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Abstract: LiDAR, as a kind of sounding and underwater terrain drawing equipment, has entered the commercial
use stage abroad. In China, the development and application of LiDAR are relatively slow, and researchers mainly
focused on the development of large-scale dual-frequency water measurement LiDAR. Based on the design of
dual-frequency water measurement LiDAR, a single-frequency LiDAR opto-mechanical system for Unmanned
Aerial Vehicle(UAV) was designed by author's team. Firstly, the system component was designed separately.
Namely, a reflective optical wedge was used by a scanning unit to achieve transmission scanning, an optimal
receiving angle of view was calculated by the Kopilevich model, and a receiver optical unit was designed with

generalized Kepler system. Then, the whole machine was integrated, the efficiency of the optical system was

Ui B HA:2020-12—-15; 1817 HHA:2021-01-25
EeWH:ERARBI AT S H (41431179); FFE HRRF RS (41961065); ) P9 AT K50 & & LI (AA18118038,AA18242048);
T PR SR A A& T (AD19254002); FEMTTRIEIFST 58RI &1 HRIWH (20190210-2)

20200297-1



% 4 3

ISk A2

www.irla.cn

calculated, and a simulation experiment was used to verify the scanning effect, a waveform test was used to verify
the usability of the designed LiDAR. The characters of this system are as follows: the optimal receiving view
angle is 95 mrad, the best flight altitude is 150 m, flying speed is 10 m/s, the best depth of measured water within
25 m, the maximum depth of measured water is 50 m. The Kopilevich model is used to determine the best LIDAR

field of view to improve the performance of the LIDAR opto-mechanical system, two different scanning methods

% 50 %

can be switched.
Key words: LiDAR;
Vehicle(UAV)

bathymetry;
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Fig.2 System structure of LiDAR. a-Integrated control unit; b-Power
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Tab.1 Overall technical index of LIDAR

Parts Parameter Value
Wavelength 532 nm
Peak power 100 kW
Laser Pulse width 3ns
Repetition frequency 1 kHz
Divergence angle 0.2 mrad
Wedge angle 5°
Wedge diameter 40 mm
Wedge thickness 15 mm
Scanning unit Angle between the bottom of 450

wedge and vertical axis

Motor speed
Rated voltage of motor
Rated power of motor
Receiving field angle

Entrance pupil diameter

Receiving . oo
Optical unit Exit pupil diameter
Magnification
Bandwidth
Weight
Volume

Mode of delivery
Flight speed
Overall system Flight height
Run time
Scanning width
Scanning point density

Best measuring depth

Maximum measuring depth

540, 600 r/min
24V
100 W
95 mrad
82 mm
8 mm
10.25x and 42x
+1 nm

25kg

1050 mmx>400 mmx
460 mm

UAV
0-10 m/s
150 m
20 min
529 m

1/m?
25m
50 m

2 HFEEBET

TR RGER, Ch e &y Wik HH &
AR T 0.5 mrad B9 532 nm BOG 25 4E R ik oot
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Fig.3 Zemax simulation reflection type wedge scanning unit
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Tab.2 Parameter table of FOV loss factor formula
Parameters Parameters name Parameters values Calculation formula(Parameters see column 1)

0, Equivalent receiving FOV 6,=6,4cosb,/(ncosb,,)

. . . Hy=150 m
H Equivalent flight height 205.7814 m H=Hyn(cosh, /cosh,)’
h Water depth measurement 25m
m Scattering angle mean cosine function 8
by Forward scattering coefficient 0.4

=10°
0, Angle between laser direction and vertical direction 6.74° sinza:ngin 0
r Equivalent radi 82.689 r,0=82 mm
’ quivalent radius .689 mm F =1 00080, /c0s0),
=3
7 Equivalent radius of laser beam cross section 3.054 mm _ Mio=> mm
r=rincosé, /cosl,
. . 6,0=0.2 mrad

0, Equivalent laser divergence angle 0.1492 mrad 0~0,,c0s0,/(ncos0,)
n Refractive 1.333
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Fig.4 Field loss factors corresponding to different water depths and

receiving field of view
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Tab.3 Relationship between ¢. and atmospheric

visibility
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Fig.5 Recognition factors for different water depths changing with field

of view
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Tab.4 Structure parameters of objective lens

