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Fig. 5 Receiving beam broadening results based on cylindrical lens. (a) Simulation beam diagram of azimuth direction; (b) simulation

beam diagram of elevation direction
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Transmission beam broadening results based on
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expansion; (b) simulation beam diagram of azimuth

direction; (c) simulation beam diagram of elevation

direction

E50% £ 5H1/2023 £ 3 B/HEHN

W T, Ry — 20 S0 T8 R A, AT AR R R 9
PR AN FEERBEHE AT, AR UR
B B B BRI AT, R G0 00 3 25 ARG B i ELAE
A TR) B 8000 s S T, A FH B R, B AR T R T[] A
Hahn .

Ao W L IR S A R A T AR AL B G A R Y B
G, 000 H 6 T 3 AR A A A e A AT DL AR 4 B D 2
VEAT Ff R < 70 B 9 25 1) A U0l R 2 X6 12 19 3% A 5 17
HO AR, B 422 W - T8 I 2 Sy [ A 35K T 3 O 0 LA AR A
Ib R A ERE R B B TE B S A A PR A A ST ) B X R
SR EE R % i F ey OB T VA .0 N [VANRIN o =1 /N 1
57 I 1) I o F 5 B 42 AT LR A 2 AR 4 R SIOE 23 A 04 1
o, AR 2 AR RO 0 7 R R AR AR H DG BE &
ARG AL, AN AR e A RO R B kR
TR

GiRE iy B e W N o el 6 S NES 20 S AT S
SCELPE R . MRS ARG R AT S B i
Tt R O 25 0T S R b e, 0 AR O B PO A L AR R B R
S AR A PR DT I AT S D R 48 A1 S B 0T A
7 SIE 1 5 328 3 3 DA ) 2 MR AR Ak, BRI AE AR 7 )
ANGRAE AR AL, DT AT 45 38 48 7T DAGE 2o % K AR fb ok ek AR
FE IR 23 () A B, SEBR DR AR

51N By AR A AR U PR VE BE TR 2 5 mrad , 153 i
FE R E 60" T AR, 159 20 1 0 EL A5 R an 5] 9 i
N B R AL 12 nm B, PR — 4E 6 AT ik
20. 25 mrad , 3 &5 F1E B8 FE AR AL AR X RS 2 B A

0 0
®) & ©
)
-10 o -10
3
2
o)
-20 5 -20
k=
Q
-30 580
g
5]
bl Wl = _49 Z 40
-05 -03 -0.1 0.1 0.3 0.5 -0.5 -03 -0.1 0.1 0.3 0.5 -0.5 -03 -01 0.1 0.3 0.5
Beam pattern /mrad Beam pattern /mrad Beam pattern /mrad

B 7 %R e B4 R (a) 1550. 0 nm; (b) 1549. 6 nm; (c) 1549. 2 nm
Fig. 7 Simulation results of beam broadening. (a) 1550. 0 nm; (b) 1549. 6 nm; (c) 1549. 2 nm

B8 PR L T A5 R . (a) 1550. 0 nm; (b) 1549. 6 nm; (c) 1549. 2 nm
Fig. 8 Experimental results of beam broadening. (a) 1550. 0 nm; (b) 1549. 6 nm; (¢) 1549. 2 nm

0510001-4



®50% £ 5HI/2023 £ 3 B/ E#N:

Normalized amplitude /dB
I
[\
=)

1
(VY]
(%))

-4
—0160 -150 -140 -130  -120 -110
Beam pattern /mrad

O T i IR Al i R 40 0 L 45 2R
Fig. 9 Simulation results of beam scanning based on

wavelength change

RO . IR EETATHDEF RAE MK Y )
4 09 77 2, K SR B WO R EL A R g B AT AR
HIRE T, AT LA R H AR E R A AR R R R A 2
IR TR .

3 PTHRBOLE A AR R R 2 B

3.1 EREEARMBESN

O AN IO ) 8 T R U L H R IR R R R R R
AL OGRS E IR . X T Wk [m] A B
KA /N FHERBESMATERSE EH
Ny S AN |
NNt PeGlege AT,
" 4neQ+F,+h+f R’
o Ron AU A9 K 0P F M LG s P R HE S 1)

