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Abstract: Synthetic aperture ladar is an advanced active optical imaging technology that overcomes the diffraction
limit of the traditional optical system. This technology is inspired by the working principles of synthetic aperture
radar in the microwave band. Compared with synthetic aperture radar, synthetic aperture ladar has several
advantages such as fast imaging speed, high resolution, and its images being similar to what the eye is used to
seeing, thanks to its operation wavelength, which makes synthetic aperture ladar potentially valuable. This paper
aims to provide a comprehensive review of the progress made in key technologies related to synthetic aperture
ladar, including its system model and basic theory, system design and structures, laser phase noise suppression
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technology, motion compensation technologies, and imaging algorithms. Furthermore, some important outdoor

experiments at home and abroad were summarized. At last, the difficulties and challenges for the subsequent

implementation of engineering were discussed.

Keywords: active optical imaging technology; synthetic aperture ladar; coherent ladar; computational imaging
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Fig. 10 Experimental results of PGMA algorithm™”. (a) Photography of the target; (b) Image formatted by ordinary FFT;
(c) Image autofocused by PGA; (d) Image autofocused by PGMA

NSHAMET-3 . e AR 2 BRI R LAk
AMEFR AR 2E X Bl AR R A A AR X R 2
Al LA 4% DL s R Z RS 2 S AT
2021 4F H ) A 7 B4 AL B3 o i 2 o i
R A TR B AR 20.4% N JRgk Ut —
b B &N A s S ST EET, B A RN
LI PR S, BRSBTS A e S L
2023 4F, b B 5 A BR B AT BT 8 e A LY
BT X IR A5 5 T AL 245 s MR RIS = A RE A
T —Fh AT Radon-Wigner A8 4 i bR s A% 5012,
it A 5 2505 T BT 2 8 g, s
KIEREAL . 2023 4, PH4 L FRHE RS A
NPV T — 3 T Ik P 2230 i s 2 A8 AR
PAZIE B S 3k iz 3 H bR ISAL RS, D H4h
R, 2R AR H bR s s 20 R R
1R FIETE

2) PREhiR 2 M

PR AR TRIMZ s Eo N, (Bl TR0E
WK HARCKERES, Frld SAL RS R 3h /08U
XHFIERE R ARSI e, IR S EUs e R,
FHSHAL T R 22 A MERECh RME, A5k
J7 i AT B A A P

2013 4F, BLfiis Nk PGA B SCA 454, f#
YA A1 BARA AL R 22 I ), eI H SCA
F AR 12 25 MG A, PRI PGA HE1 7RG A4,
P BB R BGIE T ik A sk . 2016 4F, thEE
24 e Vg AR W B 5 BT B ks 3 A N AR X SAL
BRSNS T ARSI R 2E 2T, $R
FI A PSR L LB A R A E i B BE eR Ak T HAH
iR 2 A E B 250, 2019 48, dEB2EBEZS

KAe B I Be 9 221 72 5 N R T K HLIR
BN ZE T SAL MR SES:, FIH PGA Z ik AbHE
MR RS T R B ER. [FAE, P ERABEZ R
15 BB T Be 10 R 725 5 AW 2 1 — Rt X L2
BRI MRSIARN IR AES A T B R,
3 3 VR B A5 TR R 5 O R B I E R PGA Al
T AN IR 22, FRERS 7 RRARAS I o i I 22 A
Iy, P OSSR
332 EFTHMEsirMEE

BT HFE 5 A IZ SR 22k Ty il R
F FH#5 22 BB B8 T B R O3 LU R IR 25 Ak TG
i, {2 SAL A% SR R, FrRe sk S
AR, BB, MR, R RELE
WK, BSRZEAMET NN, AR T LA
UGS, Friz SR P A R LA

1974 4F-, Graham B & HO8E 9500 & 47 AR N H
#) SAR BB RSV LIAR B v v A B LA K H ARis
BMEER . 201445, P EBLERE LI EE
BUBEAITF 5 T B X0 57 42 ) —Fh 3L F B SAL i A -+
W SAL BUZJEH ) [ 12 B E L SAL 1 —Fh Lk
S5k, EM SAL 518495 X 1Y SAL 783 A fr
25, AR R —FRAE R, R AT
P SRS AL SR R SR H A . MR
LA, ERAERTAR R SO B AR B Rl O
HARIRIEAC BN, B OEHRIENT 2 8 A8 30
1225 1) b ELA i 3R ) E 25 ) S B4 T
PRI, PHOCHRER &, Rz, L
PN T2 KT P ARG i o B, X RO T A
WARE, ROpN2EA0HR, fefm il ad B0k RO s A L
AR o, PR IE iR e, A

240007-8



UL, 4. S TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

-0.6
e -
e
T ——

RUC T T
-0.4
B i
S -0.2
Q ° g B i g
) 0 (LT T i 5
% u“ ',‘mh i %
o | o

\ ‘,‘,‘3l|“‘mw“ﬂﬁw"l“qp
1oy

1 A mmm
(i
|

w‘\’»‘

J . 0 A 4 YA O

L—42 cm —>| 0.6

1
/

-2 -1 0o 1 2
Azimuth/kHz

@ 11

Fig. 11 The experimental results of micro-vibration error compensation

b
0000 D

-0.4
-0.2
N ‘ c
' @
e 2 0
NG ©
il Wa‘n“’“l"‘“““‘”’ I
| | 0.2
g A
A
KA 0.4
I 4l
0.6
-2 -1 0 1 2 -2 -1 0 1 2

Azimuth/kHz

Azimuth/kHz

T EMIRFHAMEZ R, (a) I B AF; (b) RAMEL R, (c) PGA AMELER; (d) FTIRF ik th4MELE R
I (a) Photography of the satellite model; Image formatted (b) Without

phase error compensation; (c) By method using PGA algorithm; (d) By using the proposed algorithm

A5 KA AT 0 H RS s,y 2E4b
P OGRS . HIXHE SR 2 TR,
DR ICAE T PR32 Bl 225 i 4 R B T B T RS sh i
SN o AR, TR AT A B R BRI
Ah, XTI EIE, P 2e BT T AN 2E N S A e
i SZ BRI, AR S

R B 25 KA AT IS B 230 5T A AT
P SAL BARWFSEHEAT T Kt TAE. 2014 4EEhiHg
A NV T RSN T BIMLER SAL BURALFEE A
i HH 3 T TILOBLER T 28 A HLER SAL Bl 1% Ak B )5 3%
3 L PRI 28 [T 155 0 T A A T B A sl
B, M EAER S5 | ARRIEIE TAME , %5

iy (Xps Y 2 b o 1)

Digital
processor,

iy (Xos Y * b oy 11)
=l | |Balance
Image

FT R s SR B, HESE H ARz sk
MEWE LS, AERTZIRE, 2016 4F, ARSI A
PEH T — BT IE S IR T W 4R h A iR 22 A 11D
BUGAL T, 13 RRGEMRER, Ak
EEEIY RS BT L, W R SR 22 A
TS B PR B35, e M B ] Y B A5 B R 3R
ZEH TR ZEAME,

2018 4F, X ISAL HprdRzhiR MR, 2=
T 5 A B A E S N B T — R 2 T R G
(% ISAL HARHRShAE N R 22 A0 7 H S gk, M Bbs
R SELATATH, a5 AR L
FE 22 2 THRITEL IR 2E A ER L, XhZ I R4 ot

Receiver

n [

detection| v (Xp ¥y b 1)
€.p (Xp ¥y 1 by 1)
lou (€, V2 X ) Lﬂ' i

b
%%%%M)&ﬁ%%

Receiving telescope

U

Lens 11 Lens 1_2 1T
Xein, v (X, y: tf, n nA)/Z WP, PS X (Xp' yp) X
Mirrory I I — i z i
I I v y
y IStop Backward F1/2WP U // ey (X, y:t,n) I‘
t Forwarflsrward ¢ r Transmitting lens ep (X, ¥ :t,n)
backward \ lt°p f
um i Ly
Laser| (. ¢ 77,er|’0|’ Transmitter

PS
€inp (X’ y: tf,nv n)

Lens 21 Lens 22

B12 AFHAEMSAL=ER"

Fig. 12 Schematic diagram of self-interferometer SAL""!

240007-9



UL, 4. S TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

BAFSIKEAR T — P IESCHEZR SN, P ISR AORE 2C
B B BRIT SR IBOBAR (LA BT AR LR 2ERB L,
T JR A T8] P9 52 B 58 B Ik 3l AR A2 1R 22 59 A3
2023 4, AT HCAT BN JRTILAE N B XA A 1 L1
S, SR EET IS A IE S T EAEAGTHR SR R
2, HBOF T —ENWGIER TSR ARG, 40k
W1, BT 07 i mT AR A i W R 0 AR AL B R
TRRHES AT, 15 14 2 RGEM IS5 . 5050
FIARLA L SR 4 AR

B 13 ERF#H SAL £ 4 UTHR
Fig. 13 Geometric model of SAL system based on interferometer
processing””

[a] -
,

E, \\‘\

gibd, ETHHE SRS ST A
T L USIBOMESE, HAWRAR, SECA RS LT
FREAT, ERXT T I SRR A — 2K S
T iE s M T BB MR B RE F 45
PLARBCARS N5 B 5 BRI BRIz SR 22 R, %07
ARERFHR S M AMEAG S, (RN RGARER AR
R, BTN TLRE s .