Lens Radius of curvature/mm Focal length/mm Material Refractive index (532 nm) Distance Surface/mm
1 198.543 213.098 ZF14 1.9317 12 air—ZF14
2 600.383 644.395 ZF14 1.9317 111.411 ZF14—air
3 —353.382 —564.779 F2HT 1.6257 10 air—»F2HT
4 156.494 250.110 F2HT 1.6257 36.799 F2HT—air
5 513.419 551.056 ZF14 1.9317 12 air—ZF14
6 —481.289 516.571 ZF14 1.9317 307.790 ZF14—air

23 A2 (13)~(15) T3, W B 4l i) A AR IR
£,'=505 mm, &5 EK 490 mm. £ (16)~(19) 1)
1144 $=0.003 038, S;=0.000 698, k2% . £ 2% KA
bR, PR AT G K .

Y5k 20 S50 7 T, W B 0 B O R 4,
dy. dy B A K7L LA (20)7:

3dn+Tts, 2 D
{ o+ Tt i 20)
8d + 2ty = Dy
K do MBS B/ NG R 10 R B B /Nl

GRIFE ; Do ™ i BT ELAR 5 do iy M35 B8 fe /N 0
JELRE 5 1 Ry 11375 456 i /N 320 % V5 JBE 5 Dy 191375 456 G T
HE,

U B O JEE R R (M o 5 3 % IR B G i) A i
B e/ IV % R TR R TMT 575 5 e /N o0 PR D R i
ML BT 5% = (WL 3 W o X Xom) £F
TELAIT RR, WA (21):

{

s xR IR A THT %) 5% 1805 o R 1Y 325 55 Y
TET P 2 185 5 ey A9 1 375 45 A R TET 1) 2 185 5 oo K9 1M1 375 455
1 T TET P 2 1 o

R T AR B0 F B A /N i SR BE R MLOE  aIh H
OJEEE, F 8 & A AR R, TR AR

W,
NCRESS

tyy = Xy + Xapy = dpy

21)

to = Xopn + Xypy = dp

X=r=

(22)

e IR s i MR, AR 35 DORIX
T EAE, BDY B 20 A B AR, B 80 mm.,

B2 1) At (22) T R A TH Y R 5
AL (20), BFIA L (23), BT SRS N 48 /Nl
SRR TN M5 B /NI R R TE

Dy, = 3(xym — Xo,)
10

tn 2
(23)
Dy = 8(xy — Xom)
10

G A (16) THAAF A BN 4 x) 1 =4.28 mm,
X =1.40 mm, 7,=7.33 mm, d,=12 mm. WA &1
MR, X1 =—2.3 865 mm, Xx,,=5.4 663 mm, £,,=14.4 822 mm,
d;=10 mm. MRS A B 0 M BE, xp=1.63 m, xou=
~1.75 mm, £y=7.18 mm, ds=12 mm. HHREHISHE/NT
BHE R BER, XN B BUR A B2 T i B L M85
XL, — o+ X1, < dy (B} d=12 mm >dn=10.21 mm),

v =

toy—Xom + Xy <ds (B0 d=10 mm >ds =6.63 mm),
tw — Xon + X1, <dy (B ds=12 mm >dp, =10.57 mm) 7]
S, N LT 48 TR B 12 mm, XSRS A o  JE E
10 mm. MEEEE 12 mm, £S5 TSR,

I, BT RS E e, WA S,
MTF 4 WLIE 9, 425 [ 45 % 100 Ip/mm B, 423
M MTF H KT 0.5 (Tk bR il 2 228 [ R Ry
100 Ip/mm Hf, MTF>0.4), H 4%~ 37 th 28 % 2% 5
i, WA A BT ER
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Fig.8 Optical path of objective lens group
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Fig.9 MTF curve of objective lens group

