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ABSTRACT

A time-multiplexing technique is proposed and demonstrated for single-photon imaging lidar, utilizing a large-area single-pixel single-
photon detector to simultaneously detect the multi-pixel echoes. In this time-division multiplexing lidar, the echo signals from different pixels
of the fiber array are delayed through fibers of varying lengths, merged into a fiber bundle, and then sequentially detected by the large-area
single-pixel detector. In the experimental demonstration, a two-detector system capable of imaging 122 pixels using single-photon imaging
lidar was showcased in three-dimensional imaging. Furthermore, the spectral broadening caused by multimode fiber dispersion was analyzed.
Imaging of four different targets at a distance of 80 m was experimentally validated. This time-multiplexing technique can greatly reduce the
number of single-photon detectors required in imaging lidar systems, making it suitable for low-cost lidar applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0187820

Lidar technology has experienced rapid development in various
fields such as atmospheric and oceanic remote sensing,"” laser map-
ping,” greenhouse gas monitoring," and autonomous driving.” One
key advancement in lidar is the incorporation of single-photon detec-
tors, enabling long-range measurements with low-power lasers and
small aperture optical receivers.” "’

To achieve three-dimensional (3D) imaging with single-photon
lidar, the most commonly employed approach involves the use of
mechanical scanners or optical phased arrays for beam scanning.' "'
However, this approach sacrifices imaging time. To achieve faster
imaging speed, an alternative approach has been proposed, which
involves the utilization of multiple laser beams and multiple pixel
detectors.'”'” For instance, the Lunar Orbiter Laser Altimeter (LOLA)
utilizes a five-beam configuration,'”'® while the ICESat-2 Advanced
Topographic Laser Altimeter System (ATLAS) employs a six-beam
configuration.” Taking advantage of the low energy requirements of
single-photon lidar, a multi-beam photon-counting lidar system with
100 beams and a 100-channel single-photon avalanche diode (SPAD)
detector has been proposed.'”'® This system not only achieves a larger
field of view (FOV), but also enables reliable identification and removal
of noise events.'” However, the use of a large number of laser beams
and multi-channel SPAD detectors introduces complexity to the sys-
tem. Additionally, the maturity of SPAD array technology has paved
the way for the proposal of single-photon lidar based on SPAD arrays.

However, these instruments always cost a lot due to the difficulty in
the fabrication of the single-photon detector array with highly inte-
grated numerous pixels of balanced detection efficiency and noise
level."” !

To address these challenges, researchers have proposed a solution
based on frequency-division multiplexing”” and a combined
wavelength-division multiplexing and time-division multiplexing
beamforming scheme.”” By employing these two techniques, namely,
utilizing lasers with different repetition frequencies or multiplexing
with different wavelengths, it becomes possible to implement a multi-
beam lidar system using only a single-pixel single-photon detector as
the receiver. In this Letter, we propose enabling imaging capabilities in
a conventional single-pixel lidar setup, typically consisting of a single-
wavelength laser, a single-pixel detector, and a single-channel time-to-
digital converter (TDC), without scanning, by employing the time-
division multiplexing technique. Compared to multi-wavelength imag-
ing systems, the use of a single laser wavelength allows the optical
receiver to suppress background radiation noise from different pixels
with a single-band filter, simplifying the optical reception system. To
achieve imaging, an array of optical fibers is employed at the optical
reception end, where different pixels are delayed using fibers of varying
lengths to separate them in the time domain. Unlike the use of optical
switches to switch between different wavelengths of lasers at the lidar
transmitter for time-division multiplexing,” this work proposes a

Appl. Phys. Lett. 124, 051104 (2024); doi: 10.1063/5.0187820
Published under an exclusive license by AIP Publishing

124, 051104-1

LE:¥ELL ¥20Z Aenuer og


https://doi.org/10.1063/5.0187820
https://doi.org/10.1063/5.0187820
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0187820
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0187820&domain=pdf&date_stamp=2024-01-30
https://orcid.org/0000-0002-7241-2173
https://orcid.org/0009-0008-3599-542X
https://orcid.org/0009-0008-1804-4729
https://orcid.org/0009-0000-3347-8236
mailto:mingjia@xmu.edu.cn
https://doi.org/10.1063/5.0187820
pubs.aip.org/aip/apl

Applied Physics Letters

time-division multiplexing at the lidar receiver through optical fiber
delays applied to different pixels. Subsequently, the fibers from differ-
ent pixels are recombined into a fiber bundle, allowing detection by a
single-pixel single-photon detector. In this regard, a large-area single-
pixel single-photon detector is utilized to efficiently collect signals
from the optical array. Furthermore, the spectral broadening caused by
multimode fiber (MMF) dispersion was analyzed. Imaging of four dif-
ferent targets at a distance of 80 m was experimentally validated.