3.4 BNABAIEAHIHIHIA

M A AR RN . HUBARSI AT LE, ¥
e A AE R T ZAL A AL IR A 3 s BR ) SAL
TR R IR R i — AR R . Hk, BF5eEt
Xt SAL POCAHAL WS B AMEE AR A0 2, H AT
NAMITFELIG E X T AR O T AR

H T k2 B 2 R AR B BT T Bt ) 2 A A
LB SAL REGEHOCHH LR ZE4METT T FEAT T AR
5T 2018 AF H P BA B B E 55 A OG5 58
R K, BEGE T WOCHE AL P SAL JRUR B 52
Pl T EETAIRECT AR 1) SAL AL A AMETT 5,
AT MHBOCE T AOARAINES ST UG o e
FIBEEY, %75 8RRV S -1 7R S 1
S IC R BOCH AR (E S, RO A
PRI RO A IRBOCAR MRS, Il e S I 47

1213.5
0.8
0.6
0.4
0.2
-1 0 1 0

Cross range/m

1214.0

Range/m

12145

2
£
S 1214.0 0
©
14
-2
1214.5
-1 0 1

Cross range/m

B 14 ATaRS e ER T ISAL &ML E1B5. () REJUTHEA; (b) 36 B A4F; (c) AMZATE %, (d) #Mz/E Bk
Fig. 14 Orthogonal interferometer ISAL imaging experiment based on time-frequency analysis“". (a) Geometric model of imaging;
(b) Photography of the target; (c) Image without compensation; (d) Image with compensation

240007-10



UL, 4. S TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

BAME IR S OGRS 7 45 R AT
W T A R . 2022 4F, mAIOR AR X% 4
ARHFFTY R, 1T kK52 %EiE (TRC) MAIRZ:
Wi (LORC) MK & #h 2 U7 i, JF X % Ah I i 2
(5.4 km) # 15 1F AAREAT IR SC 56, SCER Sk T
TR L PR KA h G %k, #5351 15
F7s o

2022 4F, H ERME B S K AT B AT T BE Y =
THE AT BN 38 2ok A 37 0 56 5 UE T R AR R AE 6 Tk
(concantenately generated phase, CGP) 7 FMCW #H T
WOETIA LRI ER Y CGP ik R T AME
SRS 5 A AR R R T L B s
OIPER, ORI I - TR T S S

W SEAIRBOC S S AR, R AR (E S SR
T3 X R A5 5 AR AR o e P A T A R A . X Ik
F R RS M A5 R, AR IERS (12 km F1 19.5
km) K S AL #E &0 T, CGP J7 1 Ak A7 R0 Hb #b 2
FMCW 36 3 38 W 1 SO 2R A AL M A . 7F 12 km
H br i 85 5250 sp o, 5 [0 K R I 4 RN
12013.905 m, W/ HEARN 2.4 em, TE55 BDEAKF-
TS R 12013.920 m, R4 2.5 em.
2023 4F, o ERRE B RAR S AT 5T B Y B
S AR T — A A TR O, DA A
K BE X AR IO TR ARG Bl A BRI . 2 R
X T8 L -85 5 R 5 G SO CHI AL R, IR
I R GEMLIAR B A ) SO, MRl T A O AR (v e

Ot
N
>
8 3 -5t
% = .
a - 1l
- -0k | \
[ . . . ‘
5392 5393 =5 0 5
Range/m Frequency/kHz
@,
N or
T -1 m
< o
> [}
g 0 § -5}
Q.
g 1 £ I
[ < | ) ,
2 =10+ |
Al s M|
5392 5393 -5 0 5
Range/m Frequency/kHz
[0}3
o
= [}
g 3 -5
S =
z £ LT
o < {1/ |
w -10 11| L
il fi [
1L |
5392 5393 S 0 5
Range/m Frequency/kHz

B 15 RAAFBEfRRAF BEAME R LR, (a) BAFEWE; (b) AMEFTAIEH -2 L HBRBLER;
(c) KAt AHBEAMZLE R (d) KM AHBE L KRS F BHEIRESAMZLER
Fig. 15 Correction and compensation effect of TRC and LORC®. (a) Photo of the target; (b) Range-doppler domain imaging results before

correction; (c) Range-doppler domain imaging results after TRC correction; (d) Range-doppler domain imaging results after TRC correction and
LORC compensation

240007-11



UL, 4. S TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

P, T AME HARIEE s O AR S RO
PSR S8, DT R RO GAR T B B B . '
LRNSCI R, Oy Ik R AR 2 A T R
[ 1000 f5H, WRE™=AERUER . T EHE S,
S AR O R TER AR T 107 4% . SLIR g AN
16 Bz o

Zx BTk, HETENRT SAL £ %0 OGRS
B AR AL TRIIBT B, T2 R R
Bl GO 2 AR I A A Mg s 1) P 7 T [
FAOEMEFS SR, XTI R MRS B A Tl B+
WA T 22 RE B, SEBRp b, FRETIR B 8l
-5 % B0 A R ZE X Sk i B T U AE B 22 Y S
FEMERCR T, PR A e S AE {0 M s My 72
FADHRG B AR e M e S — T S Ty el . BBAh, &
XFiz 24 HARNY SAL JSAZ A AH (0L 8 75 R 285 S 1t
R ULHRIE , AHA MR R MR TESCPR SAL ifg 55
YR RE B L SR A RS, X SR Ak
JIT B S [a]
3.5 HigE X

WAL LIS SAL R S B e e — 25, 2k
FE SAL RGLRE A HERN R 1 ek — 2. T SAL Ji
FEE SAR 28, PRI SAL iR KEB/r Ei s % g

0.6
E 0.4}

o 02¢f
S
@ 0
@
c -0.2
o

-0.4 [— Measured value L i '

-0.6 F— Eges%ﬁgfg!-r\éarlue Residual error<0.02 rad

0 4 8 12 16 20
Time/us
0 ——Original

-10} oot ——Compensated
m a1 e L
D 20— - 1 kHz
3 The compensated )
g -30} noise<-30 dB ?Lh;gjgsgvfy‘h
Q. .10 times
g 0 10 kHz

-256-20-15 -10 -5 0 5 10 15 20 25

Frequency/MHz

SAR, fIlNEES-2%4) (Range-Doppler, RD) Fiik™" |
J& [ $5 (Back-Projection, BP) 257E17 45 K117 1% 2%
g I T R SO G A W 25 5, R R
FOBERRE, FRAR T RMR A AT S2PE . I Ry o 2 2
AT =AY E—, BRSSO
20k BRI I BEAR R TA], SAR [EIMGGHE # R B h
M A = R, T BR B G2 B AR DU 5 Ry 4 252
HESEAE O O BRI SAR RS EA —EE T
SAL; S5, 48 SAL BUGHEA b FH i (8 Bt AR
RS — P N T, I R S ORI
ARPERE, REEGEERL; =, RN
SAL BUGE RN HARHE R R B it i Akt
S S X LU T 3545 H AR RS 3o A ki s A%, 4R
48R 280 AARTE G A B T ey, X R
TEAE GBS IET SAL i —MgocHf 2 KA
A BEAILAE O 0 BE TS g, PR T R Y
Bt

il e bR ), 2016 4F 26 E 28 E L8 R
Pellizzari % N""" 4 S UK HE SR 5] A SAL i f& 401
B, R T R EE T DU A A SAL R
FR R B F 85 A Y 2% £ FE A4 (model based iterative
reconstruction, MBIR) B &5 . % J7 18 od #7 B i

100
n 80

° 60 |
E 40 +
c 20+
<
& 0
——Reconstruction
-20¢ ——Theoretical phase
—40 | . ——Residual error
-50 -25 0 25 50
Time/us
n 0 ——Original
-10 e Qc_)r_n_pensated
S 20 - 100 Hz
3 1R S s & The bandwidth
S -30 The compensated © “is reduced by
= noise<-40 dB 10° times
E -40 . &~ 10 MHz

-25 -20 -15-10 -5 0 5
Frequency/MHz

10 15 20 25

B 16 $otARl R A nE L iMEL R (a) A8 TFIRNE S AR 49 M BAE A2 81E; (D) MRARIE R B 404534 R
(C) B AT M AANE R B AMELE R (d) BACE AT AR AMEL R
Fig. 16 Measured and compensated results for laser phase noise™™. (a) Comparison of the measured and theoretical values for the phase of

the heterodyne signal; (b) The estimation results of the laser phase noise; (c) The compensation results with Gaussian linewidth;
(d) The compensation results with Lorentz linewidth