4
%ﬁ%%uzzggﬁﬁﬁﬁﬁgimmﬁmmmﬁ

SYWERGEE 0,2 J7 1) A B PR L RE 5 R O i ik
HSHWRZH IR ;0=0A N Hr U@, Ko
o FRR 2 R R A K BARA OB S AR Q8 H
PR ECR ST AR £ A= weD?/4 Sk 5 iR S 5 1 A Ak ik
T AR, He v D Sy 4 A EE B B A 1 AR 5 . R LR DR
FE T 570 9 R GEARAE N T, A 45 1L 722 AR A
TFE 5 £ O 5 h o B 5 0 5 B8 L f oA
FHG T, Rk 58 2

e S TE A 2, bR AR RS Oy R AR Bl R

ﬁgﬁ%mmm@@ﬁwsiwm%ﬁ?ﬁmzo

0L 0 15 5 P R IR B0 60 8 2 0, MG B 2 8 25 R
We . 77352 B BE LT AL 0 B 469 SRR 0 T 46 95 0
WO A5 Bl T — MR B BT 0 35 2 T 1A
I 5 T 43 R S SR MO B 25 BURE . X
IR T W

Gow  4/ei0) (WD)
Gow  dn/(¥D)" ¢up

Nwid —

° (6)

AN N T ARAF R R IR AR ROR R k55 5
ARAT 5 A AL D AT AR 4R 7 1) A% DR . 7RG R
BRI SR L A B A B pr Yy 38 e 2800 i 1515 SO0 Y
it 4 285 I o B[] A8 A, DT 7 A Bl B8 T ) g B M 75
O EMYERE . WL, BT EAEEHEBEE FREPSIA
B RAAE T o AR IR BAFE I T €. DLI, R0
FE N ) H AR R WA S DR P Al R

Q::P”(L A ><4“'“><nmwnwcnm-5o<7>
‘ 47« R* A7« R* 0 R

Xof R R AR S 4 O TR A L 38 AT LA A T
Z kR ZOR T E ML . A TR BBk epBCA N,
15 M HE AT X I 48 i NS AR B A e L Ry
_ Nt Ny o PoGepr As AN

dueeR'<F «h+f.+B
Sy S ER N 25 9 L R 0 0% B R AR 5l B
3.2 BEHERELHTE

AR ST A T 3O TR S AR AL B I R D e
BE 8 WK P BOG AR | DU T O AR IR T A R O gk S
IE AF T A FRC AU R A BT L, R G A
& n 10 Fr s o

W55 S EWOCARIRME LM A a8 7 i 8 0
IR R AR TR EAGS RERG
TR B e (AD) IF R FE | 18] B 308 B B 0 DA & 2% ik
T, AT RN AD R EE A S 5 10 B R
—0.5~+0.5V, Ak fi F ok 12 457, X iy £ 1k HL o
b +0.12 mV, 50 Q 2% i XF 5 = 4k o) R K
—68.2dBm. 4 AD fii AU)FE KT —68.2 dBm A,
AD A W] LUIE % R FE o 982> AD & 4k fF AT DLk /)
FXF/INME 5 R FE B 5

FESEA AD AT R G0 R 20 0 13 dB™ 246
PRI Z5 0 H M5 58 8 10 GHz, B T 24 00K 2 Al v, 127l
B 4 GHz, AD RFEH RN 4 GSa/s, WX R 19 306
KRR I hef.e B=—63 dBm., £ RS E W5 ,AD
AT F 20— 76 dBm,/NT AD it fb D)5, Joik IF
WADREE

Ry EE SR RN Y R AR R R R 2 D SRR
BB DR K F R R, Aol A% G =
20 dB . HL T2 Ma i R F, =3 dB 1R 2%, WG L R
T35 4 0 A5 5 2 R 46 R G0 38 0 CR 2% ik KR 1
B R IR 2 — 53 dBm, KT AD B LT F ,AD ]
IEH R

ETERSE,ACHEEBEREWES RN
—80 dBm, W55 4 R4 R G 2 Jal K A8 i K CAD
KRG RO B B s 11 s, Hib 2 S Anic i i &
55 R AR .l 3 X HE AD SR EERT R 4096 4 ik v
B A R R S5 AT LA B, i AR AR e AD &= A Xt
IMESREEMFEME AN . ESREH, kY
TR Ol 11 388 25 450 FE AT L33 oo 384 15 K #S ol R AN L ik

RSN

, (8)

0510001-5



®50% £ 5HI/2023 £ 3 B/ E#N:

0_—~ optical fiber amplifier |-—| EOM pulse modulator |-—| laser seed source |-—| control interface

EOM: electro-optic modulator

transmitting lens
coupler
local oscillator signal
coupler balance detector |——| amplifier l—o AD -
[ coupler I::| balance detector |——| amplifier l_. AD _,
echo signal

Lcoupler balance detector l————l amplifier l—- AD —-

receiving lens

coupler balance detector l————l amplifier I—- AD __,

K110 BOLTR L &R g0
Fig. 10  System schematic of LIDAR

0

()
-5

Amplitude /dB
Amplitude /dB

L AR
0 05 10 15 20 25 30 35 4.0 0 05 10 15 20 25 30 35 4.0
Frequency /GHz Frequency /GHz

