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Fig. 1 Simulation of photon detection of a pixel. (a) Photon number; (b) probability density function (PDF); (¢) cumulative distribution
function (CDF)

3 WOLHIE R G

3.1 RGEAR

Fir i it ) B I8 R 4Rk H B T Gm-APD B4 51 # ik
e = 4E AR O B IR BOR | 38 o A = 4 AR R —
IR E SR e R = S - A5 R e SRR
BEYEG . R EE DL 5 AR
I 27 WO AR AR B | B B I 2 A B | R S RO 2 A
e HMBI D R B EE e, RERER WA 2 iR
S B HR HOC AR WO AR KOG K R SRR

BRGSO G 2P R B S bR . B
B O 1m0 38 15 5 W O R T, el B2 RO 2 oo R Uk
1) 4 270 4 00 8 ok A N o B A A N SR AR B BB 22
Cameral.ink 545 di 11 4% 4 21 S P AL H 28 BOds e o 17
fith [ A5 B 45 b [ B SR 42 B B8l T 48 UDP W) 45 3 11
46 28 P s, EAT S A SR A B0HE TN B

Tk RGER FOCIR R /MEBDL S o6 R %
S 7 2N OGS Y B AR %
Je a0 I KA 1550 nm, #4285 R Oy 25 kHz, ik b 58
FE N 4 ns, Bk RE R N 32 w0 HA 5 RO G BE

0210001-2



HEYTE -FRET $£50% 5 2H81/2023 £ 1 B/FEHN
) fiber laser > )
transceiver unit scanning unit
Gm-APD array - | —
detector B
A
I P PR P S S A S, L
| system control unit : m
[
l laser trigger :
: scan control |
I'[™ detector : UDP
: trigger |
CameraLink | data I electrical
. data storage |
conversion I )
| optical

K2 REaiHER
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Fig. 4 Overall view of system
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Table 1 Main technical parameters of system

Part Parameter Value
Pulse repetition frequency /kHz 25
Wavelength /nm 1550
Transmitter Pulse width /ns 4
Pulse energy /pJ 32
Divergence angle /mrad 8
Receiver aperture /mm 50
Receiver Receiver field of view /mrad
Optical filter bandwidth /nm 1
Optical throughout efficiency 0.6
Number of columns and rows 64,64
Range bin size /ns 1
Detecto Gate width /ns 20-4000
' Frame rate /kHz 25
Dark count rate /kHz 20
Detector efficiency 0.2
Lidar Weight /kg 17.2

Size(length X width X height) /mm 360X 258 X 300

0210001-3



HEXE-MRIEX

E50%& F2H8/20234£ 1 A/H0E#N:

3.2 TYEIRIE

RGN TAER P RN 5 R o SR PR fi
AT T 00 4 B O A A5 R B 4R 0 A8 A B —
15 5 filh S 6 27 0 A% & 5 Bk ob ot 5 — B (5 SR
[ 2045 5 e 2 2 W ) 300 i, TR0 8 PN 9 ) 20 )7 A —
A~ Start {55 (GF TR Bk oi 5 5 ), Start 55 220 8 2
ST 200, J 777 A B T 555 A D AR 2 AR 45 R
JG A I B g TDC R UG5 5 o 4 FAR 135 ik o
15 5 B 38 500 45 't S0 N 9 37 PR g 45 15 0T 23 il
Bl fik % 7= Az 3 B3 A Stop 5 7, 45 1k TDC it 8.
Y e S 300 45 SRR 2% A A8 OT I A5 2 X 0 A AT IR (]
TR 2,0 B URRUAG ] 300 45 TR 4 D00 i P ) 332 A R
K 5 A AR OT BRI )RR 32 Y B Ak A B (5 OT 8
F189 RSB SRy 6T 7 B 18] - 5000 A, T R B Ak K 1) O 1%
H AR R S 1T S AR, AT A B Sk i R S 0 A E

trigger

I [ ]
[\ laser pulses /\

] ]