240007-12



UL, 4. S TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

REUMAT . AT S Z [l R, Rl E
AR Q) X B H /R o] K B AL ) (g-generalized
Gaussian Markov random field, -GGMRF) 1F J J2 5 %
SRS R, DT B 5 U R B Oy 256 T
it %R B A ) SAL MR HA 56 1 HOsE
IR P A e

2022 4, 1t Pellizzari TAERYHERN |, hEB2
B o L AR T T A R A N R T — Rk
MBIR 5, %5 L5 0 AT MBIR J7 AR R A2 2 i
AFERCR T s eAt, 42 7 BGHER) MBIR 55
% (MMBIR), 7ELHI 6.9 km #1752 56 24 51 %5432
MARPE, Bk UG 07 A5 Rl 17 iR . 8K,
I B TR Y AR R T B T 2 TR R IR LA 3 43
FHBIEAF S HELR, MER RIS G
D5, MUER RIS AR I

=] [&]

SSIM 0.40
PSNR 10.87 dB

SSIM 0.17
PSNR 9.14 dB

SSIM 0.06
PSNR 8.86 dB

MMBIR

SSIM 0.84
PSNR 16.82 dB

SSIM 0.77
PSNR 15.35 dB

SSIM 0.53
PSNR 12.11 dB

A 17 RD #= MMBIR s% 5% £ R R #2095 At

W 4 Rk h B b 34 (a) 5 dB;

(b) 0dB; (c)-5dB
Fig. 17 Simulation comparison results of RDA and MMBIR
algorithm under different CNRs™. (a) 5 dB; (b) 0 dB; (c) -5 dB. The
red dash area is the detail part of the images

4 ERFLIEHEILINGELEHR

it

ANG ISR B0 IE 2R 5L L PRI E PR RE AY L A T
B, thJE SAL i m S AL AT A AS AT 2D g —25 . Hal
] A A1 3 3 P BA B 58 2 FE b T 2 L 2k S 6
AR5 01 JERTAR B [ P &N AT 12 458 T A S ) B
R HERE

2009 4F, 3 [E ¥ 00 A - T A R B Y
Buck 28 A" 7R T 2240 1550 nm £L4M3E B 0.7 km BB

YRS e S A LRI R A s 8 B
2 cm 1 0.28 emo 2011 4%, %A BAIEAT T AL AR 15 5K
B, RGOR ARG AR, BUR AR 45°RHE
1.6 km, %54 PGA #MEHT IS 7 07 8] 43 HE 553 51 0
33 em Ml 2.5 em, SCE A ESF- G SR A R anl#] 18
7R

2018 4F, EEAVHE ATK 2\ A7 356 [F 25 4250 1
FH LT, BT GEO $iE Y EAGLE D&V 5,
TERE T B 4% SAL BUR S AFFE . 2022 4, GSSAPS-
6 KT, FRIEE T SAL MUSAH SRR M, SR LRI
H SRR AR A8 AR AT

WIFE SAL 43 AR AL 3, (H AR Z W52 ]
PAE ST T RSN E, R T KR TREZR M
SEGHAE . 2014 4F, PERREBE LR B LA
W52 0 225058 A SAL 4% 1.2 km AR 525007,
AR HEH K 5.5 cmx6.8 cm, 2016 4F, H [ERLFEBE
VRS B ZE BT 78 B T AL B SAL 1%
SR, W& TR EL 3 km, SEHIEE AL
A RS b T AR AR, SEERAE AN 4] 19 TR 2018 4F,
AT IT T B ISAL #M% 3.4 km B2 sc g™,
SEEE TR TE AN BARI S A BERIR, R Bk
F 1cem,

i E R B s KA B BB ST B 26 AH G S I
J T RETAE. 2016 4FZ 07 58 MpLER ©ATiER ",
5 AT, 25 REERPLE SAL RER AR E
i FMCW OGERIR 450, HOGME 5 W Jr R A f
SCPEE, MEHIEEES 2 km, BRGEESPERILT 4
cmx5 em, HLFATIMLER RATEEH R 40 SO
[l 20 7N o

2017 4F, HEBLABEE KA B AHE ST BE 1 2R
A NIRRT %A 1.1 km B S S 525, H AR
— N RMFTEER LR, &S5 5H7 58 4 GHz 3RHL
B 1) 43 FE R R 4 em, $5 00T AR Y AT S AR BR A
37.8 em, i i Ar AL AR A B AR B 7 S 1 20 R
I mm, 4, ETEAITTEIN km BHEY R H
B ISAL BRLARSEE, SR IR Bt 51 434 1 2 AR Ak
AR5 AR B ARSI, IF 0 T AR
PO RELVEN U AT

AR, HEREBE KAF B AH B A ER
9 BT 5 B AT A X B3] SAL I J& T I A®F5E" ™,
5 TE S A CBEULIN R 3752 RSk — RS0, iz A il i
RIS RS . Mgzl . & ks

240007-13



i, 45 JEH TR, 2024, 51(3): 240007 https://doi.org/10.12086/0ee.2024.240007

Gimbal

Twin otter

3600 ft AGL altitude

1.6 km range Context Context
45 degree look angle z cameras . _camera

Range/m
Range/m

-15-10-05 0 05

Cross range/m (26 3%
-1.0-05 0 05 1.0

Cross range/m

B 18 & %A ia-T TAHTFH AN 69 SAL T4 R, (a) T 4; (b) RELER

Fig. 18 Airborne SAL experimental results of Lockheed Martin Coherent Technologies®™. (a) Experimental system; (b) Imaging results

Travel direction
distance/m

0 2 4 6 8 10 12 14
Orthogonal direction distance/m

B 19 EAATeIE SAL 8™, (a) F8HF; (b) BAFEMR; (o) LR
Fig. 19 Airborne SAL experiment in shanghai institute of optics and fine mechanics®”.

(a) Experiment scene; (b) The photograph of target; (c) Imaging result

Hf‘*tr-ny

Range/m

WWRNNNNN ===
NomoORNOD N

-0.6-0.4-0.2 0 0.2 04 06
Azimuth/m

B 20 wFATeghuE SAL 1. (a) £, (b) BAFRHA; (o) MR

Fig. 20 Airborne SAL experiment in institute of electronics?. (a) Experimental scene; (b) Photograph of target; (c) Imaging result

WAERR, LI THOCEZ ML, RIFAXTZABES] Ksdgas s 21 .

SCBREA ST AR EE R T P2, HAa AT S B s - 2021 AR R4, WL R 2EERILIAIBATE SAL Sl it
RS RN SE R G, A Lo AR 47 T RESLMR TR, ZR%M TEN 20 m, 5b
i&Xﬂ&J&ﬁ%mﬁk%%ﬁi%ﬁtﬂo M%) SAL S2Ee 8 3% 1.1 km LA K 6.9 km Y ISAL A% sz 36 &7 10

240007-14



UL, 4. S TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

23.2
23.1

230 (ST W

22.9 o
£
5 228 ;
g it
5 227 ‘Qnumlw”l :
226 ‘\)‘ b
f
225 'WN
I |
224 :

223 :
020 010 0 -0.10 -0.20

Azimuth/m

B 21 &FFeEs] SAL 2B, (a) BARB A (b)4 BAERMBLER; () HELR; (d) LFFE%: (6) LF A%

Fig. 21

TEFTA 250 h RGN SR T RIE T 2 W, 1L
KB A 40 mm. SN S SR ARLSS
1.1 km SEEGZRANIE 22 fiR. 1E 6.9 km RS,

Array SAL experiment in Institute of Electronics
four channels; (c) The whole imaging result; (d) The electronic system; (e) The optical system

[96]

M T HAREE R L, HEOER IR AR, RS

ZH T B H A9 MMBIR 85325 X G AT, 76
AN FHAEAR T B il 55 0 T SRS b %, HLIRG

.

8

'brEMILd

B 22 435 1.1 km Mg F A R0, (@) ISAL 24 F& B,

Fig. 22 Outdoor experimental scene and result at 1.1 km away

Transmitter

Receiver

[109]

. (a) Photograph of the target; (b) Imaging results of

T AESE, 6.9 km BURZE R QA 23 s, Horp
ENL /R S5 80 A, HAE 7= 2 A RS 1l B Mg 7
/N

Li LRTIR, TEAMAIE T, SRR B 2
HHLIL IR ) B X S B g P T T M6 ) A 1 2 P B AR
WK, A0 AR AR SAL 78 52 b FH 3 A4 v i i

K.