11 ADREESHR . (a) RAERTHYAE S5 ; (D) RAE G B (55 i
Fig. 11 AD sampling results. (a) Signal spectrum before sampling; (b) signal spectrum after sampling

AR P B S A e LU T L A LA S R R1 HILRESH

FERA A B e ) RN M T R 1 A BT NE B Table 1 Parameters of prototype system

B IE B SR FE . FE AD By A, 24 e 7 1l 3% o — 56 dBm Parameter Value Parameter Value

fif, —70 dBm 9% (/N F AD f AT %) 19 /ME S5 W] P /KW 20 /\verage.pf)werof 10

PLIEH RAE . LR S E S SCBR S FEAL I S 5O ], transmission /W

15 B3 B 45 R AL 5 S B 3 45 SR AR O T 5 Pulse repetition 100

3.3 Wy Bi{ERES p /1S frequency /kHz
RESHANE 1R . K5 ns A ko, X R /Y 5. /mrad - Adjustment range of 0g

AHIE ] 43 BER R 0. 75 m, #E 25 1100 m &b I B 58 B X L7 ) wavelength /nm '

A 51 53 B8 5.5 m 77 141 4% 0. 11 m, e | Nemberefweing
HYy BARXT R B SR L 2 TR, I ERR%S L echo channel

BOIEAT A, AR RS 1100 m 4L, H #5 [\ 3% 1) Bk vh {5 . /mrad 3 Amplifier gain /dB 20

WL —8.6 dB, 2 8192 Bk A TR L FRIE s L

H,

FI4RFH 2 30. 5 dB, i s B /MHz 200 D /mm 100
12020 1.1 ke AR A 10 B9 48 00 245 258 [l 95 45 5 . 0.6.0.8

4B AE 55 2502 4~ BE B 1T, 5F 8 AT A5 E AR BE O A " . T

1123.2 m. & 1200 AT LAt , 28 a3 e 1 1] 4k o 0.4 F /dB 5

0510001-6



®50% £ 5HI/2023 £ 3 B/ E#N:

F2 WX H AR S

Table 2 Target parameters corresponding to chimney

Parameter Value
A, /m’ 0.6
[0} T
¢ 0.2
0 0.2

Ml I FE ARG, A A SR D T B AN 5 S o X[l
e PEAT 8192 AN ik wh A T AL B, X A LB B R N
80 ms, {5 M 1k Al 3% F 249 39 dB, g8 B i 3 i 5

XN R B - 22 38 8 08 R A R 12(b) L (d) BT
TR KA W2 4 B AR A5 5 51— Bl 12 i 8] 42
AU A A R 22, 3O 5 5 B9 A T R BRI B 3
IS G5 A 28 Wk AR RIS S S YRy
e — 1~1 kHz 1) 2235 500 530 B L BRI T (5 e Lo
SR AR 86 BE FR AR L (PGA) X Il i {5 5 B4R
Ja s SR & 12(c) ((e) i, ol WL {5 5 R M T —
R, 25 B ) 3 DX B T B R0 I B 0
{8 BB L #B A BT . 81924 ik whAH T B B i g
{H A5 M b 24 30 dB, X I B 3 ik o 5 B HE R — 9 d B,
5 by Bie i B .

1114 1119 1124 1129
Range /m

1.0 1.0
(] = (]
§ 088 = 08%F
& =2 & =
5 & = =
g 06§ ¢ 06§
g s 3 =
& g & g
= 045 2 045
3 E o= £
(=1
§ 023 § 028
1120 1122 1124 1126 0 1122 1123 1124 0
Range /m Range /m
(D ©)
g g
(] (]
2 E
= =
g £
-10 -5 0 5 10 -10 -5 0 5 10
Doppler frequency /kHz Doppler frequency /kHz
1.0 1.0
() (]
=] =]
20 0.8 5 0.8 g
g s g &
r 065 5 0.6 5
§u g T
g 045 & 045
o =]
@ 60 E @ =
0.2.8 022
80 0 0

1134

1114 1119 1124 1129 1134
Range /m

P12 BE e 1.1 ke A0 08 10 A9 SR 45 2R o Ca) 0 P B 5 () B B - 22 3 8 Bl ORUAR 45 2R 5 (0) PGA AL BRS A R 15 - 20 35 B U 18 285 28
(d) SR 5 R 1) 223 B 4 ) 1 PR 5 (o) PG AR S QAR 45 SR 14 2238 Sl 4 ) 1 1 5 () 155 R I Bk 5 5 (@) PG A b BRI PR KT

