(b)-4(d). In the three illustrations, curve (I) repre-
sents the band-pass result, which are prepared under the
condition that the optical resonator is at semidetuning and
the detection phase is locked to 7 /2. In a similar way,
we can generate the squeezed state with a quantum noise
reduction at low frequency [curve (II)] or at high frequency
[curve (II1)], which corresponds to the low-pass and high-
pass filters. All these results are normalized to the vacuum
noise. During this process, multiple parameters, including
the detuning amount, the linewidth of the optical resonator,
and the readout angle, are optimized for different frequency
bands. The demonstration provides a valuable generation
scheme of the bandwidth-tunable squeezed state.

IV. CONCLUSION

In summary, we have generated a bandwidth-tunable
squeezed state in virtue of the postprocessing technique.
Thanks to the generation of the low-frequency squeezed
state in our previous work [11], the bandwidth-tunable
squeezed state has a quantum noise reduction of 8.0 £
0.3 dB across a wide frequency range from 10 Hz to

044021-5



YIMIAO WU et al.

PHYS. REV. APPLIED 23, 044021 (2025)

10 MHz. We have constructed an algorithm that simu-
lates the squeezed angle rotation with arbitrary frequency,
demonstrating the noise characteristic of similar low-pass,
high-pass, and band-pass filters. Furthermore, the rota-
tion frequency can be conveniently manipulated according
to the application requirement. The flexible scheme will
open up some potential applications about squeezed-state
interaction with atoms.
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