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We demonstrate a frequency modulated continuous-wave
(FMCW) light detection and ranging (LIDAR) system uti-
lizing a superconducting nanowire single-photon detector
(SNSPD) to measure vibrational spectra using reflected
signals at the single-photon level. By determining the
time-variant Doppler shift of the reflected probe signal,
this system successfully reconstructs various audio signals,
including pure sinusoidal, multi-tonal, and musical signals,
up to 200 Hz, limited by the laser frequency modulation rate
and the Nyquist sampling theorem. Additionally, we employ
scanning galvo mirrors to perform 3D measurements and
map audio signals from different regions in the scanned field
of view. The integration of an SNSPD provides significant
advantages such as near-unity detection efficiency, low dark
count rates, and picosecond timing jitter, enabling measure-
ments of vibrational spectra with as few as 100 detected
reflected photons per laser sweep.

© 2025 Optica Publishing Group under the terms of the Optica Open
Access Publishing Agreement

https://doi.org/10.1364/0L.544481

Introduction. Light detection and ranging (LIDAR) is a tech-
nology that measures distances optically. It was first pioneered
in the 1960s by militaries worldwide to be used as range finders
for artillery [1]. Since its inception, it has also found widespread
use in civilian applications [2], greatly impacting fields rang-
ing from forestry [3] and mining [4] to space exploration [5]
and climate research [6—8]. Originally, LIDAR systems relied
solely on time of flight measurements of laser pulses and were
limited to only determining distances between objects [1,9].
Subsequent improvements in various LIDAR components and
analytical capabilities enabled LIDAR systems to determine
objects’ distances and perform other measurements such as
reflectance [10], polarization mapping [11], or relative veloc-
ity [12]. One such improvement came in the form of frequency
modulated continuous-wave (FMCW) LIDAR, which relies on
measuring the interference between the reflected probe signal
and a local reference oscillator. If the laser frequency is linearly
modulated, the interfered signal intensity exhibits a beating fre-
quency proportional to the target distance [9]. Furthermore, if

0146-9592/25/020523-04 Journal © 2025 Optica Publishing Group

the target is moving, the reflected probe signal will experience
an additional Doppler shift proportional to the target’s velocity
relative to the observer, affecting the resulting beating frequency
of the interfered signal. This additional information allows for
simultaneous measurement of the target’s velocity and distance
[13], and by tracking the modulation of the Doppler shifted
signal, it is possible to determine the vibrational frequency of
an object [14]. Furthermore, as FMCW LIDAR depends on the
interference between two coherent signals, it is inherently insen-
sitive to incoherent noise such as ambient light or detector noise.
Another great advancement for the LIDAR field has been the
rapid development of superconducting nanowire single-photon
detectors (SNSPDs). Integrating SNSPDs into LIDAR systems
offers several advantages compared with other single-photon
detectors, such as near-unity detection efficiency, no afterpuls-
ing, low dark count rates, and picosecond timing jitter [15,16].
These advantages have enabled LIDAR measurements, using
SNSPDs, over long range [17], with high accuracy [18], as well
as through strongly scattering media such as water [19] or a
human tissue [20]. In this article, we propose and construct an
FMCW LIDAR setup utilizing a single SNSPD to measure the
distance to an object and its vibrational frequency, by measuring
the time varying Doppler shifted signal. We demonstrate the
principle by measuring and reconstructing various audio signals
applied to a speaker, including single- and multi-frequency sig-
nals as well as musical signals. Additionally, we perform 3D
scans, mapping vibrational frequencies emitted from various
regions in the scanned field of view.

