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ABSTRACT

Full-Stokes polarimetric imaging light detection and ranging (LiDAR) provides rich information about distance, materials, texture, surface
orientations, and profiles of objects, and it is an important remote-sensing technology. One major challenge to reach a long distance is to effi-
ciently collect and detect the echo photons, as for long-range LiDAR, echo photons may become sparse. Here, we demonstrate a full-Stokes
polarimetric imaging LiDAR, working at the eye-safe, telecommunication wavelength of 1560 nm, that can reach a range of 4km. The key
enabling technology is a four-channel system with multimode-fiber-coupled, large-area fractal superconducting nanowire single-photon
detectors. Furthermore, we also explore faster imaging (e.g., pixel-dwell time of 1 ms) of the objects at a shorter distance, approximately 1 km.
Our demonstration has significantly extended the working range of full-Stokes polarimetric imaging LiDAR and represents an important step
toward practical systems that may enable many applications in remote sensing and the detection and recognition of targets.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0218531

Light detection and ranging (LiDAR) has attracted tremendous
research interest and has been used in wide applications, including
autonomous vehicles, geography, atmospheric science, ecology, robot-
ics, and spacecraft."” In particular, photon-counting, time-of-flight
(ToF) imaging LIiDAR has the advantages of relatively simple hard-
ware, low optical power, and long distance.” By actively scanning the
remote objects with light and detecting the echo photons, such a
LiDAR system can present the three-dimensional profiles of objects
based on the information from ToF.*” Recently, from a few kilo-
meters™*” to over 200 kilometers,” researchers significantly extended
the distances by upgrading the hardware and implementing the imag-
ing algorithms.

In addition to the timing information, polarization is another
important degree of freedom of light that can be used as a contrast for
sensing' """ and imaging.'” """ Furthermore, polarimetric LIDAR pro-
vides rich information about the aerosol types, materials, texture,
surface orientations, and profiles of objects.“"w Recently, we demon-
strated fractal superconducting nanowire single-photon detectors
(SNSPDs) that featured high detection efficiency and low polarization

sensitivity,w’z' and further combined the detector with a division-of-
amplitude (DoA) optical system™ to perform indoor full-Stokes
polarimetric imaging.'® Fractal SNSPDs can efficiently detect echo
photons in any state of polarization (SoP) with high system detection
efficiency (SDE), and this property further leads to being insensitive
to the speckles when the fractal SNSPDs detect photons from multiple
spatial modes.”” However, further extending the distance requires
high photon-collection efficiency of the optical system, in addition to
high SDE of the single-photon detectors. In Ref. 19, the SNSPD was
coupled with a single-mode optical fiber (SMF), which limited the
collection efficiency of the echo photons due to the small receiving
aperture. Additionally, only one SNSPD was used to detect photons
from four output channels of the DoA system by time-multiplexing,
which certainly simplified the configuration of the SNSPD cryogenic
system; however, such a configuration induced additional optical
losses and limited the range that the polarimetric imaging LiDAR
could reach.

In this paper, we report on a full-Stokes polarimetric imaging
LiDAR that can reach a range of a few kilometers, enabled by several
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technological advancements in the configuration of the system. Most
importantly, we used four independent, multimode-fiber (MMEF)-
coupled, large-area fractal SNSPDs to detect echo photons after being
sorted according to their SoPs by the DoA system. Based on this
SNSPD system, together with the expansion of the aperture of the tele-
scope, effective spectral filtering and time gating to reduce noise, and
extension of the raster-scanning ranges, we were able to image a
remote target approximately 4 km away and obtain a complete set of
polarimetric images. As the overall collection—detection efficiency was
significantly enhanced, the trade-off between distance and imaging
speed became relaxed, and we, therefore, also explored faster imaging
with reduced pixel-dwell time in an approximately 1-km range. We
believe that the photon-counting, polarimetric imaging LiDAR dem-
onstrated in this work will find many applications such as detection
and recognition of remote targets.