Lael
-« » gate width |
stop

[ ]

toin to

K5 REGTAENF

Fig. 5 Timing sequence of system

Time of flight /ns ¢,
@ 1000 (b) 1500

900
800

700
600
500

[
(=3
(=3
(=]

y /pixel
Photon counts

400
300
200
100

10 20 30 40 50 60 0

x /pixel

Hbr i =4Ef5 8o i THOEs LR e R 205 451
SR A5 T4 T A B0 I 220 478 — 2 B9 JE I, 3 — 2E 1 2%
A R ] R B I R 22, PR I R 8 2 9 58 I i 2R
B LAY R BEAT B B AL IE o A {ROT R Y I
{E R, Al iy T 73

R, :%.<[delay + [u).[bin + Rofteer» (7)
ST 2y BRI A5 B IR T8] 23 B 2R 5 R e 9 BE B9 B LA
A
3.3 HiEAbIE

R 3] 4R DN i S5 I g o B R 4R B R L BR H AR
A BT BN I 4 A 2 i MR R, R R R
BLAG T FOL A W ROL R T g 5 U 1R SOt T
fih o i 2 W RS I HORE AE 5 R A AR e e rh A
RAEM BT =, 5 H AR Az BT KR s
T, BRI H AR BN 0 R AR . AR G T Ik T
BT iz RIAT B S BN IR B, fFX M 7 ik B il /9
Ak BT E] AR o O S IR SR 6 S0 Hh AT 23 A A AL
K 52 B W 75 T KR 0 D R 25 I, DR K A
F6 S Ak BRI A I TR] B R R . R G SN R 4
Ji ey Bl B FG I 18] 3 RO {E o A 45 2R A 6 o o i
P 6 (a) St [ 5 b i LSS 3 A 28 H R R o0 18 2%
& A 1 B B M A5 DATEL 6 (b)) B ] T B0 0 A By
BIZE Rl UL, B AR ot (e B 4 v o A fE LN
o0 8 00 R 14 ) BRGNS £ S i A ) T
PR ICIT RUAE o0 A T 2] 58 BT, 95 5O R
fih Az 14y Mg P A5 T T RC(E WU B L 23 A TS SR D B
R, HLAG 518 70 9 T 8R4 180T 1Y
R

500 -

iy Timebin
L H ! L L

1500

1000 |

500

Photon counts

i
o
S

2 OSWaa WEW VIN FEPEVSWIYS) ¥
50 100 150

100 200 300 400 500 600 700 800 900 1000
Timebin

6 S SR A M B 1] 3R 230 A5 B 7 P45 R« (a) SEIRE RIS 5 (b)) I 18] 3 K8 20 A1 07

Fig. 6 Real-time image and time of flight histogram results of raw data. (a) Real-time image; (b) time of flight histogram
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Fig. 8 Real-time image and time of {light histogram results of processed data. (a) Real-time image; (b) time of {light histogram
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Fig. 10 Test scene and 3D image of targets. (a) Test scene; (b) 3D image of targets
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Fig. 11 Results of simulated data. (a) Time of flight histogram, in which inset 1 shows zoomed in regions of two peaks and inset 2
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Fig. 12 Automobile imaging experiment. (a) Vehicle experimental platform; (b) system overall installation; (¢c) Google map of test area
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Table 2 Performances of POS system

RMS position accuracy /m RMS velocity accuracy /(m-s™") RMS attitude accuracy /()

Time of lost lock /s

Horizontal Vertical Horizontal Vertical Roll Pitch Azimuth
0 0.010 0.015 0. 020 0.010 0.008 0.008 0.012
10 0. 020 0. 020 0. 020 0.010 0.008 0.008 0.013
60 0. 130 0.050 0. 030 0. 020 0.010 0.010 0.016
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Abstract

Objective

Geiger-mode avalanche photodiode (Gm-APD) arrays have single-photon sensitivity and each pixel can detect the echo

photons independently. Lidar systems based on Gm-APD arrays have many advantages, including high imaging resolution, fast

imaging rate and possibilities of using lower power laser as the transmitter hence reducing the overall system size, weight, and power

(SWaP). These advantages make the Gm-APD array lidar system very suitable for applications in the fields of mobile platform terrain

mapping, which have a strict restriction on the total SWaP of the payloads and require a fast imaging rate. In this study, we propose a

miniaturized imaging lidar system based on a domestically developed InGaAs 64X 64 Gm-APD array. This system uses a large-pixel-

0210001-9



HEXE-FARILX £50% F£288/2023 5 1 B/hEM®

format detector array combined with a coaxial scanning mechanism to achieve fast terrain three-dimensional (3D) imaging on vehicle-

mounted mobile platforms.

