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Abstract A high-precision coherent laser ranging method based on Kalman filtering is proposed using a single-linear
frequency modulated continuous wave (S-LFMCW ) laser as the transmitting signal . By measuring the beat
frequency between the echo signal and the local oscillator signal, the frequency difference is first obtained. The
distance and speed of the target are then calculated with this frequency difference signal through analog-to-digital
conversion and digital signal processing. Finally, the Kalman filter algorithm is used to fuse the measured data, and
the target distance estimation is obtained with high accuracy. The experimental results show that the proposed
method is suitable for large-scale dynamic coherent laser ranging lidar systems. The effective ranging range of the
system is 8 m to 2.7 km, and the ranging accuracy is within 0.1 m.

Key words measurement; remote sensing; coherent lidar; frequency modulated continuous wave; Kalman filter;

data fusion
OCIS codes 120.2440; 280.3640; 060.2630; 120.1880

17 = JeTEIK B A B B PR S h T HRE .
WEFEN SRS A T 00 3% 8 i WOL I RGBT

T8 R Pl 20 285 D00 B A ) 488 s I B ARG BE S AL 5 M O O TR B8 R AR 48 IR O B R
2SR R B I R [ 7 A AR R E AR 1.5 mm'T . Tiyama SR BRE IR B R T & ST
B WO BB T A BRI T ORT R DR R DB AR AT, a5 I BE A B R E T
e AT AL A B R A E W E L 250 pm UFEYEECY 1 m, Baumann 5550 DG4
Beo ShkapEOCE B L APUES I (FMCW) B BRI O & A9 60 HE 178 1E 4 I 73 B R 42

i B 2020-02-27; 1€EBI B H . 2020-03-24; FAHH: 2020-04-13
BESTE. BFARBEESL K44 (U1831133, 61701296) . ¥ [ R R4 3 4 (17ZR1443500)

* E-mail: snowyhm(@ sina.com

1412001-1



% i

R T 130 pm, EEAEFE LT 6 nm, EHN¥EHE
SR FH 25 S0 1) B B SR A 2 R DL R R Ao 2 00 01 63
£ 8.3~9.3 m A B K FMCW 0G0 BE Y
K BEFETEE 100 pm Y, (HJE DL 07 k4 DA
TRAMEEFFOCHFBME RGP . T RO
Ko, 1 25 A% i 5 3 bR B KN IE L, 5
K2 M S A7 T 5 50 5 a5 4
Lo, WO TR 8 AR5 1Y B B AR BORE BE A LA R
U 1E 2 X R O6 38 6T B bR RS B BIUBCR M AR
A T8t 000 R A P A v R AL 3 B2 0 (LFMICW)
D8 5 v H b 1 B 28 AR 22 8 M 22 ARK S HE
FE— B DT HE L3 I E B 9 B 2 0 5 25 2 . 2011
AF 6 M0 EE K R (NASA) [ {3 2 Bl Rk
B2 AR CALHAT) 3 H R FH = A ik 8 5 0% 75 35
FERE B H AR B 2.5 km AL T 4 Rl 45 AH X T M
T (14 3 B8 R 2 B B A RS FE S 1 m 2, v
FERE 2 B b 40 B AR I 5T B 58 e T — oL R
PR AUA Pk (DEDMDL) X B = £ 2 M 98 45 A0 1 0
0 S SO R Ok R G % AR G nT LA A R M
BB RN G RAEERE . ZRBOLH
AT B FEL 2R T B URTH R 0 R R, B AT R
FMCW 0% 75 15 1 2h 25 0 BERS B AT R

ASCHR M T B TR R 2 ik Y -2 P R R

signal reception

i) 7 22 9% (S-LEMCW) AH 30 0 #5532, %
PN M R AR 3 O A B A 1 1 D AT AT
B, 77 (5 Hb fi 5 1 H b A BE B S (R, O HL7E
JUFAKEIN R G D FE B A 32 T, i ad R IR 2
TN T IR I A R AT BOHE AL RS T SN =k
FER DA A . 28 5050 50 UE A< SCHT 48 1 1 O
AR T SSLEMCW 0% 7 18 19 00 BR324
G J5 I RS B R T T — AN R R UL L I ok
BT B BB PR .