Figure 1(a) presents the schematics of the experimental setup of
the polarimetric imaging LIDAR system. The light source was a femto-
second fiber laser with a repetition rate of 82 MHz and a central wave-
length of 1560 nm. The output from the laser was split by a 1/99 fiber
coupler, 99% of the output went through an acousto-optic modulator
(AOM), and was then collimated. The rest 1% of the output was sent
to a fast photodetector with a 3-dB bandwidth of 50 GHz, to provide
synchronized signals for a time-correlated single-photon counting
(TCSPC) module. The divergence angle and the waist diameter of the
collimated laser beam were 1 mrad and 2.1 mm, respectively. The colli-
mated laser beam was steered by a two-stage beam-steering system
that included a two-axis scanning galvo mirror for fine scanning and a
motor-controlled mechanical rotational stage for coarse scanning. The
galvo mirror was mounted on the stage. Figure S1 of the supplemen-
tary material presents a schematic for the two-stage raster scanning.
The beam was further expanded by a 25x Newtonian telescope with
an aperture size of 150 mm and a focal length of the object lens of
750 mm. The collected echo photons were split from the transmitted
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beam by a 45° perforated mirror (PERM), and entered the DoA sys-
tem”” for polarization analysis. The DoA system separated the incom-
ing light into four channels, and the photon flux in each channel was
proportional to the weight of the specific SoP of the incoming light:**
Ch1, Ch2, Ch3, and Ch4 were for the 0° linear SoP, the 90° linear SoP,
the left-hand circular SoP, and the 135° linear SoP, respectively. The
output intensity of the four channels could be expressed as the linear
superposition of the four Stokes parameters of the SoP of the input
light into the DoA. The coefficients of such a linear superposition
formed a 4-by-4 instrument matrix. We determined the instrument
matrix by a calibration procedure, as detailed in Sec. II of the supple-
mentary material. A set of linear SoPs and SoPs on the “8”-shaped
curve across the surface of the Poincaré sphere were used to calibrate
the instrument matrix [Fig. S2(b) of the supplementary material].**
We also tested the DoA system by using ten additional SoPs on
another 8-shaped curve across the surface of the Poincaré sphere
[Fig. S2(c) of the supplementary material]. The root mean square error
of each normalized Stokes parameter is within 0.03. The output light
from each of the four channels of the DoA system was coupled into a
step-index MMF with the core diameter of 50 um and a numerical
aperture of 0.22. We used the same type of lens with the eyepiece as
the coupling lens, to avoid optical aberrations.”

The key, enabling technology to extend the working distance of
the polarimetric imaging LiDAR is a four-channel system with MMEF-
coupled, large-area fractal SNSPDs.” The coupled photons were deliv-
ered by MMFs into a cryocooler, and were further detected by the frac-
tal SNSPDs. We used a dual-lens design”>” in the detector package to
boost the coupling efficiency between the MMF and each fractal
SNSPD. A schematic diagram of the dual-lens package is shown in
Fig. 1(b). The focal lengths of lens 1 and lens 2 were 8 and 2.98 mm,
respectively, resulting in a de-magnification factor of 0.37. The focused
beam size (defined as the 1/¢*-width of intensity distribution) was
measured to be 18.3 ,um,23 which is smaller than the photo-sensitive
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FIG. 1. Experimental setup of the full-Stokes polarimetric imaging LIDAR. (a) Schematics of the experimental setup. (b) Schematic diagram of the MMF-coupling package.
AOM, acousto-optic modulator; SMF, single-mode fiber; COL, collimator; PERM, perforated mirror; LPF, long-pass filter; SPF, short-pass filter; BPF, bandpass filter; BS, non-
polarizing beam splitter; PBS, polarizing beam splitter; QWP, quarter-wave plate; MMF, multimode optical fiber; SNSPD, superconducting nanowire single-photon detector;
DoA, division of amplitude; PD, photodetector; SYNC, synchronizing signal; ENA, enable signal; TCSPC, time-correlated single-photon counting module.
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area of the fractal SNSPDs (see Sec. III of the supplementary material).
Between the two lenses was a bandpass spectral filter with a central
wavelength of 1575nm and a full-width-at-half-maxima (FWHM)
bandwidth of 50 nm. The four dual-lens packages were mounted on
the second stage of the 0.1-W closed-cycle Gifford-McMahon (GM)
cryocooler. At the base temperature of 2.56 K, the values of SDE of the
four detectors in Chl, Ch2, Ch3, and Ch4 were 46 * 2%, 66 * 3%,
25 % 1%, and 41 * 2%, respectively. Section III of the supplementary
material presents more details of the MMF-coupled fractal SNSPDs.
Combining the MMF-coupled fractal SNSPDs with other techniques
of spectral filtering and time gating (see Sec. IV of the supplementary
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material) as well as two-stage raster scanning, our full-Stokes polari-
metric imaging LIDAR reached a distance of 4 km. Table SI of the sup-
plementary material summarizes the key parameters of our long-range
polarimetric imaging LiDAR. The values of FWHM of the overall
instrumental response functions of Chl, Ch2, Ch3, and Ch4 of the
polarimetric imaging LiDAR (laser pulse convoluted with the fractal
SNSPD and TCSPC module) were 117, 67, 101, and 82ps,
respectively.