40
45
50

55

Range/cm

60

65

70

0 5 10 15 20 25
Azimuth/cm

(b) WA K Z%; (c) BAREK; (d) RELR

. (@) Schematic diagram of ISAL system; (b) Photography of the transceiver;

(c) Photography of the target; (d) Imaging result

240007-15



UL, 4. S TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

“V” pattern

b

“I” pattern *

Normalized intensity

i
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Normalize1d0intensity

0.9
0.8
1 0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Normalize1d0intensity Normalized intensity

. 1.0
1 0.9 0.9
0.8 1 0.8
0.7 1 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1

B 23 413 6.9 km 3B R, (a) AFEME; (b) RD Fikaifs R, () MMBIR Hik Rfgs R
Fig. 23 Outdoor experimental result at 6.9 km away™. (a) Photography of the target; (b) Images recovered by RDA,;
(c) Images recovered by MMBIR

A, AnEOE VDR | IOt RGNS
SAL ERHBLE m EIRFEE LA . BLoh, HHTshA S
1 FEEEAE AR, AESE B PSR BUERAE L KN
AT BRI AR R T — B BE SAL SM7) 5050 5 i
RIERINA . ARAE 1) S B F i 5 H A4 B oA Un
WOCARBIE A I . B . w5 DR AL S
JCARFR S . I A S IEARRRBEIET, 5
YS9 BB AL E 10 UM B SR PREE ,  LAES6 R 5L
Pr SAL RGENERED ST

5 & &

A RALAEBOETE BB 2RI EMRE S . A
MR AL ARBE ST | o AR BE ) A 7 BRI R BE T 7%
BT TR SRIERBIGE, HEORMM S SHE A
TEILIE S FAR I | 2 L K [ Bl Bk R4l A v
FERTHIME . A SCITBANREER 15 M ALARHOE R 1K &
HORHEEOR B A DI RS BT TE BUIR , 72T+ 245
M DR, JLERE . SRR FIAR 5 S50 77 T 1)
WAGA/ NS, (E B SEPR TR IR AT — BLK 2
A, BRI AR, 7 E LR LAy it
FI#t5E

1) 5 ALARBOE & A —Fh A RO H A R
G, A ARG B DB R A TR0 Rk, K
XFRGARTHEA B E R FOR, WOCHGIES . RS
BAR R LA HIPLE) H TS = BLeRilE &, X%
BHESCPR RGBT IR AT R SRR, A AE
BRI R GERITAE AN A M. Heoh, X5

IRALARROE TR I8 AR GUB AT HLH] AT A B X R 458
PRSI FCER AR , R T X A% TR AR T IR A M 7 v
PRI EOR . L, HEEET SAL RGUEHMBER,
HEST RGN R 2E I B AL AR, B 1R 22 R
MGEHHHFE, 456 RGEPEREPEN TR AR TR RETTIN A1
HARRZEM P BL, DLSCBLRGE Nl S M) Bt
FHAFARLRIE AR LI A F

2) A ALARBOC T AR A T2, HxT [a]
PR . IRRA S HUEURE, bR g, RAH
PR AR SIS AN RT3 G b 2 B0 s Xt
FIAR B AT AERRE , SEMA UG 5 A H A ik
AIPERE. AL, SRl PR UEAE SEBR A B b LA
HOLTIBXAR B bR ARPE R E M H S TR
B T I A R R 2 —

3) AR BOLH A EEL N — R REXT T
B HARSEBL R A R AR, SRR — R HROEH
K, OGS AR TR LR TR R R R . AR
] L e i U 1507 SRR EOEAS A B2k 5T 1A
PAFE R TRE, HEEEIOCRLTERE, H
M B A A R T AL, TR EERE SR — A
BLJ5 A A B (5 B (sl By A S . BT
WA S5 BCTHE T A PR J7 SH BR O A 7 e 7
SRR, 4255 SAL AR B AU 4 i

4 AT RS E AARE R BIE 25, 45
SREMEMIEL . i TROEH RS Hirfixhzshe
SEAG SRR, X R AR R ok
Ko L HTE RALARBOE TR I R PR R e R

240007-16



i, 45 JEH TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

SEBREGIRIRE, A X I g AR AE R AR R
— 7, IS RS LA RO R A ROV RS 5
S35, ARG I R A 5 2RI ARBO LA
B RRIE M ARG NS FsA . R, AT HARE S
Bff S, e A R AE AR B ARBE e —E A
JEREIR RGREFTR, TP RGENERE, R RK—
AMEAHITFERITT ]

FNAEHOC TR R, HL. B B —

%%%ﬁ?%,,uﬁiﬁ LIE A S HILIL 5 25

FRMILE, XA EIRERER T LR TBOR
ﬁﬂ%hﬁﬁ%%ﬁT%ﬁbﬂhmﬁ,ﬁﬁﬁﬁw
SMEFRIE T, A RALRROCR IS AER S LS
TIk—FE, BN SIS R T B

B2 A 113 75 W IR g e
22 3Hk

[1] Li S, Wang B W, Guan H T, et al. Far-field computational
optical imaging techniques based on synthetic aperture: a
review[J]. Opto-Electron Eng, 2023, 50(10): 230090.

Ak, B, B, . LA AT RO URBOR: 3¢
ikgid Siprit ). St TR, 2023, 50(10): 230090.

[2] Cumming | G, Wong F H. Digital Signal Processing of
Synthetic ~ Aperture  Radar Data: Algorithms  and
Implementation[M]. Boston: Artech House, 2004.

[3] Brown W M. Synthetic aperture radar[J]. |[EEE Trans Aerosp
Electron Syst, 1967, AES-3(2): 217-229.

[4] Wiley C A. Pulsed Doppler radar methods and apparatus:
3196436[P]. 1965-07-20.

[5] Ding J H, Yuan M H. A multi-target semantic segmentation
method for millimetre wave SAR images based on a dual-
branch multi-scale fusion network[J]. Opto-Electron Eng, 2023,
50(12): 230242.

TRAE, FEWINE. JE T WU 302 R RIG 25 (14 22 K I SAR R
2 AbRiE Ay E7 R[] e TR, 2023, 50(12): 230242.

[6] Zhao H Q, Zhang X X, Wang D, et al. Optical-mechanical
system design of SAR real-time imaging optical processor[J].
Opto-Electron Eng, 2022, 49(9): 210421.

B, SRR, T2, 4. SARH RGO A B ROEHL R 4
B J]. O T AR, 2022, 49(9): 210421.

[7] Liu L R. A new way to high-resolution remote sensing:
synthetic aperture imaging ladar[J]. Science, 2014, 66(6):
25-29.

XUSEN. 1o 43 PR I BT i
B2, 2014, 66(6): 25-29.

[8] Wu J. On the development of synthetic aperture ladar
imaging[J]. J Radars, 2012, 1(4): 353- 360
RIE. KT E AR BOCT B BUE TR ].
353-360.

[9] Lucke R L, Rickard L, Bashkansky M, et al. Synthetic
aperture ladar (SAL): fundamental theory, design equations
for a satellite system, and laboratory demonstration[R].
Washington: Naval Research Laboratory, 2002.

[10] Li D J, Gao J H, Cui A J, et al. Research progress of
coherent ladar technology for imaging and detection[J]. Mod
Radar, 2023, 45(11): 1-6.

— A WAL FOE AR T A D]

K2R, 2012, 1(4):

(1]

[12]
[13]
[14]
(18]
[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

240007-17

R, = RO, AR, S USRI T IO TR
JE[J]. BIACT ik, 2023, 45(11): 1-6.

Aleksoff C C, Accetta J S, Peterson L M, et al. Synthetic
aperture imaging with a pulsed Co, tea laser[J]. Proc SPIE,
1987, 783: 29-41.

Aleksoff C C. Interferometric two-dimensional imaging of
rotating objects[J]. Opt Lett, 1977, 1(2): 54-55.

Aleksoff C C. Synthetic interferometric imaging technique for
moving objects[J]. App/ Opt, 1976, 15(8): 1923-1929.
Aleksoff C C, Christensen C R. Holographic Doppler imaging
of rotating objects[J]. App! Opt, 1975, 14(1): 134-141.

Lewis T S, Hutchins H S. A synthetic aperture at 10.6
microns[J]. Proc IEEE, 1970, 58(10): 1781-1782.

Marcus S, Colella B D, Green T J. Solid-state laser synthetic
aperture radar[J]. App/ Opt, 1994, 33(6): 960-964.

Green T J, Marcus S, Colella B D. Synthetic-aperture-radar
imaging with a solid-state laser[J]. App/ Opt, 1995, 34(30):
6941-6949.

Yoshikado S, Aruga T. Short-range verification experiment of
a trial one-dimensional synthetic aperture infrared laser radar
operated in the 10-uym band[J]. App/ Opt, 2000, 39(9):
1421-1425.