2 S-LFMCW #T#OtHm £ 48

2.1 S-LFMCW T H RN R FEH

S-LEFMCW A 1 OG0 & 48 19 25 # 4o 1# 1
FiR R AR H (FMOE S BRAERGE T A S
LEMCW {550, 30 fiff F % A5 5 %F & 3 80Ok ik 17
JA IR S YOG 28 53 AR IS B4 S R,
REEERM — RBOCH T &9, 5 — dAE AR
B9 WO E S RE &M SLEMCW 0O . [0 3 #%
62t i m] il i A BRI B KOG 4 I R G O Bt 4k
W5 B T3 AR 5 B A IR AR 5 1R 90k 2= 1 4%
ar A TR AU 1Y A5 5 AR UCE o o i 2R 2
B BB e 2% (A/D) LI Jm BT 5 Ak AR
i 550 0y H A i R B S B

digital signal processing

K1 S LEMCW T #OG I & 5t 5 5 5]
Fig. 1 Schematic of SLFMCW coherent laser detection system

2.2 S-LFMCW #F# xRN R 5 R 12

&1 2 2 AH OGN A9 J 2 7 1A 8138 0% FnAs
PRt A S e F L e LRI E S,
P OGS BRI 8O BCR T ar, — R B
H PR VA MG R B AT — 3, DL SR = A

FHRMACET . IR (55 O 5 B 1T

FEUP DN S 1 I v, 37 HOAH & 0L ARG RO B Y

Wi E N

E(t,) =Egcos(wrt, + ¢r) + Eicos(wrt, + @),
(D

1412001-2



% {5

e, A HEI EE BRI E JEL e
(130 S FA R B IR W 5 o e o 239010 29 [ 851 ATAS
PR AR s o v 430 A [l 35 5 A 3% O 1 4
LR AHA
R O L AR D 5 0 ~F J7 AR 1 L A 45 A
IR
i(t,) =R,E*(t,), (2)
AR, MR IR (A« W),
W (2) 2RI I 5 22 T8 16 e 400 245 v [0 1) g A0

echo wave telescope

g1 i, 15 3]
i(¢t,)=R,Prx +R,P, +
2R, /PyP, cos[ (wx —w )1, + (pr — @) ],

(€))

K Pr. P43 5l S 1813 ' Dy 38 R0 A 48 56 1) %

R\Px. RiP. B % Wl 4y #s5 2R, /PPy X

cos[ (wr —wi) t, +(or — @) ] WA T 5 B

JCAR 5 Z ] 1Y 2200

photocurrent

photodetector

local wave

P2 KT T Rt i 14

Fig. 2 Principle of coherent laser detection

T IOG A K L 76 O Sl AR T I B[] 3
SRR R 2 RS R ] LEMCW 258
PEAT I XE LA 5 E AR B R AR SR SRR
S RNLME PR AR 5 S A 1 i 22 (S LFMCW) Jf i
ATMEEMEE, 72 SLFMCW &2& T B4 2.2.1 7738
T AR TR AR AT 1 [0 A5 5 5 AR A% 45 Tl 1 22451, ]
VA7 {5 4t iR B 8 D 1 R R B

815 SSLEMCW i #0648 0 & 5 & 5t 1 %
TRy f o s K SN HE 256 1 B A 3 3k 43 331
e. e WM H bR iz 2 B2 v, B H bRz 8l J7 0] Fil
WO & B 7 ) Z 6] Ff B SR 6, AR AR R T I A AR d
LR H AR B O £ R

I3 =f0(1+v : eejzfo(wvfosgj . (D

C

A

S-LEMCW A1 30O #0034 42 Wi 310 1 806 i %
fo ATERLN
f:):fl(lv.cerj:fo(lJF

Z‘V‘.COS 5), )

ZE PR f4 ATFRR N
2 S 2 S

[ \V\Ccm@: \v\/\cog@
Krbae ROLE A AR SHEOGH K .

WE 3 frs, SSLEFMCW A T 306 30 &R 48k
JH 5 390 Sy T A 2 e 08 A S0 94 32 A S R A I Y
BASR i {5 5 X EOE AT S W . He R R SR
JCHEFEAT B ] I, R GE A5 B /Y 2238 84 A%
N o5 RSO AE FEAT LM A8 ) i, ZR GE AR I
RV ZHE SN fro

, (6)

emitted laser
power

Power

g
=
local & return &
signal g
= ¢
5 A
Q
. =
effective g
i <]
beat signal é Jx Jr Sz Jx f,
[ 1 | p— 1| | pr— !