Using the system, we performed the full-Stokes polarimetric
imaging of a building 4 km away. Figure 2(a) presents a satellite map
of the experiment site. Our system was located on the Weijin Road
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FIG. 2. Polarimetric imaging results at the distance of 4 km. (a) Satellite image of the experiment site. The insets show the photographs of the polarimetric imaging LIDAR setup
(labeled as observer) and the target located at approximately 4 km away. (b) Degree of polarization (DoP) image. (c) Degree of linear polarization (DoLP) image. (d) Degree of
circular polarization (DoCP) image. (e) Angle of polarization (AoP) image. (f) Normalized Sy image. Sy in each pixel is normalized to the maximum Sy of all pixels. Note that
this color bar is in the logarithmic scale. (g) S1 image. (h) Sy image. (i) S3 image. Scale bar: 10 m.
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campus of Tianjin University, and we set it up in a room on the sev-
enth floor, with the telescope facing the window and the target. The
experiment was performed at night with the pixel-dwell time of 10 ms.
Figure S8(a) of the supplementary material presents the ToF imaging
result. The values of depth resolution of Ch1, Ch2, Ch3, and Ch4 were
22, 11, 16, and 13 mm, respectively, and the lateral resolution was
160mm at 4km. Figures 2(b)-2(i) present the polarimetric imaging
results. Each image, from (b) to (i), consists of 530 x 800 pixels. The
size of each pixel is 96 x 96 mm®. The polarimetric images with the
contrasts of degree of polarization [DoP, Fig. 2(b)], degree of linear
polarization [DoLP, Fig. 2(c)], degree of circular polarization [DoCP,
Fig. 2(d)], angle of polarization [AoP, Fig. 2(e)], Sy [Fig. 2(f)], S
[Fig. 2(g)], Sy [Fig. 2(h)], and S5 [Fig. 2(i)] clearly show that the
pyramid-shaped roof and the wall under the roof are in different colors
in these images, presumably because the material of the roof is metallic
and the materials of the wall under the roof include cement-like mate-
rials and glass. This observation is also evidenced by the photograph of
the building, as presented in the inset of Fig. 2(a), which shows that
the roof is in light gray and the wall is mainly in darker gray. We did
get some “bad pixels” with incorrect polarimetric parameters, out of
the range of definition that they should fall in. The bad pixels were
due, mostly, to weak echo signals, occurring in the background space
and in the region of glass windows of the building and resulting in
very few coincidences. The percentage of bad pixels was 6.6%, 2.0%,
4.6%, 0, 1.8%, and 4.6% for the DoP, DoLP, DoCP, S, S,, and S;
images, respectively. We manually set the false color of the bad pixels
black. We further took two representative locations (pixels) on the tar-
get, pos(1) and pos(2), and present the histograms of the four channels
in Figs. 3(a) and 3(b), respectively. The size of the coincidence window
for each histogram was 1028 ps, the coincidence window was centered
at the maximum of the sum of the four histograms, and the binsize of
the histogram was 4 ps. The photon count of each histogram was cal-
culated by summing all the counts in the coincidence window. Each
channel in Fig. 3(a) shows multiple peaks because in this pixel, the sur-
face of the target is not flat but with several steps, and the echo photons
with different ToF were grouped into several peaks, accordingly.