The schematic diagram of the single-photon imaging lidar system
setup is illustrated in Fig. 1. The system consists of four subsystems: a
532nm pulsed laser, a transceiver, a time-multiplexing module, and a
data acquisition system. The utilization of a 532 nm wavelength laser
in this lidar system is intended to accommodate its underwater imag-
ing capabilities. The system employs a compact fiber-based picosecond
(ps) laser with a master oscillator power amplifier (MOPA) architec-
ture. The seed laser operates at a wavelength of 1064 nm and is a
single-mode single-frequency pulsed laser. It undergoes amplification
through a single-mode ytterbium-doped fiber amplifier (SM-YDFA)
and two-stage high-power ytterbium-doped fiber amplifiers (HP-
YDFAs). To generate the desired 532 nm wavelength, the laser beam
passes through a lithium borate (LBO) crystal for second harmonic
generation. The system achieves an average power output of up to
80 mW, and after passing through a concave lens, the beam divergence
is 12 mrad. The laser pulse has a full width at half maximum (FWHM)
of 95ps. The pulse repetition rate is 1 MHz, corresponding to a
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FIG. 1. (a) Schematic setup of the single-photon imaging lidar. SM-YDFA: single-
mode ytterbium-doped fiber amplifier; HP-YDFA: high-power ytterbium-doped fiber
amplifier; L: lens; LBO: lithium borate; DM: dichroic mirror; SPAD: single-photon
avalanche diode; TDC: time-to-digital converter; FG: function generator; and PC:
personal computer. (b) Enlarged cross-sectional images of the fiber optic interfaces
at positions A(b), B(c), and C(d) as marked in (a), along with (e) a photograph of
the time-division multiplexing module.
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non-ambiguous detection range of 150 m. Each pulse carries an energy
of 80 nj.

To achieve a miniaturized structure, an all-fiber connection
configuration is employed in the optical receiver system of the single-
photon imaging lidar. The backscattered signal generated by the inter-
action between the 532 nm laser and the target is collected through a
large-beam achromatic fiber collimator with a focal length of 80 mm.
A 50 mm diameter narrowband filter with a bandwidth of 0.5nm is
placed in front of the collimator, and its center wavelength matches
the laser wavelength. After passing through this collimator, the back-
scattered signal is coupled into a fiber array composed of 122 MMFs,
each with a mode field diameter of 50 um and a numerical aperture
(NA) of 0.22. The cross section of the fibers at position A, marked in
Fig. 1(a), is shown in Fig. 1(b), with numbering from 1 to 61 in two
sets, sequentially adjacent for each number. The pixels with different
numbers are delayed using fibers of varying lengths, with the fiber
length increasing by 2m for each pixel. Considering the refractive
index of the fiber, this results in a delay increase in ~10ns for each
pixel. The fiber corresponding to number 61 has a delay fiber length of
122 m, corresponding to a delay of 610 ns.

To optimize the fill factor, the 50/55/65 um (core/cladding/coat-
ing) MMFs underwent a coating layer removal process and were sub-
sequently arranged in a well-organized manner, as illustrated in Figs. 1
(b)-1(d). As a result, the fill factor reaches 83%. Additionally, due to
its fiber array structure, the isolation level between pixels exceeds
100 dB, providing a significant advantage compared to SPAD array
detectors. The total diameter of the fiber cluster formed by the
122-fiber array is limited to within 0.72 mm, corresponding to a FOV
of 9mrad for the lidar system. Each fiber corresponds to a FOV of
0.625 mrad, and at a target distance of 80 m in the experiment, the cor-
responding lateral resolution is ~8.5 cm, additionally considering the
effective aperture of the receiving telescope, which is 3.5 cm. The trans-
mitted laser and the receiving collimator are in close proximity, and
the geometric overlap factor, representing the ratio of the laser beam
overlapping with the FOV of the receiver, reaches 100% at a distance
of ~2 m. Subsequently, the two sets of fibers numbered 1-61 are indi-
vidually merged into their respective fiber clusters. The fiber clusters
exhibit a transmission diameter of ~500 um, and the cross sections of
the fibers at positions B and C are depicted in Figs. 1(c) and 1(d),
respectively. The photograph of the entire time-multiplexing module is
shown in Fig. 1(e).