El 3 S-LEMCW B s B fij ]
Fig. 3 Principle of SLFMCW ranging

1412001-3



b

g,
¥

{5

2y
£

A (6) T 15 HARTEBOCAR 10 B o,
JvA
5
WX S Ao MEZE B R ARG 5 R SHEOE
Fr i ) R IEARSC I 200055 /. 25 R G0 1% 4k
LR ALV ) T FREAT 58 B Bl g 58 H AR Y
B R N

R =

7

Uy —

fTe  (fo—fo)Te
2(fu—f1 2B
L fa o AR R RRAR,

3 S-LEMCW #f 1 #OBHRM & 48 1 I
FERS B2 DLk

S-LFMCW #8 F Bt R 2 58 0045 B &5 47

6 SSLEFMCW AH T OB I 2 48, i BE 09 6
J 32 BUAE 5 VR B 2R B R D el R R R A
A B RAE AR R . AEAFEIEHARE
AR B RAT 25 % Tl 2 R 1 A o 200, L R 0 1 R AR
HAFEREOHEOLT . ZREMWERE AR A

, &

3.1

PSR A SHL
g5 (DXL SLEMCW M #OE % &
Gril ARG Av,
)
2N °
WOGR AT 58 B 32 262428 00 10 BR &1 L AR P
(AT, FMCW OGN BB &R 48 79 I FE S B2 AR
AR, AE KA 3h 2 I B s, 7 A a4 R
W1 T kARSI R B B AR iR 255 B B & S 20 R
K BE AR B, T Ik 3 A S Ak B A SR R AR
N oHe 4 00 B R L 2 5 Ak B TR Y RE i Y
EXOM., BT OB K L R 1oy T AL S
LFEMCW #3063 I 2 48 00 0 3OS 1E Ao, 5,
H Ao, AEZ 500 H b5 96 B0 PR 80% R G 7E K
T, B 3 25 0 B AT SR LA ¢ v 1) T SRR
F 1 iR AT LEMCW i I 0 B K B2 ot
. AN SLFMCW BOGE 5 LEMCW i i & 5
F14) T 3 3000 A B K X Bb Rl DA . 7R R R AT SR
AR A% 0T PR 2 EL A AR ) 0% 00 BEORG B s o6

Av, 10

aR = (o) K ELAT R W H R Ao, T B 7 3 X R
J%
Kb fo HRGEEEE R RN A RGEFE S U
F 1 LEMCW 0 ) B A 2% 1L
Table 1 Accuracy comparison of speed and range measurement based on LFMCW
Radar type A /mm B /MHz AR /m Av,/(m+s™ )
8 120 2.746 48.5
LFMCW 8 240 1.373 48.5
microwave radar 10 120 2.746 60.6
10 240 1.373 60.6
0.905x10"* 120 2.746 0.55X107°
SLEMCW lidar 0.905><107‘3 240 1.373 0.55><107j?
1.55X107°? 120 2.746 0.94X107°
1.55 X107 240 1.373 0.94X107°

FTRERNBERE
1E S-LEMCW A HOLH ML 72 . 3 s 9 B
B AR R AR ) 3 o, i 2

t

R =R, #*Jv,dap

3.2

an

AR, RoRFIE M BT B AR PTG R B 0 RoR
IR ]

i e A, K S-LFMCW M 0635
T 22 B 1 05 S B Ao, 3% T A RS AR G
AN G0, HLBE 2 PRI B A 4 L 00 B RS B A 25
FRELREAC. BRI T LK o G B 1 00 S 5080 FH T8 IE
WO TR IR I BE ORS BE . A Z R B Al T vk T DR

ML HPR/RSE 2R BB RZ—, £F S
LEMCW AT #0680 R 5o I 2 45 R &tk L &R,
AR SCR PN A 00 O ik B A A I U D gk
BUMAL 41 A 6, S8 )5 R F R R = 08 0k 2% 4K 15
Tl 0 2 J A dee 290 B A T L AR SGHE R R
28 UL X SSLEMCW AT #0634 I 2 45 1 )
S5 R AT R L DA AR A A ) fE
KRS LW A B A 2 SLEMCW T 3#0%
BRI RSS20 HARIE S LR m R . RR 2980,
MIVEF EZA WIS KRR 2 IR I3 1 R G ¢ B2
B MG BT — 1 w20 B fE B TRl A . A
T34 2R 40 2 i A 20 ¢ 00 5 L X R AT LA
ARG Ar BN £ W A R R R AR R OR