Yoshikado S, Aruga T. Feasibility study of synthetic aperture
infrared laser radar techniques for imaging of static and
moving objects[J]. App/ Opt, 1998, 37(24): 5631-5639.
Bashkansky M, Lucke R L, Funk E E, et al. Synthetic
aperture imaging at 1.5u: laboratory demonstration and
potential application to planet surface studies[J]. Proc SPIE,
2002, 4849: 48-56.

Bashkansky M, Lucke R L, Funk E, et al. Two-dimensional
synthetic aperture imaging in the optical domain[J]. Opt Lett,
2002, 27(22): 1983-1985.

Karr T J. Synthetic aperture ladar resolution through
turbulence[J]. Proc SPIE, 2003, 4976: 22-33.

Lucke R L. Synthetic aperture ladar simulations with phase
screens and Fourier propagation[C)//Proceedings of 2004
IEEE Aerospace Conference Proceedings, 2004.
https://doi.org/10.1109/AERO.2004.1367959.

Schumm B E, Dierking M P. Wave optics simulations of
synthetic aperture ladar performance through turbulence[J]. J
Opt Soc Am A, 2017, 34(10): 1888-1895.

Rustowicz R M, Ross J W, Barnes L J, et al. Atmospheric
effects and impact on target classification for Synthetic
Aperture Ladar (SAL) imagery[J]. Proc SPIE, 2018, 10636:
1063609.

Azizigul A, Tao Z W, Liu S W, et al. Influence of atmospheric
turbulence on temporal coherence characteristics of received
optical field[J]. Acta Phys Sin, 2022, 71(23): 234201.

SN A - BT SEOR, B R, X, A5 RS 4
WS g B T80 AH 45 PR 09 52 ma[d]. ) 31 4, 2022, 71(23):
234201.

Barber Z W, Dahl J R. Sensitivity in synthetic aperture ladar
imaging[C]//Proceedings of 2014 Conference on Lasers and
Electro-Optics (CLEO) - Laser Science to Photonic
Applications, 2014.

Barber Z W, Dahl J R. Synthetic aperture ladar imaging
demonstrations and information at very low return levels[J].
Appl Opt, 2014, 53(24): 5531-5537.

Cai G Y, Hou P P, Ma X P, et al. The laser linewidth effect on
the image quality of phase coded synthetic aperture ladar[J].
Opt Commun, 2015, 356: 495-499.

Xu Qian, Zhou Yu, Sun Jianfeng, et al. Analysis and
Simulation of Space-Time Speckle Effect Based on Synthetic
Aperture Imaging Ladar[J]. Acta Optica Sinica, 2013, 33(10):
1028002.

VP, AR, PhEREE, 45 A ALRRO RIS Rk

HARWIFIE

25 HUBE A AR


https://doi.org/10.12086/oee.2023.230090
https://doi.org/10.12086/oee.2023.230090
https://doi.org/10.1109/TAES.1967.5408745
https://doi.org/10.1109/TAES.1967.5408745
https://doi.org/10.12086/oee.2023.230242
https://doi.org/10.12086/oee.2023.230242
https://doi.org/10.12086/oee.2022.210421
https://doi.org/10.12086/oee.2022.210421
https://doi.org/10.3969/j.issn.0368-6396.2014.06.006
https://doi.org/10.3969/j.issn.0368-6396.2014.06.006
https://doi.org/10.3724/SP.J.1300.2012.20076
https://doi.org/10.3724/SP.J.1300.2012.20076
https://doi.org/10.16592/j.cnki.1004-7859.2023.11.001
https://doi.org/10.16592/j.cnki.1004-7859.2023.11.001
https://doi.org/10.16592/j.cnki.1004-7859.2023.11.001
https://doi.org/10.1117/12.940575
https://doi.org/10.1364/OL.1.000054
https://doi.org/10.1364/AO.15.001923
https://doi.org/10.1364/AO.14.000134
https://doi.org/10.1109/PROC.1970.8012
https://doi.org/10.1364/AO.33.000960
https://doi.org/10.1364/AO.34.006941
https://doi.org/10.1364/AO.39.001421
https://doi.org/10.1364/AO.37.005631
https://doi.org/10.1117/12.460767
https://doi.org/10.1364/OL.27.001983
https://doi.org/10.1117/12.479209
https://doi.org/10.1109/AERO.2004.1367959
https://doi.org/10.1364/JOSAA.34.001888
https://doi.org/10.1364/JOSAA.34.001888
https://doi.org/10.1117/12.2303925
https://doi.org/10.7498/aps.71.20221202
https://doi.org/10.7498/aps.71.20221202
https://doi.org/10.1364/AO.53.005531
https://doi.org/10.1016/j.optcom.2015.08.033
https://doi.org/10.3788/AOS201333.1028002

IR,

4. Ot TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

[31]

[32]

[33]

[34]

[39]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

U543 JeF2#4], 2013, 33(10): 1028002.

Liu L R. Synthetic aperture imaging ladar (VI): space-time
speckle effect and heterodyne signal-to-noise ratio[J]. Acta
Opt Sin, 2009, 29(8): 2326-2332.

XUSEN. A ALAR O G TR TR (VI): B 25 HUBERONE FA T 26 4600
{EMELL[J]. Y6224, 2009, 29(8): 2326-2332.

Xu Q, Zhou Y, Sun J F, et al. Analysis of integrated speckle
receiving characteristics based on synthetic aperture imaging
ladar[J]. Acta Opt Sin, 2014, 34(3): 0328002.

Vs, RS, Phass, 55 G LSO G AR TR IR O R ZR 0y
PES ). D674, 2014, 34(3): 0328002.

Xu Q, Zhou Y, Sun J F, et al. Influence of space-time
speckle effect on the image quality in a synthetic aperture
imaging ladar[J]. Opt Commun, 2014, 333: 265-273.

Xu Q, Sun Z W, Sun J F, et al. Speckle reduction of synthetic
aperture imaging ladar based on wavelength characteristics[J].
Chin Opt Lett, 2014, 12(8): 080301.

Dang W J, Zeng X D, Feng Z J. Decoherence effect of target
roughness in synthetic aperture ladar[J]. Acta Phys Sin, 2013,
62(2): 024204.

SESCAE, IR, TS EEE. HARHLBEX G AL RO E B B
IBAHTFRON[J]. PRz, 2013, 62(2): 024204.

LuzZyY,Ge CF,Wang ZY, et al. Basics and developments of
frequency modulation continuous wave LiDAR[J]. Opto-
Electron Eng, 2019, 46(7): 190038.

IR, BN, R, S SRRSO R I AR )
55t BERE[J]. JGHLTRE, 2019, 46(7): 190038.

Buell W, Marechal N, Buck J, et al. Demonstration of
synthetic aperture imaging ladar[J]. Proc SPIE, 2005, 5791:
152-166.

Beck S M, Buck J R, Buell W F, et al. Synthetic-aperture
imaging laser radar: laboratory demonstration and signal
processing[J]. App! Opt, 2005, 44(35): 7621-7629.

Xing M D, Guo L, Tang Y, et al. Design on the experiment
optical system of synthetic aperture imaging lidar[J]. Infrared
Laser Eng, 2009, 38(2): 290-294.

Tl $652, FEE, . AR RUERO TR R TR R GBI
ZIANSEOE TR, 2009, 38(2): 290-294.

Guo L, Ma Y J, Xing M D, et al. Rotating objects imaging of
synthetic aperture imaging lidar[J]. Infrared Laser Eng, 2009,
38(4): 637-641.

e, I, TR, 55, A AL BIRHOE T e HAn iz
[J]. Zr4h 530 T2, 2009, 38(4): 637-641.

Guo L, Xing M D, Zhang L, et al. Research on indoor
experimentation of range SAL imaging system[J]. Sci China
Ser E:Technol Sci, 2009, 52(10): 3098-3104.

Liu L R, Zhou Y, Zhi Y N, et al. A large-aperture synthetic
aperture imaging ladar demonstrator and its verification in
laboratory space[J]. Acta Opt Sin, 2011, 31(9): 0900112.
XUSEN, JRAE, MANEAR, 55, K IOAR G AR O UG R IR R A
PLRHSL 3 5[], DL 727+4iz, 2011, 31(9): 0900112.

Adany P, Allen C, Hui R Q. Chirped lidar using simplified
homodyne detection[J]. J Lightwave Technol, 2009, 27(16):
3351-3357.

Wang N, Wang R, Li G Z, et al. Experiment of inverse
synthetic aperture ladar at 1.1 km[J]. Proc SPIE, 2016, 10155:
101551G.

Song Z Q, Mo D, Wang N, et al. Inverse synthetic aperture
ladar autofocus imaging algorithm for micro-vibrating
satellites based on two prominent points[J]. App/ Opt, 2019,
58(25): 6775-6783.

Wang N, Wang R, Mo D, et al. Inverse synthetic aperture
LADAR demonstration: system structure, imaging processing,
and experiment result[J]. App/ Opt, 2018, 57(2): 230-236.

