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Frequency-modulated continuous-wave (FMCW) lidar offers high precision and strong interference resistance,
capable of synchronously measuring target motion speed and vibration information. However, extracting tar-

get information using single-photon signal levels poses a critical challenge in extreme conditions. In this study, we
proposeasingle-photon level FMCW lidar scheme. Quantum compressed sensing (QCS) is employed to simultane-
ously extract target distance and vibration information. Experimental results demonstrate successful synchronous
detection at a beat frequency of 27.304 kHz and a vibration frequency of 500 Hz within an integration time of
0.125 s at a photon counting rate of 9 kcps. This approach provides a new, to the best of our knowledge, solution

for FMCW radar application in extreme environments or long-range scenarios.
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1. INTRODUCTION

Lidar is extensively employed in various industries, including
defense, civil applications, and other fields, and has become an
integral component of numerous equipment. In comparison
with intensity measurement-based lidar techniques such as
time-of-flight [1-6] and amplitude-modulated continuous
wave, frequency-modulated continuous wave (FMCW) lidar
utilizes coherent detection for acquiring target depth informa-
tion, thereby exhibiting superior resistance against ambient
light and stray light interference [7-12]. Simultaneously, by
leveraging Doppler frequency shift information, it enables the
synchronous extraction of target motion speed and vibration
data [13-17], thus providing a more comprehensive dimension
for data analysis.

However, in certain extreme environments such as long
distances or foggy conditions, the detection terminal may only
receive a limited number of photons [18-21]. The current
single-photon lidar technology based on time-of-flight and pho-
ton counting has achieved remarkable advancements in imaging
distance, reaching an astonishing 200 km [22]. Nevertheless,
for FMCW lidar systems, which extract target distance and
speed information through interference frequency analysis of
signal and reference lights [23-26], traditional photon counting
technology fails to meet the detection requirements due to its
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prolonged integration time. In 2006, Luu ez a/. proposed to
use single-photon detector array to improve the photon count
rate to reduce the integration time, reconstruct the interference
waveform through multiple measurements to reduce the shot
noise, etc., and obtain the interference signal frequency through
Fourier transform [27]. In 2008, Jiang ¢z a/. discussed in detail
the optimal selection of local oscillator intensity, pointing out
that single-photon detectors have very small electronic noise and
can reach the limit of shot noise when the reference light is weak
[28].In 2013, Erkmen ez a/. proposed the maximum likelihood
estimation method, using a single-photon detector to estimate
the beat frequency of interference signals [29]. In the same
year, Barber ez a/. discussed in detail the photon number and
information efficiency required for FMCW laser ranging from
the perspective of information theory [30]. In 2021, Chen ez a/.
carried out sparse sampling through the traditional compressed
sensing 1-bit quantization model to realize FMCW lidar based
on single-photon detection [31,32]. From the above work, it
can be seen that the study of single-photon FMCW lidar and its
application isa trend in the future development of this field.

In this paper, we propose a FMCW single-photon ranging
and vibration measurement system based on QCS, which
enables simultaneous recovery of distance and vibrational
frequency information of the target through discrete photon
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detection. By leveraging the principle of QCS, our system
constructs a compressed sensing framework utilizing the ran-
domness inherent in coherent photon measurement collapse,
thereby facilitating accurate recovery of broadband interfer-
ence frequencies. The inherent uncertainty in quantum state
measurement endows the measurement matrix in the com-
pressed sensing algorithm with genuine randomness. In contrast
with the pseudo-random matrix generated by conventional
algorithms, this true randomness possesses a more universal
nature, reducing our system’s reliance on prior knowledge or
assumptions regarding specific signal structures and thereby
enhancing accuracy and robustness in signal reconstruction.
Our experiments demonstrate the successful measurement of
range and vibration information using single-photon FMCW
lidar, thereby overcoming the limitations of traditional coherent
detection in capturing single-photon beat frequency sig-
nals. This breakthrough technology holds great potential for
applications in vehicle condition monitoring, bridge vibra-
tion testing, industrial production monitoring, and other
extreme environments requiring precise range and vibration
detection [33].