1412001-4



% {5

o2 R R T L A 4 AT R e A R
Bt I X A BEAEAT A8 0, DA T S AR AR A HL A A
1 S R 0 20 00 2R
FRSUEP I E N 5 DB Kb s
“t—=1/t.an" TRt — 1 B2 RGEHE 0 DR
vt e BZIB R G n AR IFRE P AR e /en”
fIE A n”
IDNVEREIECE S
~ R,
vl s
0

Uro

p
P().7,|: 7:|9 (13)
0 o°

KX HREGEHMIBREE B R v 4 5H S
LEMCW A T #0620 3R 46 (4 BE 825 %) b6 (A e 3 i
WA (R, =0,0,,=0) ;P At ZH % 50 HVIH
2R 0" =2xB/f.,

2) RGUIRAS T K 7 2 Fi

X, =M - j\(/fl.u +W, (14)
Pz/zfl.n :M * szl.n * M'[‘ +Ex’ (15)

1 A
athﬁ%%%ﬁ%m@mM=h f}mw

IR 2 R Ul A R ey A (RD B R R sW Sk 2 0 R )
TS WO R, Rt o 2R, =
ﬁ g}Qﬁﬁﬁﬁﬁﬁ#Wﬁﬁﬁﬁ%ﬁo
3) FHE R 2 3
K,=pP,, ,, H"'-(H+P,,,,-H +E, ",
(16)
ALK, o 2B R R 2 R s H W
B s I, Sy 04 W 75 57 2 L
4 R A
Z, =R, +n,, a7
e,=Z,—H X, 1. (18)
SRef L7, Mo W2 R, K ¢ I 20 6 B s
T, 0 ¢ B 2RO S0 5 M 7 s, Ol ¢ 2200
T {7 12 L0 £ 2 ) 352 2%
5) RGOS b7 24 W o

-~

X =X,1, +K, ve,. (19
P.,=(0—H+K) P, ., (20)
RARSHEMEME)E EE Z, IR E AR

Al RIR N

(P, A +KE P,

AR = +ew, (2D

A
e HRREEAEM G IR P ¢ B 23
DA 5 SR B Z (B A IR 22 5 P O ¢ B 220 B B 00
(B -5 52 bR 2 18] 5 J 22 5 K& 0 ¢ Ik 200 B Bk 25 5 i
RIREHER(A .

PR g G 3 B 4 O 3] 5 R A 5, T LA I T
THELARA E Q MME . — B A D Ty ik R R —
AEIE M Q E , i B AR 5 T A7 RS 1 AN E
K 3 N7 — A A7 5 BT LA A AT A7 4 SR A 0o R A
B, Ry T 4R R R U AR 0 M B e — S AR M
1T RB P 5

e SSLEMCW FHTBOGIRM R g b, R/R 2
T2 5 T 235 SR T 22 R R bR A T I A ) S
PSR M 45 Q TR /N (0<Q<<D) ., Hig
24 Q ORI/ BT T 0 B, 28 458 14 0 B RS 138
SHIET Av, » At (AAESEBREEM T, % 2 H bR
(A AR DA e H BB R AR S B R L 47 Q WL
(ELAC/IN S DUDER 0 fal A e %) 0 B (2 0o B A0 R S
TS TR F R 2 3T R B0 B 0 B A R L A
PO R 24 MR H AR 5 AT IR 50 DA B 44 0 34 355 39k B 24
M Q1ME.