Methods The system is composed of fiber laser module, detector array module, transceiver module, scanning module and system
control module. The 1545 nm laser source can operate at a repetition rate of 25 kHz with a maximum pulse energy of 32 pJ, and the
laser pulse width is 4 ns. In order to get a uniform illumination on the targets, the transmitting optics collimate and homogenize the
laser pulses, so that the divergence angle of the emitted laser pulses is 8 mrad. The receiving optics collect the echo photons, and a
1-nm-bandwidth filter with a center wavelength of 1545 nm is used to reduce the solar background noise. The InGaAs 64X 64 Gm-
APD array with a detector efficiency of 20% at 1545 nm is adopted to detect the echo photons. Using a 64 X 64 detector array and a
fast scanning unit, and with the help of a moving sensor platform, the system can achieve large-scale terrain mapping. A noise
filtering method based on time-domain distribution characteristics of signal and noise is used to remove the noise points in the real-time
data. Both static experiments and dynamic imaging experiments were conducted to verify the performance of the system. In static
measurement conditions, two flat-panel targets were placed in front of the system at distances of 102.56 m and 104.06 m,
respectively. Then the standard deviation of points to plane was evaluated for the two targets. In dynamic imaging experiment
conditions, the lidar system, position and orientation system (POS), and panoramic camera were installed on a vehicle-mounted
mobile platform with a velocity of 60 km/h to conduct large-scale 3D imaging of the test area. The 3D lidar images of the test area
were compared with the Google map results, meanwhile, the area coverage rate and the average measuring point density were

evaluated.

Results and Discussions The two flat-panel targets at distances of 102. 56 m and 104. 06 m were detected. The time of flight
histogram (Fig. 9) shows two peaks with a time difference of 10 ns, and from the 3D image (Fig. 10) the points of the two targets can
be clearly identified. The measured distance deviation of the two targets is consistent with the reference distance deviation. The
standard deviations of points fit to plane of the measured data are 0. 12 m and 0. 11 m, respectively, and the results for the simulated
data are 0.10 m and 0.10 m (Fig. 11). In dynamic imaging experiments, the point cloud results of the region near Baisha River
Bridge, Qingdao, Shandong Province, were successfully captured at a platform velocity of 60 km/h. The resulting area coverage
efficiency was 36 km*/h. The partial profiles of the Baisha River Bridge show detailed 3D information about the bridge, and the piers
and the street lamps can be clearly identified in the 3D lidar image (Fig. 13). The high-resolution lidar image (Fig. 14) shows a 3D
point cloud of the scenic spots along the river and a dam, which has a mean measurement density greater than 13000 points/m®. The
Google map photographs of the same area helped to identify the characteristics of these targets.

Conclusions A miniaturized imaging lidar system based on a domestically developed InGaAs 64X 64 Gm-APD array is designed,
which is capable of achieving fast terrain 3D imaging on a vehicle-mounted mobile platform. Both static experiments and dynamic
imaging experiments were conducted to verify the performance of the system. In static measurement conditions, the standard
deviation of points to plane for flat targets at a distance of 100 m was 0. 12 m. In dynamic imaging experiment conditions, the 3D
point cloud results of the measured area were successfully obtained when the system was mounted on a mobile platform with a velocity
of 60 km/h. The mapping rate was about 36 km®/h and the average measuring point density was 13454 points/m”. The results
indicated that the lidar system based on a domestic Gm-APD array can realize topographical remote sensing detection on the mobile
platform, providing a new technical means for high-resolution terrain mapping of the high-speed vehicle platform. The development of
a smaller and more lightweight Gm-APD array lidar system, which can be mounted on small unmanned aerial vehicles (UAVs) to

conduct complex terrain area mapping missions, will be explored in the future.

Key words imaging systems; lidar; three-dimensional imaging; photon counting; avalanche photodiode; detector array
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