Mo D, Wang R, Wang N, et al. Three-dimensional inverse
synthetic aperture lidar imaging for long-range spinning

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[59]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

240007-18

targets[J]. Opt Lett, 2018, 43(4): 839-842.

Zhang K S, Li G Z, Wang R, et al. The study on airborne
laser synthetic aperture radar[C]/Proceedings of the 4th
China High Resolution Earth Observation Conference, 2017:
12.

TRBTRR, 2901, FAR, . MLERIOE A LR TR AR [CL/AE
i R A3 HEEET M A AR AR 2218 SO, 2017: 12,

Mo D, Wang R, Wang N, et al. Experiment of inverse
synthetic aperture LADAR on real target[C]//Proceedings of
2017 7th IEEE International Conference on Electronics
Information and Emergency Communication, 2017: 319-321.
https://doi.org/10.1109/ICEIEC.2017.8076572.

Li G Z, Wang N, Wang R, et al. Imaging method for airborne
SAL data[J]. Electron Lett, 2017, 53(5): 351-353.

Li G Z, Wang R, Song Z Q, et al. Linear frequency-modulated
continuous-wave ladar system for synthetic aperture
imaging[J]. Appl Opt, 2017, 56(12): 3257-3262.

Krause B W, Buck J, Ryan C, et al. Synthetic aperture ladar
flight demonstration[C]//Proceedings of 2011 - Laser Science
to Photonic Applications, 2011.

Huang Y X, Zhang H Y, Li F, et al. Phase modulated lidar
imaging design and simulation[J]. Infrared Laser Eng, 2017,
46(5): 0506003.

BT, R, 2, S MAOR RO R IS USSR R E ).
2IHNSEOE TR, 2017, 46(5): 0506003,

Huang Y X, Song S, Xu W M, et al. Real-time inverse
synthetic aperture ladar system based on continuous m-
sequence phase modulation[J]. Laser Optoelectron Prog,
2017, 54(7): 072801.

BOFH, R, TR, A5 ELLm T AR IR 00 SR A AL
BHOCT BRG] Ot 5t F=ikE, 2017, 54(7): 072801.
Gao S, Zhang Z H, Yu W X, et al. Inverse synthetic aperture
ladar imaging based on modified cubic phase function[J].
Appl Opt, 2021, 60(7): 2014-2021.

Xu X W, Gao S, Zhang Z H. Inverse synthetic aperture ladar
demonstration and outdoor experiments[C]//Proceedings of
2018 China International SAR Symposium, 2018: 1-4.
https://doi.org/10.1109/SARS.2018.8551972.

Gao S, Zhang Z H, Xu X W, et al. The laboratory
demonstration and signal processing of the inverse synthetic
aperture imaging ladar[J]. Proc SPIE, 2017, 10427: 104271I.
Cui A J, Li D J, Wu J, et al. Moving target imaging of a dual-
channel ISAL with binary phase shift keying signals and large
squint angles[J]. App/ Opt, 2022, 61(18): 5466—-5473.

Song A P, Jin K, Xu C, et al. Subcarrier modulation based
phase-coded coherent lidar[J]. Opt Express, 2024, 32(1):
52-61.

Wahl D E, Eichel P H, Ghiglia D C, et al. Phase gradient
autofocus-a robust tool for high resolution SAR phase
correction[J]. IEEE Trans Aerosp Electron Syst, 1994, 30(3):
827-835.

Eichel P H, Jakowatz C V. Phase-gradient algorithm as an
optimal estimator of the phase derivative[J]. Opt Lett, 1989,
14(20): 1101-1103.

Chen V C. Adaptive time-frequency ISAR processing[J]. Proc
SPIE, 1996, 2845: 133-140.

Hoégbom J A. Aperture synthesis with a non-regular
distribution of interferometer baselines[J]. Astron Astrophys
Suppl, 1974, 15: 417-426.

Pellizzari C J, Bos J, Spencer M F, et al. Performance
characterization of Phase Gradient Autofocus for inverse
synthetic aperture LADAR[C]//Proceedings of 2014 IEEE
Aerospace Conference, 2014: 1-11.
https://doi.org/10.1109/AER0O.2014.6836491.

Li M L, Wu J, Bai T, et al. Stripmap mode synthetic aperture
ladar imaging under large random phase errors condition[J].


https://doi.org/10.3788/AOS201333.1028002
https://doi.org/10.3788/AOS20092908.2326
https://doi.org/10.3788/AOS20092908.2326
https://doi.org/10.3788/AOS20092908.2326
https://doi.org/10.3788/AOS201434.0328002
https://doi.org/10.3788/AOS201434.0328002
https://doi.org/10.1016/j.optcom.2014.07.034
https://doi.org/10.3788/COL201412.080301
https://doi.org/10.7498/aps.62.024204
https://doi.org/10.7498/aps.62.024204
https://doi.org/10.12086/oee.2019.190038
https://doi.org/10.12086/oee.2019.190038
https://doi.org/10.12086/oee.2019.190038
https://doi.org/10.1117/12.609682
https://doi.org/10.1364/AO.44.007621
https://doi.org/10.3969/j.issn.1007-2276.2009.02.022
https://doi.org/10.3969/j.issn.1007-2276.2009.02.022
https://doi.org/10.3969/j.issn.1007-2276.2009.02.022
https://doi.org/10.3969/j.issn.1007-2276.2009.04.014
https://doi.org/10.3969/j.issn.1007-2276.2009.04.014
https://doi.org/10.1007/s11431-009-0157-6
https://doi.org/10.1007/s11431-009-0157-6
https://doi.org/10.3788/AOS201131.0900112
https://doi.org/10.3788/AOS201131.0900112
https://doi.org/10.1109/JLT.2009.2016220
https://doi.org/10.1117/12.2246531
https://doi.org/10.1364/AO.58.006775
https://doi.org/10.1364/AO.57.000230
https://doi.org/10.1364/OL.43.000839
https://doi.org/10.1109/ICEIEC.2017.8076572
https://doi.org/10.1049/el.2016.4205
https://doi.org/10.1364/AO.56.003257
https://doi.org/10.3788/IRLA201746.0506003
https://doi.org/10.3788/IRLA201746.0506003
https://doi.org/10.3788/LOP54.072801
https://doi.org/10.3788/LOP54.072801
https://doi.org/10.1364/AO.413512
https://doi.org/10.1109/SARS.2018.8551972
https://doi.org/10.1117/12.2278055
https://doi.org/10.1364/AO.458595
https://doi.org/10.1364/OE.504166
https://doi.org/10.1109/7.303752
https://doi.org/10.1364/OL.14.001101
https://doi.org/10.1117/12.257216
https://doi.org/10.1117/12.257216
https://doi.org/10.1109/AERO.2014.6836491

IR,

4. Ot TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Chin Opt, 2019, 12(1): 130-137.

HE, R, 0, 5. REENURARZE T MR A LR
FFTRBURIIR[I]. P DG4, 2019, 12(1): 130-137.

Zhang J, Wang R, Zhang K S. Application and improvement
of phase gradient autofocus algorithm in synthetic aperture
lidar[J]. Laser Optoelectron Prog, 2016, 53(6): 062801.

i, EAR, KRBT, AHOMEE [ SRS G LR DL R &
FRR S k], Ot S TR R, 2016, 53(6): 062801.
Song Z, Mo D, Li B, et al. Phase gradient matrix autofocus for
ISAL Space-time-varied phase error correction[J]. IEEE
Photonics Technol Lett, 2020, 32(6): 353—-356.

Xu G, Xing M D, Yang L, et al. Joint approach of translational
and rotational phase error corrections for high-resolution
inverse synthetic aperture radar imaging using minimum-
entropy[J]. [ET Radar Sonar Navig, 2016, 10(3): 586—-594.
Liu S J, Fu H C, Wei K, et al. Jointly compensated imaging
algorithm of inverse synthetic aperture lidar based on nelder-
mead simplex method[J]. Acta Opt Sin, 2018, 38(7): 0711002.
XUBEHE, {554, B8, 5. 2T Nelder-Mead B4 JE 34k 13184,
FLAR WO B BB S A2 RS, Ob7 i, 2018, 38(7):
0711002.

Li J, Wang K P, Jin K, et al. Inverse synthetic aperture lidar
motion compensation imaging algorithm for maneuvering
targets[J]. Acta Opt Sin, 2021, 41(19): 1928001.

Zegl, EOUS, HOL, . S RALEBOE TR IAHLEh H g s i
WAGSATE]. AR, 2021, 41(19): 1928001.

Li J, Jin K, Xu C, et al. Adaptive motion error compensation
method based on bat algorithm for maneuvering targets in
inverse synthetic aperture LIiDAR imaging[J]. Opt Eng, 2023,
62(9): 093103.