4 LY S EER

ARG HEAT T A AR K 3 A B AR BB s
5, DASSUEAS SCAT M 56 F R /R 208 I = B S
LEMCW AH T30 I BE 77 2 19 rT AT M. A S5 B i
KBy SSLEMCW AH T BOGHRIN R G S 80R - 4155 5 1]
T =090 ps, W 56 B=120 MHz, [l REER [, =
100 MHz, 5 5 4b B A5 %0 N = 8192, 0t d K 2 =
1550 nm, A4 (9 X & 10 X, o Bt EEE S
LEMCW #H T OB 400 & G2 14 B8 T BE RS B AR =
1.373 m, BRE RS B Av, =0.00946 m s ',
4.1 BESEHEAORVUIERER

VEHCEL 4 v 20 B N B B A D i S 0 H A
HEELARINZ H A5 I K 72 Ge 08I0 A5 20 04 2080 552 B A
R =E E  ANTTR 7 RS SR SO N 3
AR IR 2 0 U A 1 B A A TRD RS TR] Az =50 ms,
HEAT B Al S5 56 DR A R 2 AN T B Oy 25 40 B
QA HikENQ =10"'.Q, =10"H
Q;=10°,

&5 FIE 6 430l R #EAS H AR SSLFMCW A
T BRI ZR e ) 1 0 2% SR B A A

1412001-5



ot &2 Es 1
2700 AN
2600 =
2500 __________________________________ -~ D N
2655.64
= 2400 H 2655.63
; 2300 2655.62.
2656.61
£ 2200 2655.60
a 2100 2655.59°
2655.58
= 2000 2656.57
1900 2655.56
1800
1700 -+
0 1000 2000 3000 4000 5000 6000 7000

&4 s A
Fig. 4 Static target

2656.7 o o
26565 . speed "
2656.3 o
2656.1 0

S 2655.9 .

§ 2655.7 ’

Z 2655.5 o

A 26553 Iy
2655.1 Iy
2654.9 S

2654.7

Deviation /m

Deviation /m

Fig. 7

0.7
06t +@
05F
0.4%
0.3
0.2
0.1

-0.1
02}
-0.3 - : : :
2000 3000 4000 5000 6000 7000

0.7
06t ©
05}
04}
03}
02}

0.1
ok
-0.1¢

-02}

0 1000 2000 3000 4000 5000 6000 70001 0
Time /ms

S PO E RN IEEASTI RS

Fig. 5 Detection results of static target

(Q=Qy) . "I LLA . H b 9 H B #RIE 75 2655.7 m
bR g R AR 0 7R B RS T 4G B B

Speed /(m-s™)

0

Time /ms

03 ‘ . . ‘
2000 3000 4000 5000 6000 7000

Time /ms

7 R AR e A O B 22 B4 X L

Time /ms
6 #BAS H AR Bl 4
Fig. 6 Data fusion results of static target

RRSUEPE LB RIS AR ESA R KM .
ROR S R P S ] T, 2928 670 ms, 5
REIUT R OR 2l A DU B 25 5 04 I 2= Dk 3h 15 [ B
W/NTF SSLEMCW 1T #0B I R 4t

7 by e 2 00 B g 25 % EE L HErP L 7 () Oy S-
LEMCW AH T 3#OGHR I & 48 0y D BE 4 22, B 7(b) 2y
Q=10 "W A S MENmMZE. B 7(0)h Q=
107 Bh &5 40 il 5 00 B ) O 2 161 7 (D Q =10 °
BECHRE R I B )l 2 . A A Bl 2 B X6 B AT
HLERGEHADSEA BB T MG KR ERE
BRZEMG TP T 2250 I AR Q mY AR/ Bl il A
Je P 25 00 Bl 2 3% T U /)

0.7
06} ®
05
04f
0.3}
0.2
0.1

0OF

-0.1f

-02}

-03

2000 3000 4000 5000 6000 7000
Time /ms

Deviation /m

0.7
0.6f @
0.5}
0.4}
0.3}
0.2}

0.14

o M\J_’____
~0.1}
-0.2f

Deviation /m

-0.3 - - - -
2000 3000 4000 5000 6000 7000
Time /ms

(a) SSLFMCW T #OB M R4 (D HHER A (Q=Q) s

OFHEMA (Q=Q.) ;s (DBIEM A (Q=Q)

Comparison of static ranging deviations under different conditions.