We also performed faster polarimetric imaging of a remote object
at a shorter distance, 1.05 km, by reducing pixel-dwell time. The target
was a television tower, mainly made of metals, on top of a building.
Figure S8(b) of the supplementary material presents the ToF imaging
result. Figures 4(a), 4(b), 4(c), and 4(d) present the obtained images with
the contrast of DoP for pixel-dwell time of 100, 10, 5, and 1 ms, respec-
tively. Images with other polarimetric contrasts were also obtained. As
expected, the signal-to-noise ratio (SNR) is perceptually reducing with
reducing the pixel-dwell time; however, the profile of the tower is still
clearly outlined even with a 1-ms pixel-dwell time. Quantitatively, we
used the image with 100-ms pixel-dwell time as the ground truth (GT),
and compared the rest three with a shorter pixel-dwell time with
the GT. Figure 4(e) presents the root mean square error of the normal-

ized Stokes parameter, Ag = Aél +A§z +A§3/ V3, where Ag,

= ijen |S§\',’J) - S;\(,"]) JIAl, N=1,2,3 and A is the set of pixels
whose S}, S, and S; are in the range [—1, 1]. The pixels whose S, S5,
and S; fall out of the range [—1, 1] only contribute a small percentage
(<2.8%) of the total pixels. As we reduced the pixel-dwell time,
the deviations from the GT increased. Figure 4(f) presents the
detected photons per pixel (ppp) for each pixel-dwell time,
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FIG. 3. Representative time-of-flight histograms of the 4-km polarimetric imaging.
(a) ToF histograms in the four channels of the pixel at position 1, as pointed in
Fig. 2(c). (b) ToF histograms in the four channels of the pixel at position 2, as
pointed in Fig. 2(c). The coincidences in the dashed boxes were used for calculating
the polarimetric parameters.

ppp = >, ]1211 S 4.1 PCijx/80/181, where PC;;y is the photon
count at the pixel (i, j) of the channel k. Therefore, the trade-off between
imaging speed and SNR still existed, but the enhanced overall collec-
tion—detection efficiency of the echo photons to a large extent mitigated
this trade-off. Compared with the initial indoor demonstration of the
full-Stokes polarimetric imaging LIDAR,'” we estimated that the overall
collection—detection efficiency of echo photons was improved by 37 dB
in this work. Section VII of the supplementary material details the com-
parison. In the future, it is possible to operate our polarimetric imaging
LiDAR in daylight, provided that a narrow bandpass spectral filter in
the dual-lens package and a narrower-linewidth pulsed laser were used.
In conclusion, we have demonstrated a kilometer-range, full-
Stokes polarimetric imaging system that includes four MMF-coupled
fractal SNSPDs. Using this system, we have imaged an object 4 km
away and have obtained a complete set of polarimetric images.
Compared with the initial demonstration of full-Stokes polarimetric
LiDAR working indoors in a range of a few meters, we have enhanced
the overall collection—detection efficiency of the echo photons and
have thereby extended the working range. We believe that this work
represents an important step toward practical photon-counting polari-
metric imaging LiDAR systems that may find applications in the
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FIG. 4. Polarimetric imaging results at the distance of 1.05km with short pixel-dwell
time. (a)-(d) DoP image with the pixel-dwell time of 100, 10, 5, and 1ms, respec-
tively. Scale bar: 2m. The image with pixel-dwell time of 100 ms serves as the
ground truth (GT). (€) Root mean square error of the normalized Stokes parameter
at several pixel-dwell times. (f) Detected photons per pixel (ppp) at several pixel-
dwell times.

detection and recognition of remote targets with rich profiles and
material information.

See the supplementary material for the two-stage beam steering,
the calibration of instrument matrix, more details about the multi-
mode-fiber-coupled fractal SNSPDs, the spectral filtering and time gat-
ing, the key parameters of the polarimetric imaging LiDAR, the time-
of-flight imaging results, and the enhancement of overall efficiency in
comparison with previous work.
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