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Non-Line-of-Sight Imaging and Vibrometry Using a Comb-Calibrated Coherent Sensor
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Non-line-of-sight (NLOS) imaging has the ability to reconstruct hidden objects, allowing a wide range
of applications. Existing NLOS systems rely on pulsed lasers and time-resolved single-photon detectors to
capture the information encoded in the time of flight of scattered photons. Despite remarkable advances, the
pulsed time-of-flight LIDAR approach has limited temporal resolution and struggles to detect the
frequency-associated information directly. Here, we propose and demonstrate the coherent scheme—
frequency-modulated continuous wave calibrated by optical frequency comb—for high-resolution NLOS
imaging, velocimetry, and vibrometry. Our comb-calibrated coherent sensor presents a system temporal
resolution at subpicosecond and its superior signal-to-noise ratio permits NLOS imaging of complex scenes
under strong ambient light. We show the capability of NLOS localization and 3D imaging at submillimeter
scale and demonstrate NLOS vibrometry sensing at an accuracy of dozen Hertz. Our approach unlocks the
coherent LIDAR techniques for widespread use in imaging science and optical sensing.
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Introduction.—Non-line-of-sight (NLOS) imaging has
the capability to image objects that are hidden from a
camera’s direct view [1,2]. A variety of NLOS imaging
methods have been proposed and demonstrated, including
speckle correlations [3-5], time-of-flight (TOF) light
detection and ranging (LIDAR) [6-13], phasor field
[14,15], wavefront shaping [16,17], and others [18-20].
Among these, the TOF-LIDAR approach is considered as
one of the most promising directions toward practical
solutions [6-15,21-28]. Leveraging short-pulsed lasers
and time-resolved single-photon detectors [29,30], TOF-
LIDAR systems can reveal the 3D structure of hidden
objects at centimeter-scale resolution [9-15]. However,
further improving the image resolution is challenging
because the temporal resolution of the pulsed TOF-
LIDAR systems is normally limited to around tens of
picoseconds [9-15,21-25]. Furthermore, the pulsed TOF-
LIDAR approach cannot directly detect the frequency-
associated information such as the vibration. Note that the
capability to measure the microamplitude periodic motion,
i.e., vibrometry sensing, is of great interest in general areas
ranging from industrial monitoring [31] and voice recog-
nition [32] to clinical measurements [33,34].

Our ambition to achieve high-resolution NLOS
imaging and vibrometry motivates the use of the coherent
scheme—frequency-modulated continuous wave (FMCW).
FMCW-LIDAR employs a swept laser as the transmitter to
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emit frequency-modulated light, and uses an interferometric
detection as the receiver to detect the back-reflected signals
[35-37]. This coherent scheme offers the unique advantages
of high-resolution ranging and imaging [38—40], direct
vibration measurement [41,42], and the resistance to envi-
ronment noise [43]. FMCW-LIDAR has recently attracted
considerable attention for line-of-sight applications [44—47].
Nonetheless, the straight translation to NLOS scenario is not
feasible, as the diffuse nature of light reflected from typical
surfaces in NLOS imaging leads to mixing of spatial infor-
mation and low signal-to-noise ratio (SNR) in the collected
light, seemingly precluding useful scene reconstruction.

Here, we demonstrate a coherent scheme to tackle NLOS
imaging and sensing problems and employ an optical
frequency comb (OFC) [48] to realize high-resolution
NLOS 3D imaging, velocimetry, and vibrometry. The
comb-calibrated method can improve the sensor’s SNR
by ~5 dB, permitting useful NLOS scene reconstruction.
Our coherent sensor presents a temporal resolution of
652 fs, which can be enhanced to 70 fs using a broader-
tuning-bandwidth laser [38,49,50]. We demonstrate NLOS
localization of hidden object at a resolution of 150 pm and
3D imaging for complex hidden scenes at a resolution of
millimeter scale. Furthermore, we show the capability of
velocimetry and vibrometry sensing by resolving the audio
signals of a hidden speaker ranging from 1 to 8 kHz with a
vibration frequency accuracy of ~15 Hz.

© 2024 American Physical Society
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FIG. 1.

The experimental setup. A quasi-linearly-chirped swept laser (SL) probes the hidden objects through the transceiver. The

confocal transceiver illuminates (Tx) and detects (Rx) at the same point and raster-scans across the visible wall. The returned signal at
each scanning point is captured by a balanced detector (BD) and a digitizer. Simultaneously, an OFC is used to monitor the instantaneous
frequency of the swept laser through a 90° optical hybrid. The in-phase—quadrature (IQ) signals and the repetition rate of the OFC are
recorded. BS, beam splitter; PD, photodiode; LPF, low-pass filter; ADC, analog-to-digital converter.