(a) SSLFMCW coherent laser detection system;

(b) data fusion(Q=Q;); (c¢) data fusion(Q=Q,); (d) data fusion(Q=Q;)

1412001-6



ot &2 # 1z
4.2 ij] %‘} E *;‘I_; EI‘J #_'R ilm] 93 E\f[ E’ gﬁ % 40 — result of range measurement 2.0
WA 8 Fr 7 o A S K 155 0 H AR ACE T3 3 i 3 I aﬁﬁ}{jmé’ngf vt L5
AN TR NS A A A ¢ L0

1132 2h s %t B bR E AT 7 22 38 0 K 75 1K 400 45 31 1
B 5 et A A B R R 2Rk A b DL BORCHE
TG 25 R AR S0 o IR B I U 0 55000 i A ) B
BFE] At =50 ms, #EAT = ALECR Al & 250 RS 1R 2=
flidtthJr ZH R Q A KE RN Q =10 ',
Q,=10*MQ;,=10"",

TEARSL 80 43 SR AT T faf k52 h H AR L A8
hndiz gh H AR BRI K )00k 32 sl B AR R . e
iz ) H AR BRI S5 b, 38 5 X6 /N 4 I il in A% [l
EBUA T, Rl E AR AT 18T 12 Bl 5 2648 I atis sl B
P PR S 55 v 38 Sk /0N 2 it JE R B4 0 T A
FEAEAR 10 HEAT BB 932 2l 5 76 50 080 32 2l B AR 8 I
S e 3 A /N AR it AR A AN g A N AR A —
SE () BB L SR 5 REI/INAE S /N AR AE 3 R S 1 i
TH] AT A0 I H S B

K8 s AR LR K

Fig. 8 Experimental diagram of dynamic target detection

B9~ 11 43 )y 1 i 42 2 SE 56 25 3 A8 ik iz
By S 45 B K ) 9 i s Bl S g 24 R IR b = gkt
L HIF R SSLEMCW AT 3808 458 0 2 48 i i i
S5 SSLEMCW - SOGHR I 5 4 11 I 3 25 51 LA
KRI/RSHPam A MEESS R, B9 FE 10 har
0[5 P8 i Bl A B A e SSLEMCW AR T 30OG 8 &
GeAE (1852 3h H ARSI 52 56 K A8 Jinsdtas sl B AR
S v IR B I e 2 A R B A A, R G
R 25 S R A 22 550N R R R I B Al
UM ESE R ANES R, K11 T s
LEMCW - 380t 38 I 28 48 I 5 2% 5 R 80k ik
4R EL A AR K Y 1R 25 U 3 v T, S-S LEMCW A
T HR I ZR G0 2 R KB Bk 1R 2 sl
FELRE X288 /0N R 2% o2 00 I B0 Tl 5 i 1 0 B 5 R
A N 2k 1R 25 K B AR

Speed /(m-s™)

-2.0
00 0.20.406 08101214 1.6 1.82.0
Time /(10* ms)

9 fijigis g L a5 R

Fig. 9 Experimental results of simple harmonic motion

20 —result of range measurement 1.0

------ - result of speed measurement 0.8
18 06 ~
E 0.4 ;
g 16 0.2 &
: .
% 14 -0.2 &
= —04%
- - -result of range -0.6

measurement 0 8
after Kalman fusion e

12 14 16 18 2.0 22 24 26
Time /(10* ms)

10 AR gz gl 5 g 25 AR

Fig. 10 Experimental results of variably

—_
Do

accelerated motion

20 Pl
e
17 -03

Ey 106 2
8 E
% 11 09 %
g1 2

wn

o —result of range measurement

8 -1.2
------- result of speed measurement
- -.result of range measurement after
5 Kalman fusion _15
0 4000 8000 12000 ’
Time /ms

B 11 5)3HE o) 50 56 25 1
Fig. 11 Experimental results of uniformly

retarded motion

& 12 Sy gl 250 i R 22 i % e I, P E 12 ()
4 SSLEMCW A OB H I 28 S8 i I B 152 2% , 18] 12
(b)2h Q=10"" I £ 4a Fil 5 I B A 152 22, BT 12 () 2y
Q=10 "W HIERL A M iR 2%, B 12D K Q=
107 B K54 5 000 B 58 2 . e 0 2 00 B Al 2 1Y)
XFECRT AL, R R 208 B il G AT DU RO S
LEMCW A T 3OG #0038 40 00 I BE 3% 25 . 76 % 42
BEEE A HRGE HAS A LGN T BEE R
IR SR AR 22 AT 7 22 5 HE R Q WS BT/
B G S I PRGBS B R