43 B KR
W7 R 2 — 1T 5 B e B, O R L AR B R
MIAHFN o N TN DCBRAR, 52 3K
WOGAF 5 BOKBOGE 5 08, F5 2 Mot .
R AER A, N 20,8 4 mrad, KLY 20,0
95 mrad., fIZEHTIR LA (24):
D, =2V2f tanw (24)
X DA TR ALIX AR w 2
RIEA K (24), £/HL 505 mm, w, B 2 mrad, 78 /)
M EH A% D,=2.86 mm. f;HL 505 mm, w, X 47.5 mrad,
THE R HAE D=67.90 mm,
44 WiHMWEE/RERA
H 5409 B 002 8 % 5E 23 B /8 PMT 1 APD
o BT PMT #1 APD B4 504 8. 1.95 mm, 754k,
FEIE T ZLE AT 49.27 mm, {f 6L AT AR IR H5F
1o WLRR BT LA 2 E 3R AN 2R, dn] DA
A E BRI, MR A (25), AT R H B2
N £
tanw’ = I'tanw (25)
X o HEAMT M o WY B £
Y o 43 B 95, 4 mrad, I'HL 10.25, 42 [}, At
S BB w53 ) 25.98°, 9.54°, 2w'43 Il K

51.96°, 29.07°, AT, BLE/R H86E A # i /b
40°~50°, A it SCrP e /R H B 4i A — R e 4R
JEI A EEY KRR S . Sk s LR R B B8
5K ULIE 10,

tn ty
el

[s
[EN

“do d T d d o dy
B 10 SIS LR F B4k

Fig.10 Improved Kenneth eyepiece structure

PR HBEE 1R EE FON 0S5, N AR A5
F B2 A A X LA 4R, SR B B2 0 47 2
R, WA BUEIE RO RE RN, TR AR
fito T HRA R BAE SRR, WOt H B 4%
1 &G R 50 mm. FIAF (13) XFH B A H Bk
PRIEAT JCEAB AT LA, WA (26):

{ h7 = h() - (BFL+ SO)tanU;

, 2
hyi;—=LtanU; <4 26)

e b N8 7 B B AR 5 he 5 6 THNVE B R AR
15 U5 6 TGS S A A5 his 56 13 T FiAR
W5 Lo ELEG U 50 13 s 5 A

N TR BB ARG S5, T B oo B A ik
LB, RIG 454 Zemax TR, Hphx H
Br N IEY) R TG B i B A — 2 A Ak
1, W= 27):

; _ h13
h=—%
tanU,

K. o HEEA RS, PMT Al APD 43 1) B
49.27 F112.01; U, 056 7 T8 B 55 F

X H BT SRR BN RS, MR R 23 ]
5K OC R dy. dy. dyg. dy B ER R B 10 mm. %
Fy~F\3'\ dy. do. BHEMEHE B A, H Zemax 3K
FeAlfi, S50 PMT HESZ5HMSHULE 5. PMT Hi:
S EILE 6.
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2 E, H B S PRAERE R 49.269 9 mm, 43T 3 (20), HiA PMT YR 2544 ULIET 11, APD YERE 4544 I
e FE HE A 49.27 mm, HoaE B fe /) o0 TR B I 2 12, BB ER

x5 PMT BSRALEHSHR
Tab.5 Structural parameters of PMT eyepieces

Lens Radius of curvature/mm Focal length/mm Material/refractive (532 nm) Distance to next side/mm Surface

7 o0 o0 SF66/1.937 5 8 air—>SF66

8 —135.530 144.565 SF66/1.937 5 19.907 SF66—air

9 48.617 51.858 SF66/1.937 5 7.990 air—SF66

10 92.216 —98.364 SF66/1.937 5 16.1 SF66—air

11 63.200 76.190 LASF14A/1.829 5 10 air—>LASF14A
12 -316.269 -2928.417 LASF14A/1.829 5 7.6 LASF14A—SF66
13 143.183 —152.728 SF66/1.937 5 17.172 SF66—air

& 6 APD BIRASHMSHR
Tab.6 Structural parameters of APD eyepieces

Lens Radius of curvature/mm Focal length/mm Material / refractive (532 nm) Distance to next side/mm Surface