Principle.—We explain the concept in a confocal scan-
ning configuration [11]. An optical transceiver illuminates
and detects the same point and raster-scans across the
visible relay wall. At each scanning point, a tunable laser is
quasilinearly chirped with a sweep rate of y and a nonlinear
term k(t), so its frequency can be written as

fL(t) =yt + fo+ k1), (1)

where f is the initial laser frequency. The corresponding
electric field of the laser output can be written as e\,
where the phase component ¢(7) = 27 fo fL(t)(r)dr and
the amplitude of the field is set to 1 for 31mphclty If we
discretize the surfaces of the hidden targets to n, X n,
pixels, each pixel (x,y) will contribute to the returned
signal as Exye"‘/’“‘mxvv). Here, E,, depends on the reflec-
tivity of pixel (x, y), and the path attenuation between the
scanning point and this pixel. Az, is the propagation time
of light between these two points. By summing up all the
pixels on the hidden objects, the returned signal collected
by the receiver can be written as E, e#l=A%)  This
returned signal is compared to the local oscillator ¢’ via
an interferometric measurement using balanced detection.
The balanced detection output Viyiog(2), which can be
represented as the sum of the comparison between each
pixel and the local oscillator, is given by (Supplemental
Material, Sec. I and Sec. IIT [51])

ZE cos(¢p
g Z E., cos ¢—) At
- xy dt xy

ZE cos (27At,, - fL(1)), (2)

Vros () —o(t—Atyy))

where (a) follows the linear approximation. If f} (7) itself is
treated as the argument, by performing fast Fourier trans-
form (FFT) on Vyios(f), TOF information At,, and
attenuation information E,, can be extracted. Then, 3D
structure of the hidden scene can be inferred using state-of-
art computational algorithms [11-14].

For vibrometry sensing, suppose the hidden target is
vibrating at a certain frequency f,. Through the same
sensing procedure, our system captures the vibration-
associated measurement Vi, () at a single point on
the wall. A series of evenly spaced peaks will arise in the
FFT result. By calculating the spacing between the neigh-
boring peaks, the vibration frequency can be estimated
[Supplemental Material, Eqs. (S3) and (S12) [51]].

OFC calibration: An OFC is adopted to track the
instantaneous frequency fi (7). One portion of the swept
laser is calibrated against the OFC through in-phase—
quadrature (IQ) demodulation (Supplemental Material,
Fig. S4). In 1Q demodulation, the relative frequency
evolution between the swept laser and the nearest comb
tooth can be determined, which corresponds to the laser
frequency approaching, crossing, and moving away from
the individual comb tooth. This calibration effectively
eliminates the frequency fluctuation of the swept laser.
In practice, the laser is chirped with inevitable fluctuations,
ie., k(1) # 0 in Eq. (1), and an unexpected term At k(t)
will be introduced. We then treat f7 (7) itself rather than 7 as
the argument. We find OFC calibration can effectively
suppress the spectrum broadening effect by ~1000 fold
(Supplemental Material, Sec. III and Table S2 [51]).

Setup.—Our setup is depicted in Fig. 1. A tunable
external cavity laser (Luna, PHOENIX 1200) is quasili-
nearly chirped with a maximum excursion bandwidth of
2 THz (from 1541 to 1557 nm). The laser power is set at
10 mW and the output is split into three portions by two
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beam splitters BS1 and BS2 (90:10). The first portion
(9 mW) is sent to hidden scenes through the transmitter
(Tx) while the second portion (0.9 mW) is used as the local
oscillator. The light reflected back is collected by the
receiver (Rx). Both Tx and Rx consist of a galvo mirror
and a collimator. The returned light is mixed with the local
oscillator at BS3 (50:50) and detected by a balanced
detector BD1. The detector output Vyyos(?) is captured
with a 16-bit 1 GS/s digitizer.

The third portion of the laser output (0.1 mW) is
compared to a homemade OFC to track its instantaneous
frequency. This portion is mixed with the comb output via a
90° optical hybrid. The IQ outputs of the hybrid are
detected with BD2 and BD3. The detector outputs, filtered
by two low-pass filters LPF1 and LPF2, are recorded with
the digitizer as V(#) and V(¢). Besides, the repetition rate
of the comb is detected by a photodiode, filtered by LPF3
and recorded with the digitizer as V., (7).