1412001-7



ot 2 X i
2.0 2.0
a
1.5 @ 1.5 )
E 10] £ 10
g 05 I § 05
= ' b | I =
g 0 bt P ] g oH h
A -05[1 A-05¢
—10} -1.0
—15F -15¢
e 2.0
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
Time /ms Time /ms
2.0 2.0
(3 d
1.5 © 1.5 @
E 10 E 10
5 05 5 05
.g 0H .g 0N -
A -05F A-05F
“10} 1.0
~15¢} -15¢
2.0 S —— 2.0
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
Time /ms Time /ms
B 12 ARG TEENEIRZHMN L, (0 SLEMCW M T ORI RS (D HREMA (Q=Q1);
(OFHRLA (Q=Q) s (DEHALE (Q=Q)
Fig. 12 Comparison of dynamic ranging errors under different conditions. (a) S-LEMCW coherent laser detection system;

(b) data fusion (Q=Q,); (c¢) data fusion (Q=Q,); (d) data fusion (Q=Q;)

5 4 v

P T M ET RRZ BN SR E S
LFMCW A T 3O6 I BE 77 ik, 3 8 7 S LEMCW £
THOCHEM R GE . R e 1 A0 % 18 i R B4R I
6 F I A T B0 5 %, 38 o — R AL B
SEARICH H AR G B R B 5 B . X RS
) 000 RS B R BT E LR AN IR S R R TIAER
HI$2 T, 2k R IR 2 08 3 58 2% SLEMCW #H 1
WOCHRI 2 g0 45 R 317 B Al &L AR AR T R
N S N e o A < 1 - 1 5
.

S 25 SRR 38 5 SR R K 8 8 U B X T
P2 SSLEMCW T 380G 400 5 S8 00 I 6 25 5L E 47
R Al A T RLARICH bR 3% 2L s kG B B B {5 L, I
H 2R 6 B I B9 L 8 m~2.7 ke, Y 38 9 Ry 0~
20 m/s, MR E A AR AR ZE AT
B R BUE , 7T LUK SSLEMCW A T 306 48 0 &
SErg I EEAS BE N 1.373 m 42 TFE 0.1 m LIy, I HE
KB T — AN EGE L B, R 5 A R R
G TR IR B0 A =R I B S HL A O R X,
TEML R AR 2 [8] B AR 8 7 S Sz T B At 4 25 5 2
A e Y S

[1]

(2]

[3]

(4]

(5]

1412001-8

2 % X W

Ni S X, Li Y F. Development trend of military lidar
[J]. Infrared and Laser Engineering, 2003, 32 (2):
111-114.

amsr, &— % EHBOLTFBRRREHI]. a
M EOE TR, 2003, 32(2): 111-114.

Chen H M, Liu W B, GuJ, et al. Design of FMCW
laser fuze detecting system [J]. Infrared and Laser
Engineering, 2017, 46(12): 66-72.

PRECEL, XV, M, . R SR RO 1R IR
WARG BT[] 2N SHOE TR, 2017,46(12) - 66-
72.

Cohen S C. Heterodyne detection: phase f{ront
alignment, beam spot size, and detector uniformity
[7]. Applied Optics, 1975, 14(8): 1953-1959.
Yang H M, Ma C W, Wang ] Y, The

transmission of polarized light of space attitude in

et al.

quantum communication[J]. Acta Photonica Sinica,
2015, 44(12): 1227002.

Wi, DS, TaF, . & F O P RIRG
M %A ALk (1] 6 F % M, 2015, 44 (12):
1227002.

Bazin G, Journet B. Laser range-finding: global
characterization  of  the  optical head and
implementation of measurement methods [ ] .

Proceedings of SPIE, 1997, 2909: 131-138.



ot &2 # 1z

[6] Zeng ZY, Zhang X Y, Jia X. Measurement of linear TR T 00 BE I R R FR AR L) AR Kt Re ]

frequency-modulated continnous-wave laser radar[]]. LIAN S 2=k 2E R, 2014, 33(6): 680-690.
Laser & Optoelectronics Progress, 2011, 48 (2): [15] WuJ, Hong G L, Zhang H Y, et al. A coherent
022802. range and range-rate detection Ladar with large
VR BH, TR BE K, THEE. LR TE AN E S HOG E AT ranging dynamic range and high-repetition-rate ( I ):
U], Eot5otdh ok, 2011,48(2): signal modulation [J]. Journal of Infrared and
022802. Millimeter Waves, 2015, 34(3): 321-332.