7 0 0 SF66/1.937 5 4 air—SF66

8 41.854 —44.644 SF66/1.937 5 30.426 SF66—air

9 52.443 55.939 SF66/1.937 5 4.5 air—SF66

10 —47.173 50.318 SF66/1.937 5 1 SF66—air

11 15.276 18.416 LASF14A/1.829 5 7.5 air—LASF14A
12 —22.175 —205.324 LASF14A/1.829 5 4 LASF14A—SF66
13 19.558 —20.862 SF66/1.937 5 10.053 SF66—air

45 YIEAMBRARE

PBidlf PMT. APD HEA &G, 07 24
BA RIS E It Wik, X e daE—
&, Hotrg WIE 13,

20201277 Zemax
Total Axial Length: 137.14700 me Zemax OpticStudio 17
I LENS 20200767 . 7mx
nfiguration 1 of 1

200 mm

Pl 11 PMT Hgedtssast
Fig.11 Structure of PMT eyepiece group optical path

D Layout

2020/7/14 Zemax
Zemax OpticStudio 17

LENS 20200705/ . ZX
configuration: All 5

[& 13 LiDAR EAIZICRL R GG

Fig.13 Optical path of LIDAR overall receiving telescope system

RAEW ARG BIRE K L=626.77 mm, K S| &

Layout

S e it Zemax OpticStudio 17 HOH 0.014 5, Sy R ALK -0.020 2, HEAR I Bk 22 25
Configaration 1 o 3 %, B HER BRI ER

[ 12 APD HER4DEHs 5 REE W AT T RY & B, T Zemax &=

Fig.12 Structure of APD eyepiece group optical path W BB, 3 T LR E B A B . AR
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B, SRECEE S R ¥4 AN IE . LIDAR £/~
PRECBE 3 A WL 14, Horb, [ () 2 0°8L3, K (b) 2
0.113°¥137, & (c) £—0.113°¥37, & (d) J2 2.721 8°Fi
Y1, B (e) J2—2.721 8°¥i37 . 5 AR W 37 57k HlUBE
Gy A S) AU — SR 25, KA 1A (f ] PMT
VER WS, 76 8 mm I Fl N IR 4224 7.7 mm,
/N 38 TE A APD A R 3 F, 7E 1.95 mm i
BN, 2B K 0.95 mm, AF & HH3K .

[2-0.532

OBJ: 0.000° OBJ: —0.113 0°

10 000.00

OBJ: 0.113 0°

IMA: 0.000, 0.000 mm IMA: 0.000, —0.045 mm

(a) (b)
OBJ: 2.721 8° OBJ: —2.721 8°
IMA: 0.000, 0.045 mm
©
IMA: 0.000, —0.066 mm IMA: 0.000, 0.066 mm
(d ©

Surface: IMA

3 t Di Zemax
PO D13ETAM Zemax OpticStudio 17

2020/7/7 .
Units are pm. Legend items refer to Wavelengths
1 2 3 4

Field : 5 LENS282007085% . 2K

RMS radius : 2876.33 2751.65 2751.65 2736.29 2736.29| Configuration: All 2
GEO radius : 3886.26 3880.09 3880.09 3876.06 3876.06
Scale bar : le+0d Reference : Chief Ray

Kl 14 ARG YRBEE A

Fig.14 Distribution of diffuse spots in each field of view

5 XEMRGEN

WOGAS . R oTARI ERT A BUS RDOEHL R S8
DL 15,
ARG T RSB, Hot ik o bt
Ao T S SRR A7 | RS A D RE A 2K o
ANFI R ORE R ST S BOBRE IR . 3R R DG
et R R IR A2 (28):
n’—n)2

i =1_p=1_(n’+n
Ao 2 R RO EBE R R p O GREBR R, W)
Ba2H AN H B 2H 4 Y B O R G4 DG RE & 1 R
THRRNE T,
HY 375 5 25 R A A R A R Ol g, ARG
BRI R T A (29):
7, =(1-a,)’ (29)
L o A RD G R E S % d i SRR a, b
RHGREM IR

(28)