2. THEORY OF SINGLE-PHOTON FMCW LIDAR

The core principle of FMCW [11] lidar is to emit a laser beam
with a continuously changing frequency, while receiving the
reflected laser signal from the target object. The key to accurate
measurement is to analyze the frequency difference between the
transmitted signal and the received signal. In the time domain,
the modulated signal is represented as a waveform diagram of
the frequency density changing with time, as shown in Fig. 1(a).
The spectral performance is shown in Fig. 1(b). In the time-
frequency diagram, the frequency increases linearly with time, as
shown in Fig. 1(c).

In this experiment, a Pound-Drever-Hall (PDH) laser fre-
quency stabilization system was added at the light source. The
system mainly measures the frequency of the laser through the
Fabry—Perot cavity and feeds back the measured results to the
laser to suppress the frequency fluctuation, which is an active
feedback adjustment mode. In the actual measurement process,
the system can generate error signals and actively feed back
to the laser to realize the stable control of the laser output fre-
quency. This effectively improves the time resolution, allowing
the system to measure time delays or frequency changes more
accurately. The light source for an FMCW lidar is a linear fre-
quency modulated laser, which is then split into two beams by
the beam splitter [34-37]. One beam serves as the signal light,
while the other acts as the reference light. Upon reflection from
the target, the outgoing signal light is received at the receiving
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end and interferes with the reference light. Due to time delay
experienced by the signal light during transmission, solving
for beat frequency enables acquisition of distance information
regarding the target

I— cT/n
2B

s (1

where L is the target distance, 7 is the frequency modula-
tion period, B is the frequency modulation bandwidth, 7 is
the medium refractive index, and f} is the beat frequency.
Ideally, the range resolution depends only on the modulation

bandwidth
c/n

AL=—
2B

: 2
where the ideal beat signal frequency resolution A f;, =1/T.
However, in the practical detection system, the spectral
linewidth of the beat signal will be diffused during measurement
due to laser phase noise and frequency modulation nonlinearity.
The range resolution AL is determined by the modulation
bandwidth and the spectral linewidth of the beat signal:

_cT/n
- 2B

AL

A fp, Aﬂ>lT. (3)

For a target with vibration characteristics, its velocity com-
ponent in the direction of optical transmission will cause the
signal light to produce a Doppler shift, resulting in a change
in the phase of the reflected light. After the interference of the
reflected light and reference light, the phase difference between
the two beams can be obtained, and the vibration frequency
information of the target can be extracted accordingly.

Under classical optical conditions, the optical field is in a
coherent state, and frequency modulated continuous wave
(FMCW) lidar utilizes the interference effect of the optical
field to recover target distance and vibration information.
Interference is a manifestation of the wave nature of light,
describing the relationship between the phases of light waves.
By analyzing the position of interference fringes or the variation
of interference signals, distance information of the target can
be extracted. Typically, classical electromagnetic theory can
be used to describe the propagation of the optical field and
interference phenomena. However, under extreme conditions
such as long distances or heavy fog, the receiver can only receive
a small amount of discrete photon signals. It cannot be simply
assumed that the photons are in a coherent state. It is necessary
to consider the wave and particle properties of photons. This
means that not only the interference effect of photons must be
taken into account but also the time and position of individual
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Fig.2. QCS sampling and signal reconstruction, where (a), (b), (c) are the schematic diagrams, and (d) is the experimental result. (a) Initial quan-
tum state |or), which is a coherent state in this work. (b) Map of sparse signal x to be measured to the initial quantum state. In the experiment, the
time-varying signal x is mapped to the coherent state |) using a Mach—Zehnder intensity modulator, the output quantum state is expressed as |a*).
(c) When the photon is detected in the time domain at the level of single photon, it will randomly collapse to a certain time, and the probability of

measuring the collapse is directly related to the waveform, y’ = Ala*). (d) Spectral reconstruction is achieved by performing discrete Fourier trans-

form on photon arrival times.

photon arrivals. By accumulating the counting information
of single photons, we can reconstruct the distance informa-
tion of the target. In this case, quantum optics theory must be
employed to describe the behavior of the optical field and pho-
tons. Consequently, extracting target information from these
discrete signals poses a primary challenge to be addressed. Due
to the sparsity of the beat signal in the frequency domain, signal
compression measurement can be achieved for sparse signals in
the transformed domain, based on the principle of compressed
sensing.