The homemade comb centered around 1550 nm is
generated by a passively mode-locked Er fiber laser based
on a nonlinear amplifying loop mirror [67]. The output
power of comb is about 1 mW and the carrier-envelope
offset frequency f., is set to 163.9 MHz. The repetition
rate f. is 200.3 MHz, or equivalently, the frequency
separation of the comb tooth.

Reconstruction.—The reconstruction is to resample
Vnros in laser frequency domain and extract NLOS
information from the resampled signal. First, a complex
signal Viq = Vi + iV is constructed. The phase of Vg is
given by calculating and unwrapping arctan(Vq/V;). The
instantaneous frequency f; (¢) is determined by the deri-
vation of this phase. With it, Vyog is resampled (see
Supplemental Material, Sec. IV and Fig. S5 [51]). Second,
we perform FFT on the resampled signals at each scanning
point and square the results. With these pixelwise squared
results, a 3D matrix is constructed and the hidden scene can
be reconstructed by applying transient NLOS imaging
algorithms [11,12,14]. Note that the FFT results give the
amplitude distribution over the arrival time, while the
transient measurements give the intensity distribution.
Thus we square the FFT results before the reconstruction
using transient algorithms. Finally, a find-peaks program is
performed on the FFT result. We locate the vibration-
associated peaks and calculate the spacing between neigh-
boring peaks. As this spacing is determined by f,/y, the
recovered frequency is obtained by scaling the calculated
spacing with the sweep rate y.

Results.—Temporal resolution: The transmitter and
receiver of the setup are coupled to a variable optical
delay line (VODL) through polarization-maintaining fibers.
We set VODL to 0 pm and the tuning bandwidth of the
swept laser to 1 THz. The ranging results with and without
comb are given in Fig. 2(a). The full width at half maximum
(FWHM) of the temporal response can be reduced from
~500 to 1.2 ps with the equipment of the comb, almost
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FIG. 2. Temporal resolution test. (a) Temporal results at 0 pm.
Without comb calibration, the full width at half maximum
(FWHM) of the temporal response is ~500 ps; with comb, it
almost reaches the theoretical limit determined by the bandwidths
(1 ps for 1 THz and 0.5 ps for 2 THz). (b) Ranging results. The
system operating at 1 THz (2 THz) bandwidth offers a ranging
deviation of 50 pm (25 pm).

reaching the theoretical resolution limit (1 ps) determined
by the 1 THz bandwidth. Moreover, 2 THz tuning band-
width is tested, and a resolution of 651.9 fs is achieved,
approaching the theory limit of 500 fs. Note that the
temporal resolution can be enhanced to ~70 fs by further
extending the tuning range of the swept laser and the
spectrum range of the comb [50,68]. We then move VODL
from 0 to 600 pm with a minimum step of 50 pm. The
comb-calibrated ranging results over this series of displace-
ments are presented in Fig. 2(b). When operating at 1 THz
bandwidth, our system can offer a ranging deviation of
50 pm. And this deviation is reduced to 25 pm with 2 THz
bandwidth.

NLOS imaging: A rough white wall is confocally
scanned at 128 x 128 locations over a 15 cm x 15 cm
region. A hidden scenes are placed about ~15 to 20 cm
away from it, consisting of four items with different depths:
a drop of water (5 mm), a letter “H” (10 mm), a number ““7”
(15 mm), and a Chinese character “Zhong” (20 mm). At
each scanning location, we typically set the acquisition
time to 10 ms and the tuning bandwidth to 1 THz
(Supplemental Material, Table S3 [51]). Figure 3(a) exhib-
its NLOS signals at a scanning point, including the
reflections of relay wall and hidden objects. This indi-
cates that the comb calibration can not only reduce the
temporal broadening, but also enhance the SNR by ~5 dB.
Figure 4(c) presents the reconstruction result of hidden
scene, where the 5 mm spacing can be resolved. Figure S10
in the Supplemental Material shows the reconstruction
result of another complex scene. Figures S7 and S8 in the
Supplemental Material show results for two resolution
charts, where the lateral resolution can reach 5 mm and
the axial resolution can reach 2 mm.