VB B A5 5 I B
Fig. 12 Detection results of chimney at the distance of 1. 1 km. (a) Photograph of chimney; (b) range-Doppler domain imaging result;
(c) range-Doppler domain imaging result after PGA processing; (d) Doppler domain profile of imaging result; (e) Doppler

domain profile of imaging result after PGA processing; (f) time domain waveform of signal; (g) time domain waveform of signal

after PGA processing and low-pass filtering

BEAb, JRAR 5 8155 X LAY 22 3 R B S
Ho T HAR AR R G 1k, B AR [ 0 10 Y 225 45
FRAE A AT, DR O AT ) 2R AR5 B A5 5 7 22 3% 38 A
VR4 9 0 2 kHz B {38 98 I 4k B2, 1k — 25 DB BR 2R BT
£/ 1T 31 QR ER (R L AN Uik /9 MG E R i B 414
AN 1A 12(g) Bk, nl LAFE 42 Wi (] 9 A9 BRL ik inf £ 1

e 7 ORIEAR TE . XF Tz s HAs s, Al 7 Bl {5
5 Xk IV 22 3 Bl AR B T Ak AR A G 0 D Ak B £ A
e
3.4 BERSEEBRHNERES

55 B0 TR A N R B, WOL TR I8 09 H AR BUR
SZWOCA L H AR AR SRS L | H AR LA 451

0510001-7



®50% £ 5HI/2023 £ 3 B/ E#N:

REAFRZE R, X e ] R LR e THOERIA RS
14 P00 B B R U H AR PR RE . BN T O M R
Ut %, 76 A S5 10— R 2] 1 mrad 6957 5 8% BR £A G
L P 45 R % 5 2 S5 AT ok 8 A R T R 8400
AR SCR B RS 3 H bR R H AR S 800 5k 3 T
No R AR RGESEIEAT A AR B 5400 m AL,
POk S R L — 8.6 dB, 28 40960 AN Jik i AH T AR &
o AGME L T4 & 37, 5dB.,

3SR AT B H AR S5
Table 3 Target parameters corresponding to high reflectivity

paper
Parameter Value
A, /m’ 0.3
0 /rad 0.02
¢ 0.5
0 0.8

Doppler frequency /kHz

0.6
0.5
0.4
0.3
0.2
0.1

0
0.1
0.2
0.3
0.4
0.5
0.6

5390 5392 5394
Range /m

5396

132 %) 5. 4 km Ab ) =5 53R A 4E B A5 19 450
ghE B PSS AR S 4356 AN FE B 1T AL i AT 1S
HArl 276 5392. 7m. HE 1I3(DATLLE W, R4
2 050 1 Tl g B ok o £ e L ARAIG , A7 B S8 08 | 43 B
NS S o KW HEAT 40960 S Bk b A T 25 15
M L AT 2 T 24 46 dB, X R 9 R S - 22 5 8 a0 Al 15 45
RAE 13(b) () P i T HE B B )k
400 ms, KA 00 51 A B AH A 15 22 5 A8 K, BRI 4% [l
D82 Tk e r s DR R AR 2 AR 2 B A AR
J5 i Z Bk fE M Ak 7 dBL 8 13(c) L (e) 15 S
FAEJF 45, 40960 4 ok AR B RS A i i {7
Fe 292k 37 dB, 4 LAY B BK oh 5 M o — 9 dB L, 5 B S
MBS TS 40 . X R AR 015 5 78 2 3% 3 45 4k
YR 56 R 1 kHz 09 1% 38 2 D Ab B8 AR 15 09 5 5 B 3k
JE & 13 () F7w , 422 W e 9 1) B Jik oo £ e L A5 31 T
KIFHET

1.0 1.0
) N )
08F  E-075 085
= > =
[ 2] =N
0.65 §-o.70 0.6 g
L] IS8 =]
Q o Q
0.4, £-0.65 0.4 |
- e
E = E
0.2 3 8‘—0.60 02 o
z 8 Z
0 0

5392 5394
Range /m

(CY)

Amplitude /dB

-5 0

5383 5388 5393 5398 5403
Range /m

Doppler frequency /kHz

Amplitude /dB

—
(=]

-5 0 5

—
(=]

Doppler frequency /kHz

1.0 1.0

g g
0.8 0.8
06 § 06 §

= =]