The signals from the two sets of 61-pixel points output by the
time-multiplexing module are detected in a time-division manner
using their respective single-pixel SPAD detectors. The detection effi-
ciency of the SPAD is 52% at 532 nm, accompanied by a dark count
rate of 100 counts per second (cps) and a saturation count rate of
40 MHz. As single-photon detectors have evolved from detecting a sin-
gle pixel to simultaneously capturing 61 pixels, there has been a sub-
stantial increase in the number of detected photons. Fortunately, the
implementation of the time-division multiplexing technique enables
the temporal separation of photons from various pixels. This not only
prevents the detector from saturating due to the rapid surge in photons
but also significantly enhances the utilization efficiency of the single-
photon detector without sacrificing detection efficiency.

As to the electronic module, a homemade function generator
(FG) based on the field programmable gate array (FPGA) provides
precise control signal for laser and the TDC. A high-precision TDC
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(Swabian Instruments, Time Tagger Ultra) with root mean square
(rms) jitter of 9 ps is adopted to record the time of pulse emission and
photon detection.

To analyze the effectiveness of time-division multiplexing, mea-
surements were conducted using the lidar system to capture echoes
from a white plane placed at the lidar’s output port. The sampling
interval of the lidar was set to 50 ps, and the accumulation time was set
to 1s. The temporal distribution of the received signals from the 61
pixels is shown in Fig. 2(a). For convenient statistical analysis, the
peaks of the 61 signals were normalized to their respective peak values.
From the figure, it can be observed that the time delay between adja-
cent pixels is ~10 ns, which is determined by the length differences of
the delay MMFs. The peaks exhibit a relatively uniform distribution in
the time domain, although slight variations can be attributed to the dif-
ferences in fiber lengths.

Furthermore, as depicted in Fig. 2(b), with increasing delay, the
extracted waveforms become broader. The statistical analysis of the
width of the 61-pixel waveforms is presented in Fig. 2(c), revealing
that for every additional meter of MMF, there is an approximate
increase in 15ps in waveform width. This broadening is primarily
attributed to the dispersion of the pulsed 532 nm laser introduced by
the MME.”" In the absence of broadening, specifically for the first pixel,
the width of the waveform (7},4,,) Obtained from single-photon imag-
ing lidar measurements was 1.32 ns, primarily determined by the tem-
poral resolution of the time-to-digital converter (trpc, 10 ps), the laser
pulse duration (Tjser» 95 ps), the timing jitter of the single-photon ava-
lanche diode (t4pag, 1.3 ns), and the time jitter of the synchronous sig-
nal (g, 10ps). The width, Tjiqe, was calculated using the formula
Tidar = (TTDC> + Tlaser: + Tspadz + Tsynz)o.s , resulting in a value of
1.32 ns, which correlates with the measured value.

To assess the variations in the peak position extraction among
different pixel locations, the above-mentioned experiment was
repeated 60 times. The average and standard deviation of the center
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FIG. 2. (a) Temporal distribution of the 61-pixel points, normalized to their respec-
tive peaks. (b) Extracted waveforms of the echo signals from the 61 pixels in (a),
with the peak positions aligned at 0's. (c) Statistical analysis of the waveform width
for different pixels.
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positions of each pixel location were calculated from the 60 sets of
data, as shown in Fig. 3. To reduce random errors in the single-photon
data, we applied a 1ns sliding window during the data processing
before extracting the peak positions using the “findpeaks” MATLAB
function.

From the figure, it can be observed that, although the pixel points
with larger delays, as shown in Fig. 2, exhibit wider waveform widths,
the precision of peak extraction remains relatively high. Despite an
increase in the standard deviation with increasing delay, the standard
deviation of peak positions extracted from the 61st pixel, compared to
the first pixel, only increases from 0.5 to 0.8 cm.