Theory and experimental setup. Figure 1 presents the exper-
imental setup used in this project and illustrates the FMCW
LIDAR principle for both stationary and moving targets. In
Fig. 1(a), a frequency modulated continuous-wave laser with
1550 nm central wavelength and <3 kHz linewidth (TOPTICA
CTL 1550 nm) emits a signal via an optical fiber and a collimat-
ing lens, CL1, into a free-space setup, where the laser is split
in two by beam splitter 1 (BS1). The first portion serves as a
local reference signal, Tx, which is passed through an attenu-
ator and directed toward BS2. The second portion serves as a
probe signal and is directed toward a target, in this instance a
speaker, which vibrates with some applied signal. The reflected
probe signal, Rx, is then directed by BS3 toward BS2 where it
interferes with Tx. To compensate for losses in the Rx path the
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Fig. 1. (a) Sketch of our FMCW LIDAR setup. (b) Illustration
of the FMCW principle for a stationary target. (c) [llustration of
the FMCW principle for a target moving toward the observer. The
Doppler effect shifts the reflected signal frequency and affects the
beating frequencies of the up sweep and down sweep in opposing
directions.

attenuator in the Tx path ensures that Tx and Rx signal intensities
are balanced when interfering at BS2. The recombined signal
is then coupled via an optical fiber to an SNSPD (Single Quan-
tum, Eos detection system) with 20 ps timing jitter and 80%
detection efficiency that measures the single-photon flux, which
is recorded by a timetagger with 2 ps timing jitter (Swabian
Timetagger X). The timetagger also receives electrical marker
signals from the laser controller (TOPTICA, DLC pro), allow-
ing for the recorded photon count rate to be separated according
to the modulation direction of the laser, i.e., up sweep and down
sweep. The galvo mirrors (Thorlabs GVS002) allow the probe
signal to be scanned across a field of view in a point-to-point
raster pattern by controlling the pitch and yaw of the optical
path. The galvo controller unit (Labjack T7, with LITick-DAC
extension) also emits marker signals when changing positions
that are recorded by the timetagger, allowing the recorded data
to be split for each point under investigation.

The difference in path length for Rx and Tx between splitting
at BS1 and recombining at BS2 causes a time delay, 7, between
the two signals. When the laser’s output frequency is linearly
modulated, by applying an electrical triangular signal to a piezo
crystal modulating the laser cavity, over a given bandwidth, B,
as shown in Fig. 1(b), the time delay results in Tx and Rx having
different frequencies at BS2. The recombined signal intensity
will therefore exhibit a beating frequency, f;, equal to the dif-
ference in laser frequency of the Rx and Tx signals, given by
Eq. (1), where S is the frequency slope, as shown in Fig. 1(b), ¢
is the speed of light, and d is the distance to the object:

hi=tsn =2, (1)
c

Important to note is that Eq. (1) is only valid for stationary
objects. For moving objects, the Rx signal frequency is Doppler
shifted (given that there is a velocity component parallel to
the probe signal’s optical path). As illustrated in Fig. 1(c), the

Doppler shift affects the beating frequency of the up and down
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sweep with opposite signs, shifting them by a magnitude given
by Eq. (2), where A is the laser wavelength and v is the parallel
relative velocity between the observer and the object (positive
velocity is defined toward the observer). Strictly speaking, the
value of A changes during the frequency modulation, affecting
the Doppler shift. However, this effect is orders of magnitude
smaller than the effect of the velocity for any practical applica-
tion, and therefore A is considered constant in our analysis. The
result of the Doppler shift is that the beating frequencies for the
up sweep, f,,, and down sweep, f;,,., are shifted according to
Egs. (3) and (4):

=2 @
fou = '& 5. (3)
C
S2d
ﬁ?dmm = T +f df - (4)

These equations demonstrate that we can sample an object’s
velocity and distance with a single modulation laser sweep, i.e.,
we sample these values at a frequency, f; = 7, where T is the
period of the laser modulation as shown in Fig. 1(b). The aim is
now to measure the vibration of the speaker in Fig. 1(a), placed
at ~50 cm distance. The momentary velocity, v(¢), is the time
derivative of the vibrational signal, x(¢), and assuming this can
be written as a superposition of sinusoidal signals, x(r) and v(¢)
are given by Eqgs. (5) and (6), where A; and w; are the amplitudes
and angular frequencies, respectively. We observe that each fre-
quency component in v(¢) is the same as in x(¢) but scaled by their
angular frequency and phase delayed. Therefore, measuring v(r)
is equivalent to measuring x(¢), and since the Doppler shift is
proportional to v(¢) according to Eq. (2), measuring the Doppler
shift is analogous to measuring the vibrational signal:

x(t) = )" Aisin(wi), (5)