Kl 15 LiDAR JHLRSE
Fig.15 Optical-mechanical system of LIDAR

& 7 PMT #1 APD EEXFETE
Tab.7 Optical transmittance of PMT and APD each

surface
Lens Optical transmittance Surface

Objective 1 89.9% air—»ZF14
Objective 2 89.9% ZF14—air
Objective 3 94.32% air—>F2HT
Objective 4 94.32% F2HT—air
Objective 5 89.9% air—»ZF14
Objective 6 89.9% ZF14—air
Eyepiece 7 89.8% air—SF66
Eyepiece 8 89.8% SF66—air
Eyepiece 9 89.8% air—SF66
Eyepiece 10 89.8% SF66—air
Eyepiece 11 91.41% air-LASF14A
Eyepiece 12 99.9% LASF14A—SF66
Eyepiece 13 89.8% SF66—air

AR Z BTG 1 em BEEEXNT 116 T 2466
W ay, 290 1.5%, 35 2 % 98.5%, ay, HL 0.015,
GELFE SR 6, dIL6.759. 5.4 cm. FEAAR (29), it
4% PMT il APD 422 Wi B2 21 3% 43 2R 43 14 90.29%
92.16%.

B IE o 2T LA (30):

9
=T, T (30)

i=1

VAR UL 20 S S v SR EJ IR Pl e S su s
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GFerbri=1,2, -, 13, 3R ER R 6 h I Rl R 1
e R, Y R 2 W ErB i R, -, W
YR 13 MEFB L %),

W25 B 0,902 9. 0.921 6, F2 6 Hir, [
3RS (30), THEAS PMT Al APD 1 2%
ARG L H A 27.98%, 28.19%.

Zemax B T HE T, L& RZE RN
PSRN L R ARt e O 4, HRe 455 PMT
H APD £z 0 sy ' 2% 35 1 % Ry 27.99% . 27.02%, W] LA
LR G, A B ELR

S B A K I LIDAR JGHL 2R G 4R 2 45
HOn, R, LI Sh A . APD Al PMT K 5 b i
. POS Z 4t Ml W 22 1% = 49 R CCD A AL A5 A
HJE MR R SR 8, RIS HILE 9.

% 8 LiDAR RERESH
Tab.8 Weight parameters of LiDAR system

Component Weight/kg
Power source 5
532 nm laser 3
80 flange servo motor 0.75
Motor driver 0.75

Optical pipeline 2.1(7 series aluminum)

APD or PMT and its circuit 0.5
MU 2.6
Integrated control system 35
CCD camera 0.35
Other 0.95
Outsourcing network 5(PVO)
Total 25

* 9 LiDAR REHRSH
Tab.9 Volume parameters of LIDAR system

Component Volume/mm®

Power source 188x156%97.5

532 nm laser 104x104x166.5
80 flange servo motor 100x60x70
Motor driver 150x100x40
Optical pipeline 80(inside diameter)x660
MU 200x116x80
Integrated control system 180x120%100

Outsourcing network 1 050x460x400

6 SEIGIGIE

6.1 fFERRE

O BEUE SRR, SO TR T R AR B IE A
PG 05 B AR, I A R 196 07 SR A RCR A
R

HENZTE ALK AT $ 6l A b %, Bl O x B,
Y\Ihy y il Cey) SRR BOCTE AR AR R R AL
LR BB NN RATHE , fiim . AL A,
AT WA GNP

{ Y = vt+hy tan 0 sin (2nn, 1)
x = hy tan 6 — h; tan 6 cos (2mn 1)

€3]

Ao y O B VEAE y B R B v R B ALY R
TR s N B ALY CATRF IR 2 S JE ML CAT AT
515 O A, n o HHILEG B xR OE S T AE x Bl
R AW

REVTEAMLE L TE 30 kg AT, HLELEAT 20 min,
RATHUE 0~10 m/s. FH T EROLA K FE 1 kHz,
JCNAL RATHS ] 5 — B 6 s, 16 /1 6 G2 — B 10°, i
M Ha ML I 10 ofs, 2% 5% 441 41 o L EE T8I 9 o/,
FUHE 7 AR QAT 1 R R T AR, A 3 RO &,
TR A 3R, BRI 100 A3 (32)
poE g IESE i i

x = Asin(wt)
y = Asin(wt + )