Imaging resolution: The imaging resolution of the
NLOS system depends on several aspects including the
geometry [11], the temporal resolution and the structure of
the relay wall [20] (Supplemental Material, Sec. VI [51]).
By adopting an aluminum wall and 1 THz tuning band-
width, we demonstrate NLOS localization at the resolution
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NLOS imaging. (a) NLOS signals with and without the comb calibration. The comparison indicates that the comb calibration

can both reduce the temporal broadening and improve the signal-to-noise ratio (SNR) by ~5 dB. (b) Ground truth of the hidden objects.
(c) The reconstructed images with and without the comb calibration. The 5 mm spacing can be resolved with our comb-calibrated

FMCW sensor.

of 150 pm (Supplemental Material, Fig. SI11 [51]).
Although other experiments have shown the ability of
NLOS imaging at sub-mm scale [5,7,20], our approach
retains the distinctive advantages of high range ambiguity,
single-photon sensitivity, and immunity to ambient light
(Supplemental Material, Table S5 [51]). When a rough wall
is employed instead, the system temporal response is
broadened to ~10 ps, leading to an imaging resolution
at millimeter scale. This arises from the surface roughness
of the wall, which introduces a degree of spread in the light
propagation path [20]. We remark that our sub-ps system
possesses the capability to precisely characterize the
temporal broadening waveform induced by different wall
surfaces (Supplemental Material, Fig. S7 [51]). This wave-
form data could potentially be harnessed for general
applications including imaging through strongly diffusive
mediums [69], lensless imaging [70], and wavefront
shaping [17].

NLOS vibrometry and velocimetry: In our vibrometry
experiments, the visible wall is sampled at a single point.
The acquisition time is set to 200 ms, providing the
spectrum resolution ¢ of 5 Hz. A commercial speaker,
placed about 15 cm away from the visible wall, is driven
from 1 to 8 kHz. Figure 4(a) exhibits the recovered NLOS
signal without and with the comb calibration. Without the

comb-calibrated resampling method, broadening effect
seriously blurs the vibration signals, while some equidistant
vibration-associated peaks appear with the comb calibra-
tion, from which the vibration frequency can be recovered.
Figure 4(b) visualizes the recovered vibrometry signals at
fv =2093 Hz (do), 2637 Hz (mi), and 3136 Hz (so),
respectively. The horizontal axis has been scaled to
frequency domain, and the vibration frequency can be
directly estimated by calculating the spacing between the
neighboring peaks. Figure 4(c) shows that our setup can
recover the frequency from 2 to 6 kHz with accuracy of
~15 Hz (green error bar), within the empirical 3¢ rule. We
extend our testing range from 1 to 8 kHz, and compre-
hensively analyze our system’s vibrometry capabilities
(Supplemental Material, Sec. VII and Fig. S12 [51]).
With similar experimental settings, we demonstrate
NLOS velocimetry for moving objects (Supplemental
Material, Sec. VIII and Fig. S13 [51]).
Discussion.—Compared to pulsed TOF methods, our
coherent-based FMCW-LIDAR scheme presents several
notable advantages (see Supplemental Material, Sec. II
[51]). First, it stands out for its remarkable temporal
resolution, resulting in the superior image quality. Most
pulsed TOF schemes grapple with temporal resolutions in
the range of tens of picoseconds limited by the detector
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FIG. 4. NLOS vibrometry. (a) Recovered vibration signals with and without comb calibration. (b) Visualization of the recovered
NLOS vibrometry signals at some representative frequencies. (c) A series of tested frequencies, ranging from 2 to 6 kHz. Results show
that the deviation is within 15 Hz (green bar).
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bandwidth [9-15,21-25]. In contrast, FMCW circumvents
this limit by using a swept-frequency optical waveform.
With the laser’s tuning range capable of spanning 15 THz,
the temporal resolution could reach 70 fs, enabling image
resolution below 10 pm [50]. Second, the frequency
scheme is immune against background noise, which is a
well-known characteristic of FMCW-LIDAR systems [71].
This inherent immunity to ambient light has been demon-
strated in extreme scenarios like imaging through flames
[43]. Third, our scheme possesses an uncommon ability of
the direct detection of vibrations and velocity. While a TOF
scheme has shown this capability by translating the
frequency measurement into intensity measurement [27],
FMCW scheme performs vibrometry in the frequency
domain directly. By detecting the Doppler frequency shift,
we demonstrate the vibrometry at a minimum amplitude of
~9.7 nm and a maximum frequency of 8§ kHz. Compared
with the previous effort [27], our method extends the
detection range of amplitude and frequency by ~10 fold.
Fourth, our FMCW scheme enables snapshot velocimetry.
This allows the simultaneous measurement of the velocity
and position of hidden objects in a single shot, without the
need of accumulation over time. Lastly, recent advance-
ments in chip-based FMCW-LIDAR have showcased
significant progress in both industry and academia
[44,45,47]. These developments provide strong technical
support for more affordable and stable hardware solutions,
which aligns with our vision for compact and accessible
NLOS imaging systems.
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