Here, QCS can be defined as a signal processing technique
for efficiently acquiring and reconstructing signals from con-
siderably fewer samples than required by the Nyquist—Shannon
theorem by constructing a compressive measurement system
using quantum resources, such as quantum coherence, quan-
tum entanglement, etc. In this paper, the QCS method is used
to sample and reconstruct the beat signal. The information
extraction process is shown in Fig. 2. Its mathematical model
can be expressed as y' = Ala*), where o) is the initial quantum
state, as shown in Fig. 2(a). Map the sparse signal x to be mea-
sured to the initial quantum state to ensure that the measured
collapse probability distribution is consistent with the signal,
and the output quantum state is expressed as |@*), as shown in
Fig. 2(b). A denotes the observation operator, and y" denotes
the measurement result. The measurement operator of QCS
does not directly determine the measurement matrix, which is
formed only when the measurement occurs due to the random
collapse of the quantum state |a*). Since |a*) is directly related
to the measured signal x, the measurement matrix is determined

by the initial state |}, the measured signal x, and the measure-
ment operator A. The next step is to collect the arrival time of
the detected photon, as shown in Fig. 2(c). This is different from
the time and amplitude information required for traditional
sampling, because the signal output by the single photon detec-
tor is a standard pulse signal, which only represents the arrival
time of the photon and does not contain the intensity infor-
mation. Thus, assuming the amplitude of each pulse is one, the
horizontal axis corresponds to the collapse time of the photon.
In this work, the detected signal (i.e., |@*)) consists of the beat
frequency signal between the probe light and the reference light.
Respectively, we collect the |¢;, 0) and |e;, 0) for the 7 direction
and ; direction eigen state of two orthogonal vectors. Since
there is a time delay between the probe light and the reference
light, the corresponding phase difference ¢ will be generated.
The quantum expression of the beat signal is expressed as [38]

DPheac = [1 + exp (z'(p)] X (|ei, 0) (e;, 0] + |ej, 0) (ej, O|) .

Therefore, the beat signal is only determined by the phase
difference, and because the laser phase is linearly modulated, the
probability of the photon being detected varies periodically.

Mathematically, a coherent state is defined to be the eigen-
state of the annihilation operator 2 with corresponding
eigenvalue @, that is, Z|a) = a|a), where & = |a|eV, || and
Y are called the amplitude and phase of the state |«). Similarly,
the detection of manipulated quantum state |o*) could also be
expressed as

. x :
) =ia)= —"—ae, (5)
max(x(;))
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since direct photon detection cannot reflect phase informa-
tion, without loss of generality, we can assume that ¥ = 0.
Equation (5) shows that the probability of photon detection is
proportional to the signal x(;). The result of the quantum state
s yms M KL
N} of length M (suppose x is a 1D discrete-time signal with

detection is a vector y' = {y1, y2,* , Yms -

length N), representing the photon arrival time-series.

For signal recovery, the time domain signals of random arrival
of photons are collected by a single-photon detector and time
interval analyzer. In this work, the single photon beat signal
is converted to the frequency domain by DFT, and the target
distance is solved by locating the main peak position of the
spectrum, as shown in Fig. 2(d). By solving the relative position
difference between the main peak and the first-order sideband,
the vibration frequency of the target can be obtained.