W(t) = i(f) = ZA,w,. cos(w;t) = ZA,-w,- sin(wit +90°).  (6)

In our setup, we use a laser with a central wavelength of 1550
nm, capable of modulating its output frequency with a band-
width, B = 12.5 GHz, and a period, T = 2.5 ms, corresponding
to a modulation frequency of 400 Hz. Therefore, according to
the Nyquist sampling theorem, we can measure Doppler signals,
and thereby vibrational signals, modulating up to 200 Hz with-
out aliasing effects. The detector used is an SNSPD with 80%
detection efficiency for 1550 nm, 10 ns dead time, 19 ps timing
jitter, <100 dark counts/second, and a maximum count rate of
~10° photons/second.

To determine the beating frequencies, we Fourier transform
the detected photon count rate using the Welch method. It is
similar to the standard fast Fourier transform (FFT) algorithm,
but instead of transforming the entire data set as one, the Welch
method uses a sliding window to split the signal into a series
of overlapping segments. It performs an FFT of each segment
and averages the resulting power spectral density (PSD) [21].
Using the Welch method, the noise in the Fourier space is
decreased compared to FFT, but since each segment contains
fewer samples, the spectral resolution is decreased [22].

Analysis and results. Constant signals. To demonstrate the
system’s ability to monitor vibrations, a continuous signal con-
taining three frequencies (95, 135, and 175 Hz) is applied to the
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Fig. 2. (a) Constant multi-frequency audio signal applied to the

speaker. (b) Single-photon count rate data (zoomed in) of the
SNSPD from one frequency sweep. Marker signals from the laser
allow for the splitting of up sweep and down sweep. (c) Fourier
transform of the two count rate segments, displaying the beating
frequencies of the up and down sweeps. (d) Doppler shift versus
time; each data point is extracted as the difference between two
consecutive up and down sweep beating frequencies. (e) Fourier
transform of the time-dependent Doppler signal, demonstrating the
successful reconstruction of the original speaker audio signal.

speaker as shown in Fig. 2(a). The laser emits a ~1 uW probe
signal and the resulting ~10° photons/second flux is measured
and recorded over 1 s. Utilizing the marker signals from the laser,
the count rate is split according to the up and down sweeps of
the sawtooth laser modulation. With 400 Hz laser modulation,
each up and down sweep is 1.25 ms in duration, and Fig. 2(b)
displays a zoomed in and color-coded segment of the count rate
data acquired over a single laser modulation period in a 10 ns
bin size histogram. The bin size is set to match the dead time of
the SNSPD to ensure that at most a single photon is present in
each bin.

The count rates of the up and down sweeps are then Fourier
transformed individually; using the Welch method [23] with
a quarter-length window size and 50% overlap between seg-
ments, these settings were determined empirically to give the
best result. Normalized, this produces the frequency spectra dis-
played in Fig. 2(c), for the up and down sweeps. Frequency
components <4 kHz are filtered out as they are the result of
the non-coherent photon detections. The frequencies f,,, and
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Fig. 3. Heatmap displaying multiple vibrational spectra meas-
ured using progressively fewer reflected photons per laser modula-
tion sweep.
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Fig. 4. (a) STFT spectrogram of the audio signal emitted by
the speaker (a segment of Bach’s 9th symphony: Ode to Joy).
(b) Time-dependent Doppler signal measured with the setup. (c)
STFT spectrogram of the measured Doppler signal. (d) Filtered
STFT spectrogram using Gaussian smoothing and edge detection
convolution filters.