Ruan H, Zhang Q, Yang Y A, et al. Spaceborne inverse
synthetic aperture lidar imaging of nonuniformly rotating orbit
object[J]. Infrared Laser Eng, 2023, 52(2): 20220406.

BCA, TKaR, By &b, 5. 8505 slas () B AR KB A AR
ST IRBAR[J]. £UAM 530 T, 2023, 52(2): 20220406.

Yin HF, Li Y C, Guo L, et al. Spaceborne ISAL imaging
algorithm for high-speed moving targets[J]. /IEEE J Sel Top
Appl Earth Obs Remote Sens, 2023, 16: 7486—7496.

Ruan H, Wu Y H, Ye W, et al. Algorithm of phase error
compensation for inverse synthetic aperture ladar[J]. Laser
Optoelectron Prog, 2013, 50(10): 102801.

BEA, S, A, A5 G LSO TR AR O 15 22 A MR
1. HoL e Tk, 2013, 50(10): 102801.

Zhang HY, Li F, Xu W M, et al. Research on the phase error
compensation in synthetic aperture ladar by using
optimization algorithm[J]. Acta Electron Sin, 2016, 44(9):
2100-2105.

SRIEE, 45K, BRI, AF RIS RS AL ROLER kA
FLRZEAMERIIFE[]. HL 72412, 2016, 44(9): 2100-2105.
Graham L C. Synthetic interferometer radar for topographic
mapping[J]. Proc IEEE, 1974, 62(6): 763-768.

Liu L R. Principle of self-interferometric synthetic aperture
ladar for 3D imaging[J]. Acta Opt Sin, 2014, 34(5): 0528001.
XIsr N BT A AR O = 4R B s R[], b i,
2014, 34(5): 0528001.

Ma M, Li D J, Du J B. Imaging of airborne synthetic aperture
ladar under platform vibration condition[J]. J Radars, 2014,
3(5): 591-602.

g, 2 nt, MRS JRFI AR FHLEE LR O T R R
AbFR]. TikaEH, 2014, 3(5): 591-602.

Du J B, Li D J, Ma M, et al. Vibration estimation and imaging
of airborne synthetic aperture ladar based on interferometry
processing[J]. Chin J Lasers, 2016, 43(9): 0910003.

S, 250, B, 55, ST T A BRI AL S
SRS BUR V). O, 2016, 43(9): 0910003.

Hu X, Li D J. Vibration phases estimation based on multi-

[81]

[82]

[83]

[84]

[83]

(86]

[87]

(88]

(89]

[90]

(91

[92]

93]

[94]

[99]

[96]

[97]

240007-19

channel interferometry for ISAL[J]. App/ Opt, 2018, 57(22):
6481-6490.

Zhou K, Li D J, Gao J H, et al. Vibration phases estimation
based on orthogonal interferometry of inner view field for
ISAL imaging and detection[J]. App/ Opt, 2023, 62(11):
2845-2854.

Gallion P, Debarge G. Quantum phase noise and field
correlation in single frequency semiconductor laser
systems[J]. [EEE J Quantum Electron, 1984, 20(4): 343-349.
Hu X, Li D J, Zhao X F. Maintaining method of signal
coherence in synthetic aperture ladar based on local
oscillator digital delay[J]. Chin J Lasers, 2018, 45(5): 0510003.
HME, ZEIE R, A I T A IRECTIE I (1A A LA RO TR 35
HS AT HERIAN]. T EFOE, 2018, 45(5): 0510003.

Hu X, Li D J, Tian H, et al. Impact and correction of phase
error in ladar signal on synthetic aperture imaging[J]. /nfrared
Laser Eng, 2018, 47(3): 0306001.

HANE, ZRIET, HE, 5 UG IME SRR A LR TR
RS AIREIE]. 21405301 T, 2018, 47(3): 0306001.

Gao J H, Li D J, Zhou K, et al. Maintenance method of signal
coherence in lidar and experimental validation[J]. Opt Lett,
2022, 47(20): 5356-5359.

Ke J Y, Song Z Q, Wang P S, et al. Long distance high
resolution FMCW laser ranging with phase noise
compensation and 2D signal processing[J]. App/ Opt, 2022,
61(12): 3443-3454.

Ke J Y, Song Z Q, Cui Z M, et al. Phase noise compensation
experiment with frequency modulated continuous wave laser
in atmospheric propagation[J]. Opt Eng, 2022, 61(7): 073101.
Ito F, Fan XY, Koshikiya Y. Long-range coherent OFDR with
light source phase noise compensation[J]. J Lightwave
Technol, 2012, 30(8): 1015-1024.

Fan X Y, Koshikiya Y, Ito F. Phase-noise-compensated
optical frequency domain reflectometry with measurement
range beyond laser coherence length realized using
concatenative reference method[J]. Opt Lett, 2007, 32(22):
3227-3229.

Wu S B, Mo D, Wang R, et al. Surpassing the limitation of a
coherence length in lidar by digital coherence[J]. Opt Lett,
2023, 48(21): 5455-5458.

Bao Z, Xing M D, Wang T. Radar Imaging Technology[M].
Beijing: Publishing House of Electronics Industry, 2005.

P, i, FHE. FEBURBORM]. JE5T: BT Tolk i i,
2005.

Yegulalp A F. Fast backprojection algorithm for synthetic
aperture radar[C]//Proceedings of the 1999 IEEE Radar
Conference. Radar into the Next Millennium, 1999: 60—65.
https://doi.org/10.1109/NRC.1999.767270.

Pellizzari C J, Trahan R, Zhou H Y, et al. Synthetic aperature
LADAR: a model-based approach[J]. [EEE Trans Comput
Imaging, 2017, 3(4): 901-916.

Pellizzari C J, Bouman C A. Inverse synthetic aperture
LADAR image construction: an inverse model-based
approach[J]. Proc SPIE, 2016, 9982: 99820F.

Xu C, Song A P, Jin K, et al. Modified imaging algorithm for
inverse synthetic aperture LIDAR based on optical imaging
model[J]. Laser Optoelectron Prog, 2023, 60(12): 1228001.
IR, RN, EEl, 5. SOl A T2 R i & LR
WOGTE BB R B ). 0L St ¥ i, 2023, 60(12):
1228001.

Buck J R, Krause B W, Malm A | R, et al. Synthetic aperture
imaging at optical wavelengths[C]/Proceedings of the
International Quantum Electronics Conference 2009, 2009.
https://doi.org/10.1364/IQEC.2009.PThB3.

Luan Z, Sun J F, Zhou Y, et al. Down-looking synthetic
aperture imaging ladar demonstrator and its experiments


https://doi.org/10.3788/co.20191201.0130
https://doi.org/10.3788/co.20191201.0130
https://doi.org/10.3788/LOP53.062801
https://doi.org/10.3788/LOP53.062801
https://doi.org/10.1109/LPT.2020.2974505
https://doi.org/10.1109/LPT.2020.2974505
https://doi.org/10.1049/iet-rsn.2015.0356
https://doi.org/10.3788/AOS201838.0711002
https://doi.org/10.3788/AOS201838.0711002
https://doi.org/10.3788/AOS202141.1928001
https://doi.org/10.3788/AOS202141.1928001
https://doi.org/10.1117/1.OE.62.9.093103
https://doi.org/10.3788/IRLA20220406
https://doi.org/10.3788/IRLA20220406
https://doi.org/10.1109/JSTARS.2023.3302570
https://doi.org/10.1109/JSTARS.2023.3302570
https://doi.org/10.3788/LOP50.102801
https://doi.org/10.3788/LOP50.102801
https://doi.org/10.3788/LOP50.102801
https://doi.org/10.3969/j.issn.0372-2112.2016.09.012
https://doi.org/10.3969/j.issn.0372-2112.2016.09.012
https://doi.org/10.1109/PROC.1974.9516
https://doi.org/10.3788/AOS201434.0528001
https://doi.org/10.3788/AOS201434.0528001
https://doi.org/10.3724/SP.J.1300.2014.13132
https://doi.org/10.3724/SP.J.1300.2014.13132
https://doi.org/10.3788/CJL201643.0910003
https://doi.org/10.3788/CJL201643.0910003
https://doi.org/10.1364/AO.57.006481
https://doi.org/10.1364/AO.481186
https://doi.org/10.1109/JQE.1984.1072399
https://doi.org/10.3788/CJL201845.0510003
https://doi.org/10.3788/CJL201845.0510003
https://doi.org/10.3788/IRLA201847.0306001
https://doi.org/10.3788/IRLA201847.0306001
https://doi.org/10.3788/IRLA201847.0306001
https://doi.org/10.1364/OL.470127
https://doi.org/10.1364/AO.454001
https://doi.org/10.1117/1.OE.61.7.073101
https://doi.org/10.1109/JLT.2011.2167598
https://doi.org/10.1109/JLT.2011.2167598
https://doi.org/10.1364/OL.32.003227
https://doi.org/10.1364/OL.498990
https://doi.org/10.1109/NRC.1999.767270
https://doi.org/10.1109/TCI.2017.2663320
https://doi.org/10.1109/TCI.2017.2663320
https://doi.org/10.1117/12.2236133
https://doi.org/10.3788/LOP221548
https://doi.org/10.3788/LOP221548
https://doi.org/10.1364/IQEC.2009.PThB3

UL, 4. S TR, 2024, 51(3): 240007

https://doi.org/10.12086/0ee.2024.240007

[98]

[99]

[100]

[101]

[102]

[103]

[104]

over 1.2 km outdoor[J]. Chin Opt Lett, 2014, 12(11): 111101.
Lu Z Y, Zhou Y, Sun J F, et al. Airborne down-looking
synthetic aperture imaging ladar field experiment and its flight
testing[J]. Chine J Lasers, 2017, 44(1): 0110001.