The essential differences between classical and quantum
detection are whether the properties of quantum physics are
exploited and whether quantum advantages are demonstrated.
In our work, the construction of the quantum compressed
sensing system is based on the randomness of the coherent state
measurement collapse, which is a fundamental property of
quantum physics and the basis of the widely studied quantum
random numbers. The classical compressed sensing obser-
vation matrix is constructed by using artificially constructed
pseudorandom numbers, and sub-Nyquist sampling of mea-
sured signals is carried out by an analog-to-digital conversion
module. In this work, the measured signal is a beat signal, but
because the received light intensity is sparse photon signal,
its waveform cannot be detected by analog-to-digital con-
version module, so the classical compressed sensing cannot
work. The method proposed in this paper uses sparse pho-
ton detection directly to extract beat frequency information,
which is also an embodiment of the advantage of quantum

measurement.

Fig. 3.
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3. EXPERIMENTAL SYSTEM AND RESULT
ANALYSIS

The experimental setup diagram of this study is illustrated in
Fig. 3. We used a narrow linewidth external cavity tunable laser
with a wavelength of 1550 nm as our light source. The free line
width of the laser is about 100 kHz. To ensure laser frequency
stability, we employ the PDH frequency-locking technique
to achieve linewidth compression of the laser frequency. After
compression, the laser linewidth reaches 13 Hz [39].

First, the laser output is split into two parts using an optical
fiber splitter. One part of the light is directed into a hyper-
stable cavity for frequency stabilization. After the output
passes through the hyperstable cavity, one end is transmitted
to Photoelectric Detector 2 (PD 2) for real-time frequency
monitoring, while the other end is transmitted to Photoelectric
Detector 1 (PD 1). The light received by the PD 1 is then trans-
ferred to an electrical mixer, and, after mixing with the reference
frequency provided by a function signal generator (Tektronix,
AFG3102) from the hyperstable cavity, it is transmitted to a
proportional integral derivative (PID) circuit for frequency
error calculation. Subsequently, the error signal is fed back to the
laser through the main output port of the PID, which is inputted
into the laser’s direct current coupling port to achieve higher
bandwidth noise feedback control. Additionally, the error
signal from the auxiliary output port of the PID is transmitted
to the piezoelectric ceramic end of the laser to compensate for
frequency drift caused by long-term laser transmission.

An electro-optic modulator (EOM) is utilized for loading
a linear frequency modulation signal. The EOM receives a
sawtooth waveform modulated radio-frequency (RF) signal
from an RF signal generator (Stanford Research Systems, Inc.
Model SG386), which is further amplified by an electrical gain
module (Mini-Circuits, ZVA-183 G-S+) to achieve linearly
modulated laser output. After the modulated laser beam is split
by a fiber beam splitter (BS), one portion is utilized as the signal
beam, while the other serves as the reference beam. The signal
light is collimated through a collimator head, with a mirror
serving as the target. The lens group collects and polarizes the
reflected light generated by the target before transmitting it to

Experimental setup. CIR, circulator; PD, photoelectric detector; FSG, function signal generator; RE, radio frequency signal generator;

EOM, electro-optic modulator; BS, 50:50 beam splitter; SPD, single-photon detector; TIA, time interval analyzer; OSC, oscilloscope.
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free space BS. Following its passage through a 200 m delayed
optical fiber, the reference light is attenuated to a level close to
the detection light intensity using an optical attenuator (Thor
Labs, VOA50-APC) and adjusting polarization. Due to the low
sweep rate of the radio-frequency source driven EOM, a2 200 m
delay fiber was added in the experiment, which increased the
time delay between the reference light and the signal light by
about 1 ps. Then, itis emitted into free space and interferes with
the detection beam at the beam splitter (BS).