5] Q
045 0.4 é
028 023

5383 5388 5393 5398 5403
Range /m

P13 BRES 5. 4 ke &b i S22 bR O 2RI 45 28 o (a) i SO 28 F AR IR R 5 (b) B 88 -2 38 AR 25 2R 5 (o) PG A b B A B 5 -2 3
AR A5 R 5 (d) IR 45 SR 10 2235 B 4500 T8 1] 5 () PG A AL 3R B3 45 51 1) 22 35 8 Bl T 1) 5 (D155 i B 00O 5 (@) PGA

Ak B FEAE IR 38 S 1915 5 I BEE
Fig. 13 Detection results of high reflectivity target at a distance of 5. 4 km. (a) Photograph of high reflectivity target; (b) range-Doppler

domain imaging result; (¢) range-Doppler domain imaging result after PGA processing; (d) Doppler domain profile of imaging

result; (e) Doppler domain profile of imaging result after PGA processing; () time domain waveform of signal; (g) time domain

waveform of signal after PGA processing and low-pass filtering
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Abstract

Objective

To ensure a detection range, the receiving telescope of lidar should adopt a larger aperture to receive more echo energy.

When receiving with a single-element detector, increasing the receiving aperture typically reduces the receiving beam width. Array
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detectors are commonly used to receive wide field-of-view echo signals to achieve a wide receiving beam and form a large observation
width. Considering an optical system with a 100 mm aperture and 480 mm focal length as an example, it is assumed that a single-
element detector with a photosensitive surface size of 9.5 pm is used for reception. For a central wavelength of 1.55 pm, the
corresponding receiving beam width is approximately 20 prad, which is close to the diffraction limit. The size of the detector array
required to cover a receiving field-of-view of 3 mrad is 150X 150, resulting in a sharp increase in the number of LiIDAR channels with
a coherent detection system and an extremely complex technical implementation of the system. The size of photosensitive surface of
the single-element detector increases to approximately 1 mm. In principle, one channel can realize the reception of a wide field-of-

view laser echo signal.

Methods Receiving beam broadening can realize the function of a detector with a large photosensitive surface. Receiving beam
broadening can be realized at the primary lens or the feed, and the method of realizing receiving beam broadening at the feed can
include the common aperture function of the primary lens. Following references [5-6] and the feed beam expansion method, three
receiving beam broadening methods, including defocus beam expansion, cylindrical lens beam expansion, and wavelength-conversion
beam expansion based on a membrane diffractive lens, are proposed. A simulation calculation was performed. Some verification
results are provided in combination with the development of the actual system. In addition, considering the problem of receiving gain
reduction caused by beam expansion, the working distance equation of LiDAR in the case of beam expansion is also provided in this
paper, and the analysis and verification are conducted based on experimental data.

Results and Discussions Based on the three beam expansion methods proposed in this study, the experimental prototype
expanded the transmitted beam to 5 mrad in the elevated direction under the condition of beam expansion by a cylindrical lens
(Fig. 6). Simultaneously, in the defocus beam expanding mode, to realize coherent detection of the laser echo signal based on the all-
fiber optical path, a fiber collimator with a high-order phase beam expander is used to bring the field-of-view of the 3 mrad laser echo
signal into a single-mode polarization-maintaining fiber with a core diameter of 9. 5 um (Fig. 3). The echo signal is further received by
the optical fiber collimator array with a high-order phase spherical lens, the overlapping field-of-view of 0. 5 mrad is realized, and the
total receiving field-of-view of the system is 5.5 mrad (Fig. 4). In the case of beam expansion, the chimney at 1.1 km and the high-
reflectivity target at 5.4 km are detected. After multipulse coherent accumulation and self-focusing processing, the signal-to-noise
ratio is greater than 30 dB (Figs. 12 and 13), which satisfies the requirements of high-resolution imaging.

Conclusions The LiIDAR prototype developed in this study utilized the lightweight and thin characteristics of the membrane
diffractive lens to realize the lightweight and large aperture of the receiving system. Combined with the receiving beam expander
system, the targets at 1.1 and 5.4 km were detected using the receiving beam expander system. These results indicate that the
proposed method is effective. Under the condition of a large receiving aperture, combined with transceiver beam broadening, it can
not only reduce the number of receiving channels but also ensure the imaging resolution and long-distance detection signal-to-noise
ratio, as well as obtain a large instantaneous observation width. Tt is of great significance to continue relevant research, which is
expected to meet the requirements of long-distance, wide-range, high-resolution imaging. The decrease in the receiving gain caused
by the receiving beam expansion can be compensated by adding amplifiers to the electronics. At present, electronic amplifiers with a

gain of 40-50 dB are very common, and a reasonable design of the system parameters is of great significance.

Key words remote sensing; LIDAR; diffractive optical system; laser beam expansion; wide filed-of-view reception; radar equation
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