Sounn are extracted from the spectra in Fig. 2(c) by taking the
corresponding peak values. The distance, d, is acquired by tak-
ing the average f;, = (f,,,, +f5,)/2 according to Egs. (3) and (4)
and using Eq. (1). Similarly, the momentary Doppler shift is
extracted as f; = (fy,,,, —f5,)/2 according to Egs. (3) and (4).
The process in Figs. 2(b) and 2(c) is repeated for all count rate
data, producing Fig. 2(d), and displaying the measured Doppler
shift over time, which, according to Eq. (6), is analogous to the
audio signal applied to the speaker. To confirm that the Doppler
shift is modulating synchronously with the applied signal shown
in Fig. 2(a), the acquired Doppler signal is Fourier transformed
and compared with the Fourier transform of the applied signal
in Fig. 2(a). The resulting frequency spectra shown in Fig. 2(e)
demonstrate that we successfully captured the signal in Fig. 2(a).
Lastly, we investigate the number of detected Rx photons
required to determine a target’s vibrational spectra using our
setup. The measurement and analysis demonstrated in Fig. 2 are
repeated while using progressively weaker laser signals, thereby
acquiring weaker Tx and Rx signals. The results of the laser
power sweep are displayed in Fig. 3, where each row corre-
sponds to a vibrational spectra equivalent to Fig. 2(e) and the y
axis represents the number of detected reflected photons. These
results demonstrate the possibility to measure Doppler shifted
signals using as few as 100 photons per laser sweep.
Time-dependent signals. To demonstrate the system’s ability
to monitor signals with time-dependent frequency components,
the speaker emits a musical signal. The emitted signal’s short-
time Fourier transform (STFT) spectrogram, shown in Fig. 4(a),
displays the audio frequencies over time. The FMCW setup again
records the single-photon count rate, which is analyzed using the
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Fig. 5. (a) Scanned field of view including two speakers emitting
audio signals of 100 and 150 Hz, respectively. (b) Heatmap display-
ing the measured audio frequencies from a scanned measurement.

method demonstrated in Figs. 2(b)-2(d), generating the meas-
ured Doppler signal in Fig. 4(b). The STFT spectrogram of the
measured signal is displayed in Fig. 4(c), and when compared
with the emitted spectrogram, the musical signal is visible, how-
ever with additional frequency noise. To reduce the noise in the
measured signal, we generate a filter mask that comprises two
simple convolution filters and apply it to the measured spectro-
gram: first, a Gaussian convolution filter with kernel size three
for local smoothing and removing small gaps in the measured
spectrogram [24], and second, a Sobel edge detection convolu-
tion filter to identify frequency components exhibiting stronger
intensities compared with the background [25]. The resulting
filtered spectrogram is displayed in Fig. 4(d) and the de-noised
signal is recovered via inverse STFT.

Scanned images. Lastly, we demonstrate the system’s abil-
ity to scan the probe signal across a scene to map vibrational
frequencies in different regions. The scanned field of view is
displayed in Fig. 5(a) with two speakers, each emitting a distinct
audio signal (100 and 150 Hz, respectively), placed in front of a
stationary background. The scan is performed with 0.5 s of inte-
gration time per point in a 25 X 25 grid. For each point scanned,
the analysis described in Fig. 2 is performed, and the dominant
frequency in Fig. 2(e) is extracted. The resulting heatmap of the
measured audio frequencies is displayed in Fig. 5(b), where three
distinct regions are visible, corresponding to the two speakers
and the stationary background.

Conclusion and outlook. We have presented an FMCW
LIDAR setup and demonstrated its ability to remotely measure
vibrational spectra in 3D. By recording the single-photon flux
and determining the time-dependent Doppler shift induced by
the speaker’s vibration, we measure audio signals with multiple
fixed and time-dependent frequencies up to 200 Hz, limited by
the laser’s modulation periodicity of 2.5 ms, which determines
the maximum audio frequency that can be acquired accord-
ing to the Nyquist theorem. Utilizing an SNSPD allows for
measurements to be performed at the single-photon level with
high timing accuracy and efficiency. We demonstrate experi-
mentally the possibility of measuring the momentary Doppler
shifts with ~100 detected reflected photons. This work paves
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the way for advanced LIDAR applications in challenging and
photon-starved conditions, opening the possibility of monitor-
ing Doppler shifted signals from weakly scattering targets such
as air (to determine wind speed), or measuring through lossy
media such as water or a human tissue.
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