In order to validate the accuracy of the system, we employ
classical and quantum detection techniques to compare the
interference signal detection outcomes. Initially, the inter-
ference beam is detected using a photodetector (Thorlabs,
APD430C/M), followed by collection of time domain signals
through an oscilloscope (LeCroy Wave Surfer 44MXs-B).
Subsequently, computer postprocessing software performsa dis-
crete Fourier transform (DFT) analysis. The target distance and
vibration information are obtained by analyzing the spectrum.
For single-photon detection, a dedicated single-photon detector
(ID230) is employed to capture photons, while their arrival time
is recorded using a high-precision time interval analyzer (TIA,
SIMINICS, FT1040). Subsequently, computer postprocessing
techniques are applied to determine the distance and vibration
information of the target using the QCS algorithm.

In theory, the range resolution is solely determined by the
frequency modulation bandwidth. However, in practical appli-
cation scenarios, the propagation of laser over long distances
introduces phase noise, thereby increasing the full width at
half maximum (FWHM) of the beat frequency spectrum, as
depicted in Fig. 4(a). In this experiment, the utilization of PDH
frequency locking technology effectively mitigates phase noise,
resulting in a significant reduction of the FWHM of the beat
frequency spectrum and an enhanced distance resolution. As
depicted in Fig. 4(b), the FWHM of the spectrum is reduced
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from 63 to 8.15 Hz. Figures 4(c) and 4(d) illustrate spectrum
obtained during vibration testing without and with frequency
locking, respectively.

A. Classical FMCW Vibration Measurement

In the experiment, a reflector was used as the target object for
distance and vibration testing, as shown in Fig. 5. The distance
difference between the reference end and the detection end was
set to be approximately 103.4 m, employing a linear frequency
modulation signal featuring a center frequency of 4.5 GHz and
modulation bandwidth of 3.3 GHz. A linear modulation signal
with a modulation period of 0.125 s was applied to modulate
the output laser frequency. The oscilloscope sampling rate was
set to 200 kS/s [the measurement results are shown in Fig. 5(a);
further, when the target is stationary, the beat signal exhibits a
center frequency of 27.304 kHz. At this juncture, Gaussian fit-
ting of the measured beat frequency spectrum yields an FWHM
value of 12.67 Hz, corresponding to a ranging resolution of
4.79 cm. In the vibration measurement, a loudspeaker is posi-
tioned behind the target to regulate the vibration amplitude and
frequency by connecting the signal input of the loudspeaker
to a function signal generator. Figure 5(b) shows the vibration
test spectrum diagram of the loudspeaker when the vibration
frequency is 100 Hz and the driving voltage is 100 mV (red line
in the figure), 400 mV (yellow line in the figure), and 500 mV
(blueline in the figure). Figure 5(c) shows the vibration test spec-
trum diagram of the loudspeaker when the vibration frequency
is 500 Hz and the driving voltage is 500 mV. It can be observed
that sidebands with frequency intervals of f; are presentaround
the center frequency. It can be concluded that the distance and
vibration frequency of the target can be extracted from the posi-
tions of the spectral peaks and sidebands in the spectrum. The
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(a) Spectrum of interference signal without frequency locking. (b) Spectrum of interference signal with frequency locking. (c) Vibration

spectrum without frequency locking. (d) Vibration spectrum with frequency locking.
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Interference spectrum of FMCW with classical photodetector. (a) Spectrum diagram of stationary target interference signal. (b) Vibration

test spectrum diagram of loudspeaker with vibration frequency of 100 Hz, driving voltage of 100 mV (red line in figure), 400 mV (yellow line in fig-
ure), and 500 mV (blue line in figure). (c) Loudspeaker vibration frequency is 500 Hz, driving voltage is 500 mV spectrum diagram. (b) and (c) are
collected when the sampling rate of oscilloscope is 200 kS/s. (d) Variation trend of normalized sideband amplitude.

variation in sideband intensity is closely related to the ampli-
tude of the target’s vibration. To determine the relationship
between sideband intensity and target amplitude variation,
experiments were conducted. The results shown in Fig. 5(d)
describe the trend of each order sideband as the speaker’s drive
voltage continues to increase from 20 to 1000 mV while keeping
the vibration frequency fixed at 100 Hz. As the vibration ampli-
tude of the target increases, the amplitude of the sideband also
increases, and when the amplitude of the vibration exceeds one
wavelength cycle (that is, 1550 nm), a second-order sideband
is generated and gradually becomes stronger. As the amplitude
continues to increase, the third-order sideband also has the same
trend. At the same time, due to the energy transfer between the
sideband, the amplitude of the high-order sideband increases,
while the amplitude of the low-order sideband decreases.
Figure 5(b) shows a fixed-noise signal around 300 Hz, which is
caused by residual amplitude modulation due to PDH locking.