W RS, I TR . B AL
LA (33):

(32)

_(U-2AU,- 1R,
C,®

ot U KR R s AU S H R R R 5 7, Sy FRLUATR FEL 3 5
R, WHARHLEH; C, R REG ¢ WA BRGERE . WA
3 (33) AIKN, B H ML S R A F BHL L A L
FURX R AL AT DG o Bl T AR P BEL 5 A P L R R 3T
A, FLFEAX H BERTE A BRI T 98 5 S LN, SRS #
FRARCR o UL, SCHP e o 4 i E A R R s o
LI E LA, L B UL IR 16, AnE BT, VCC R fik
PR BRI, TG ST 2 2 B, FHLEL B n,=10 1s.
MIFOCHE 1B, 20 FERT SR A U A R R, Y
HL R B, R HLFE 3 ny 220 9 1/s,

Kl 17 R 3C P31 ) LiDAR 4200 & 5t & G
&l

(33)

n

i
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Tab.10 Scanning scheme
Plan  Order number  Flight speed/m's™  Flight height/m  Scanning point density/m >  Scanning width/m  Distance/m Area/m?
6 100 2.42 35.26 36 1269.36
1 b 8 100 2.07 35.26 48 1692.48
c 10 100 1.81 35.26 60 2137.20
a 6 150 1.29 52.89 36 1904.04
2 b 8 150 1.14 52.89 48 2 538.72
c 10 150 1.02 52.89 60 3173.40
a 6 200 0.81 70.53 36 2 539.08
3 b 8 200 0.73 70.53 48 3385.44
c 10 200 0.66 70.53 60 4231.80
1 /m? £ 5 3R . R, TEALAT @ 150 m, 35
VCC%MLSOOD =D - - ch== JE 10 my/s, Kt Bk AE 08 B B I 1 T AR, SCRE T B ()
. P — : B 4 3, 445 SR LT 20,
- M
R2 7415000 VE Wedge Laser

& 16 EL¥i H AL A e i

Fig.16 DC motor speed regulation circuit

ORI R, 42 88 R R T
HEZE LR 18, [ 1-a, 1-b, 1-c. 2-b. 2-c. 2-d. 2-c.
3-a, 3-b, 3-c 4 EHE 1-a, 1-b, 1-c, 2-a, 2- b, 2,
3-a, 3-b, 3-c HXF L. M PRI, 175 @ F 150 m,
AT 10 mys, 25 B0 R B, 5 B0 50
Ko WL, TANAT E BT 150 m, &AT 3 B R
F 10 m/s. 3XRERRRE SE LI K ET AR G 44, thpe ik 2
RGERK, HRERMNE A, R % R
(TR, S B A% B AR . R0, S A SR A
KRS 3CHR, R IR FHZE B W4 s A 4938 Jr ik e A Ak
2 U I

MR AR B AR, He B R R T R T
PR ILE 19, B H 1-a, 1-b, 1-c. 2-b, 2-c, 2-d. 2-
c. 3-a, 3-b. 3-c W EHE 1-a. 1-b, 1-c. 2-a, 2-b, 2-
c. 3-a. 3-b. 3-c AHXF A . AP AT, ZREE WA
JEAT T 150 m, AR T 10 mys, K23 B R] B,
SRR . R, TR AT 150 m, B E
i T 10 m/s B 15 B0 T, 4% 1% G 49 4 fif U 1 TR B
) ST, ANAEAE B R

B AT e B, 4T 0 BB R, 22
U H 00 6 B 6% A D ] B2 ] R b a5 B A 3

JARY
T

Laser collimating unit

/.
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Fig.17 Schematic diagram of receiving and transmitting light system
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Fig.18 Grid scanning pattern
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P19 ZEpF i 5

Fig.19 Lissajous scanning pattern
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Fig.20 Lissajous optimal scan
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Fig.21 Measured waveform data
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