FRE, R, P, S5 ML LS LD IR E AN
K RATEZER[J]. O, 2017, 44(1): 0110001,

Li GY, Sun J F, Zhou Y, et al. Attitude-error compensation
for airborne down-looking synthetic-aperture imaging lidar[J].
Opt Commun, 2017, 402: 355-361.

LiGY, LuZY, Zhou Y, et al. Outdoor experiment of down-
looking inverse synthetic aperture imaging lidar[J]. Acta Opt
Sin, 2018, 38(4): 0401001.

ZOLIE, P, FE, 5. HAG RARBOLUE & kMg T
I[J]. 724k, 2018, 38(4): 0401001.

Wang S, Xiang M S, Wang B N, et al. A channel phase error
compensation method for multi-channel synthetic aperture
ladar[J]. Optik, 2019, 178: 830-840.

Wang S, Wang B N, Xiang M S, et al. Analysis and
compensation of telescopes' gaps effect on aperture
synthesis in a multi-channel synthetic aperture ladar system[J].
Appl Opt, 2019, 58(18): 4884-4891.

Wang R R, Xiang M S, Li C. Denoising FMCW ladar signals
via EEMD with singular spectrum constraint[J]. [EEE Geosci
Remote Sens Lett, 2020, 17(6): 983-987.

Wang S, Wang B N, Xiang M S, et al. Synthetic aperture
ladar motion compensation method based on symmetrical
triangular linear frequency modulation continuous wave[J].

fEZ &

R (1994-), 55, W, hEEEEBDGHEAR
W E, BhERORSE 5, RSO s
OGRS R AT EObE IS TERR R R
AR

E-mail: xuchenl71@mails.ucas.edu.cn

HHL(1990-), B, Wi, W RFBIEMIT O,
T DGR IR . A TEOEES .
JCIABRFIEN

E-mail: hijk1990@live.com

[105]

[106]

[107]

[108]

[109]

[110]

[111]

240007-20

Opt Commun, 2020, 471: 125901.

Wang R R, Xiang M S, Wang B N, et al. Time-frequency
domain nonlinear phase compensation for FMCW ladar
signals[Cl//Proceedings of 2020 IEEE International
Geoscience and Remote Sensing Symposium, 2020.
https://doi.org/10.1109/IGARSS39084.2020.9323798.

Wang R R, Xiang M S, Wang B N, et al. Nonlinear phase
estimation and compensation for FMCW ladar based on
synchrosqueezing wavelet transform[J]. [EEE Geosci
Remote Sens Lett, 2021, 18(7): 1174-1178.

Wang R R, Wang B N, Xiang M S, et al. Simultaneous time-
varying vibration and nonlinearity compensation for one-
period triangular-FMCW lidar signal[J]. Remote Sens, 2021,
13(9): 1731.

Wang B N, Zhao J Y, Li W, et al. Array synthetic aperture
ladar with high spatial resolution technology[J]. J Radars,
2022, 11(6): 1110-1118.

TENF, BIAEE, 2R, 55 MEFNHOGA LR ik 2 BG4
RUFFE[I]. k244, 2022, 11(6): 1110-1118

Xu C, Jin K, Jiang C C, et al. Amplitude compensation using
homodyne detection for inverse synthetic aperture LADAR[J].
Appl Opt, 2021, 60(34): 10594-10599.

Hong K, Jin K, Song A P, et al. Low sampling rate digital
dechirp for Inverse Synthetic Aperture Ladar imaging
processing[J]. Opt Commun, 2023, 540: 129482.

Brown W M, Palermo C J. Theory of coherent systems[J].
IRE Trans Mil Electron, 1962, MIL-6(2): 187-196.

[fEfEE ] 891 (1981-), 5, #dL, #u%,
M S SRL e S e D U A B Wil £ N
WFoE B AUz, Tt R0, SEE T
2BE VIS SRR AR
RILSETTIE ., S0, SEEBITT 10 KB
SRS RGRTTA . HIR 30 KEEFHOLS
BRENTN, T st HERDGH
PR B R BOL SR KR A | R
AR BTN R YGE B BRI 1A]

E-mail: kwei@zju.edu.cn

[=]
(=] ageh

MY, JREPDFE3C

il

r


https://doi.org/10.3788/COL201412.111101
https://doi.org/10.3788/CJL201744.0110001
https://doi.org/10.3788/CJL201744.0110001
https://doi.org/10.1016/j.optcom.2017.05.010
https://doi.org/10.3788/LOP202158.1811017
https://doi.org/10.3788/LOP202158.1811017
https://doi.org/10.3788/LOP202158.1811017
https://doi.org/10.1016/j.ijleo.2018.10.074
https://doi.org/10.1364/AO.58.004884
https://doi.org/10.1109/LGRS.2019.2936603
https://doi.org/10.1109/LGRS.2019.2936603
https://doi.org/10.1016/j.optcom.2020.125901
https://doi.org/10.1109/IGARSS39084.2020.9323798
https://doi.org/10.1109/LGRS.2020.2997999
https://doi.org/10.1109/LGRS.2020.2997999
https://doi.org/10.3390/rs13091731
https://doi.org/10.12000/JR22204
https://doi.org/10.12000/JR22204
https://doi.org/10.1364/AO.440764
https://doi.org/10.1016/j.optcom.2023.129482
https://doi.org/10.1109/IRET-MIL.1962.5008427

i, 45 JEH TR, 2024, 51(3): 240007 https://doi.org/10.12086/0ee.2024.240007

Research progress of synthetic aperture
ladar techniques

Xu Chen"’, Jin Kai®, Wei Kai**

Echo data matrix

d
Imaglng
o

S~ A2|muth direction
b
i Az

m,
%ﬁ'ife Clion

,‘
Range direction

-

1
r
I
I
]
I
]
I
I
I

B
Velocity \
l measurement |
i - —— ;
; |
== -
! - [
! [
! [

\_ Radial velocity distribution/-

~

Schematic diagram of synthetic aperture ladar principle

Overview: Ladar is an active sensing technology employing laser for detecting, measuring and imaging. According to
the detection modes, ladars are usually divided into two types: non-coherent ladar and coherent ladar. Coherent ladar
employing heterodyne detection can provide more information, such as frequency shift and phase. This combination of
features enables multi-functional, high-precision, and operationally important detection and sensing applications.

Synthetic aperture ladar (SAL) is a special type of coherent ladar whose principle is similar to synthetic aperture radar
(SAR) operating in the microwave band. It utilizes a wideband modulated signal to obtain a high axial resolution, which
is called range resolution. In another dimension called cross-range direction or azimuth direction, the moving ladar
platform transmits and receives a series of coherent pulses, and then these pulses are coherently accumulated to achieve
an equivalent large aperture. Thus, its resolution is independent of the optical aperture. Compared with SAR, it has
higher imaging speed and higher imaging resolution. It can obtain images similar to what the human is used to seeing,
thanks to the operation wavelength of SAL. These characteristics make SAL become a potentially valuable technology in
the field of remote sensing and object identification.

Although SAL is a kind of coherent ladar, it has higher coherence requirements than other systems, which makes SAL
face many technical problems like atmosphere disturbance, laser phase noise, motion errors, etc. To address these issues,
considerable efforts have been undertaken by a wide array of research professionals and collaborative teams across the
field. The main goal of this paper is to provide a review of the progress of these efforts and point out the challenges faced
in future development. First, this paper will briefly introduce the working principle of SAL. The second part introduces
the research progress of the key technologies in the field of SAL. These key technologies include the system model and
basic theoretical problems, system design and architecture, laser phase noise suppression technology, motion error
compensation method, and imaging algorithms. The third part reviews the progress of the outdoor experiments at home
and abroad. Outdoor experiment is an important step before practical application, which is able to reveal the defects and
deficiencies of the system in the real environment. Finally, we summarized the challenges that prevent SAL systems from
becoming practical and provided some future directions.
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