B. Vibration Measurement by Single-Photon FMCW
Lidar

In the experiment of single-photon FMCW lidar range and
vibration measurement, the target distance is set to 103.4 m. An
adjustable fiber attenuator is introduced into the optical path
to artificially attenuate the signal light and reference light to a
single photon level. The detector is replaced by a single-photon
detector (ID230). The time-series of photon arrival is recorded
by time interval analyzer. Here, we set the photon counting
rate to 9 keps, with a dead time of 2 ps for the single-photon
detector and approximately 300 cps for dark counts. The time

interval analyzer’s time resolution is set to 16 ps. By applying
the quantum compressive sensing algorithm to reconstruct
the signal from discrete photons in the sparse domain, we can
obtain an interference spectrum containing target distance and
vibration information at the single-photon level. The measure-
ment results obtained under the same experimental conditions
are shown in Fig. 6. Gaussian fitting of the measured ranging
beat frequency spectrum shown in Fig. 6(a) yields a spectrum
FWHM of 8.15 Hz, corresponding to a distance resolution of
3.08 cm. In Figs. 6(b) and 6(c), we used the same experimental
parameters as in Figs. 5(b) and 5(c) for spectrum recovery under
the single-photon condition. We kept the same measurement
settings and experimental conditions for comparison. By com-
paring with the classical test results in Figs. 5(b) and 5(c), it can
be concluded that the system can achieve distance and vibration
measurements within 0.125 s integration time using a photon
counting rate of 9 kcps, meeting the requirements for distance
and vibration measurement under extremely weak signal light
conditions. In addition, the trend of sideband and amplitude
variation at the single-photon level is experimentally verified, as
shown in Fig. 6(d). The trend of sideband variation is consistent
with the trend of sideband variation under classical optical con-
ditions, which verifies the reliability of measurement results of
the experimental system. Our method extracts the target signal
at the level of single photon, and, when the number of photons
is low, it is inevitably affected by quantum shot noise. Shot noise
is inherent in the method and cannot be eliminated. It appears
as white noise in the frequency domain, which will cause inter-
ference to the spectrum signal-to-noise ratio, which makes it
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impossible for the proposed method to reduce the photon count
rate without limitation.

4. CONCLUSION

The present work proposes a compound FMCW system for
single-photon ranging and vibration measurement system
based on the QCS. Our approach addresses the limitation of
traditional coherent detection in measuring single-photon beat
frequency signals. By detecting discrete photons, both distance
and vibration information of remote targets can be simultane-
ously retrieved. The experiment demonstrates the measurement
of range and vibration information of single-photon FMCW
lidar, which fulfills the requirements for range and vibration
detection in extreme environments. The experimental results
indicate that, under a photon count rate of 9 keps, synchronous
detection of beat frequency 27.304 kHz and vibration fre-
quency 500 Hz can be achieved with an integration time of only
0.125 s. The photon-level FMCW lidar provides us with a new
mode of lidar operation, which can realize a longer detection
distance and take into account the functions of ranging, velocity
measurement, vibration measurement, and so on. Next, we
will focus on further distance, strong background environment
photon-level FMCW research. This work is of great significance
for extreme environment, vehicle radar, and military reconnais-
sance. Moreover, it holds potential applications in noninvasive
heart detection, muscle behavior assessment, bone vibration
analysis, etc., offering novel perspectives for diagnosing and
treating cardiovascular diseases.
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