[7] Satyan N, Vasilyev A, Rakuljic G, et al. Precise RE, YRR, R SF —Fp ORI EE 2 A
control of broadband frequency chirps using TAFAR I BRI O A (D FEREFILD]. 4
optoelectronic feedback [J]. Optics Express, 2009, Ah5 k4R, 2015, 34(3): 321-332.
17(18):15991-15999. [16] Fei Y C, Chen S W, M H. Research on generation

[8] Iliyama K, Matsui S I, Kobayashi T, et al. High- technology of wideband radar signal based on DDS
resolution FMCW reflectometry using a single-mode [J]. Acta Electronica Sinica, 2001, 29 (8): 1022-
vertical-cavity surface-emitting laser [ J]. IEEE 1027.

Photonics Technology Letters, 2011, 23 (11): 703- HoeH, AR, k4. ET DDS W HiAfE S
705. FERCRBE S ] BT, 2001, 29(8):1022-

[9] Baumann E, Giorgetta F R, Coddington I, et al. 1027.

Comb-calibrated frequency-modulated continuous- [17] Kachelmyer A L. Coherent laser radar performance
wave ladar for absolute distance measurements[]]. in the presence of random and systematic errors[J].
Optics Letters, 2013, 38(12):2026-2028. Proceedings of SPIE, 1989, 999:176-191.

[10] Zhang T, Qu X H, Zhang F M. Laser frequency [18] Bai R X, Wang B Y, Tong P. Research status of
modulated ranging method based on triggering laser Doppler velocity radar technology[J]. Laser &
resample from outside clock signal [J]. Acta Optica Infrared, 2016, 46(3): 249-253.

Sinica, 2019, 39(4): 0428003. FAE, bk, =R, #0628 WS B8R v
TR, A, TRAR R T AN AR I B 05 S i Ok R FIKLT]. Bot544h, 2016, 46(3): 249-253.

B T A SR R N B vk [T JesEs i, 2019, 39 [19] Xu X J, Huang P K. Radar system and its
(4): 0428003. information processing [ M]. Beijing: Publishing

[11] Ji N K, Zhang F M, Qu X H, et al. Ranging House of Electronics industry, 2010:174-178.
technology for frequency modulated continuous wave VRN, R, R ARG A HE BB IM]. dt
laser based on phase difference frequency B B Tl R AR, 20100 174-178.
measurement [J]. Chinese Journal of Lasers, 2018, [20] XieGC, YeYD, LiJ] M, et al. Echo characteristics
45 (11): 1104002. and range error for pulse laser ranging[J]. Chinese
A, kB, HN%Ae, S ST A7 25 0 AR Y I Journal of Lasers, 2018,45(6):0610001.

WA S e WO I BE B R [T Ok, 2018, 45 YRR, MR, ZEEERY, AR RO B e g
(11): 1104002. Pk B R 22 5T (D). RO, 2018, 45(6):

[12] Amzajerdian F, Pierrottet D, Petway L, et al. Lidar 0610001.
systems for precision navigation and safe landing on [21] Qin Z Q. Data fusion technique and its application
planetary bodies [J]. Proceedings of SPIE, 2011, [J]. Ordnance Industry Automation, 2003, 22(5):
8192: 819202. 25-28.

[13] Amzajerdian F, Pierrottet D, Petway L B, et al. ZEE. BEm A EAREENHI]. ET A3,
Lidar sensors for autonomous landing and hazard 2003, 22(5): 25-28.
avoidance[C] // AIAA SPACE 2013 Conference and [22] Roecker ] A, McGillem C D. Comparison of two-
Exposition, September 10-12, 2013, San Diego, CA. sensor tracking methods based on state vector fusion
Reston, Virginia: AIAA, 2013. and measurement fusion[]]. IEEE Transactions on

[14] Wu]J, Hong G L, He Z P, et al. A coherent range Aerospace and Electronic Systems, 1988, 24 (4):
and range-rate detection ladar with large ranging 447-449.
dynamic range and high-repetition-rate ( [ ): [23] Peng D C. Basic principle and application of Kalman

mechanism and performance [J]. Journal of Infrared
and Millimeter Waves, 2014,33 (6): 680-690.
R, PR, R, S —Fh ORI EE 3 A

1412001-9

filter[J]. Software Guide, 2009, 8(11): 32-34.
FTH. R/RSUEW A N HT]. e
FI, 2009, 8(11): 32-34.