To demonstrate the effectiveness of the time-multiplexing-based
single-photon lidar, imaging experiments were conducted on four dif-
ferent targets at a distance of 80 m, including a planar wall, an inclined
wall, a step, and a stripe. Figure 4 illustrates the typical distribution of
reference and target signals detected by SPAD; with a bin width of
50 ps and an accumulation time of 1s. The target is an inclined wall
located at a distance of 80 m, while the reference signals originate from
a white plane placed at the lidar’s output port. From the reference sig-
nals, it is evident that the intensity varies for each pixel, and as the
length of the optical fiber increases, resulting in larger delays at pixel
points, the signal generally weakens. When examining the signals
reflected from the target, as shown in Fig. 4(b), the delay of each target
pixel relative to its corresponding reference pixel represents the target’s
distance, and variations in the reflectivity of the target corresponding
to different pixels result in an uneven intensity distribution. Moreover,
in this study, employing 61 pixels spanning ~610ns in the time
domain and considering a detection distance of 80 m, this leads to the
occurrence of target signals with return times exceeding 1 us in the ear-
lier half of the time axis, as depicted in Fig. 4(b). From the signals in
Fig. 4, it can be observed that variations in the photon counts of the
lidar signal, influenced by the target’s reflectivity, impose greater
requirements on the dynamic measurement range of the lidar system.
In this work, the lidar has a measurement dynamic range of ~40dB,
which is adequate for detecting targets with relatively minor variations
in reflectivity. However, when it comes to detecting more complex tar-
gets, it will be essential to implement techniques to extend the dynamic
range, such as the fast-gated single-photon counting technique.”” The
lidar emitted 10° laser pulses within one second, and the accumulated
photon counts on each pixel were less than 6 x 10* photons. This
implies that in this experiment, the detection of photons on each pixel
was less than 0.06 per pulse, which is lower than the saturation photon
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FIG. 3. Perturbations in the extracted peak values for the 61 pixels, presenting the
statistical results of 60 measurements.
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FIG. 4. Typical distribution of reference and target signals from SPAD;.

count for the single-photon detector. Consequently, despite variations
in the signal intensity among different pixels in this work, it remains
feasible to extract the waveforms corresponding to different pixels.

As shown in Fig. 5, the lidar achieved imaging of four targets
with different shapes at a distance of 80 m without scanning, using
only two single-pixel detectors and two-channel TDC. The
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FIG. 5. Imaging of planar (a), inclined surface (b), step (c), and stripe (d) using the
single-photon imaging lidar, with experimental photographs in the top right corner of
each subfigure showing images captured by illuminating the target with different
pixels.
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experiments were conducted in the playground of Xiamen University.
Additionally, due to the strong solar radiation at 532 nm during the
daytime and the limited bandwidth of the filters, the experiments were
conducted at night. By analyzing the depth data of the flat wall in
Fig. 5(a), it was observed that the 122 pixels detected distances within a
range of 80m * 2.5 cm, indicating that the lidar system attained an
approximate 5-cm distance resolution at a distance of 80 m. In this
work, although imaging detection was demonstrated with only 122
pixels, it validates the capability of single-pixel detectors and single-
channel TDC to achieve 61 pixels. In the future, by designing more
complex fiber arrays, it will significantly reduce the number of single-
photon detectors and the channels of high-speed TDCs.

In conclusion, a fiber-based single-photon imaging lidar technology
was proposed and demonstrated using a time-multiplexing technique
without scanning devices. The scheme enables imaging capabilities in a
conventional single-pixel lidar setup, typically consisting of a single-
wavelength laser, a single-pixel detector, and a single-channel TDC, with-
out scanning, by employing the time-division multiplexing technique. By
employing a regularly arranged fiber array at the receiver end, the echo
signals from different pixels were delayed using fibers of different lengths.
These delayed signals were then combined into a new fiber cluster and
detected by a single-pixel single-photon detector. In this Letter, the dis-
persion caused by the MMFs used for delay was analyzed. Furthermore,
the feasibility of the proposed technique was validated through the detec-
tion of four different-shaped targets at a distance of 80 m. The technique
offers several advantages. First, the high isolation between fibers in the
fiber array significantly reduces interference between pixels. Second, the
use of a single wavelength for imaging different pixels enables the appli-
cation of the same set of filtering devices, resulting in the high signal-to-
noise ratio for echo signal extraction. Finally, the system requires only a
single readout circuit, allowing for high-speed imaging.

In the future, measures will be taken to enhance the performance
of this lidar system. These measures include improving algorithms and
hardware to enable simultaneous detection of multiple targets within
the FOV, as well as applying the system for detecting underwater tar-
gets in environments with strong absorption and scattering back-
grounds. Furthermore, near-infrared laser sources and narrower
filtering techniques will be employed to achieve the capability of the
imaging lidar to operate continuously throughout the day for targets in
the atmosphere. Finally, the time-multiplexing technique can be easily
implemented in existing multi-beam lidar systems, demonstrating the
significant potential of multi-beam lidar applications.
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