58 18 /2021 9 /

1* 1,2 1,2 1 1 3 3 1,2 1,2

Y Y Y Y Y Y Y ’

1 , 100190;

: , 100049 ;
s R 130033
. , (ISAL)
. ISAL .

TN958.98 A doi: 10.3788/L0OP202158.1811017

Multi-Channel Inverse Synthetic Aperture Ladar Imaging Detection
Technology and Experimental Research

Li Daojing' , Zhou Kai'**, Cui Anjing"?, Qiao Ming', Wu Shumei', Wang Yefei’,
Yao Yuan®, Wu Jiang'*, Gao Jinghan'*?
'National Key Laboratory of Microwave Imaging Technology, Aerospace Information Research Institute,
Chinese Academy of Sciences, Beijing, 100190, China;
“University of Chinese Academy of Sciences, Beijing. 100049, China;
#Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun,
Jilin 130033, China

Abstract Synthetic aperture ladar is an important way to realize computational imaging. Firstly, a multi-channel
inverse synthetic aperture ladar (ISAL) prototype, imaging detection experiment and signal processing method are
introduced. Then, the composition of the prototype system and key technical solutions are described. Moreover, the
experimental results of imaging detection of moving vehicle targets on ground are given by a coherent ladar prototype
based on a one-transmit multiple-receive pulse system and an optical path with all fiber. Finally, under the wide view
field conditions of expanding transmitting and receiving beams, the high-resolution imaging capabilities of multi-
channel ISAL and the effectiveness of the along-track interferometry motion compensation imaging method are
verified.
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Fig. 1 System of coherent ladar prototype. (a) Experimental photo of prototype; (b) photo of optical system
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Table 1 Parameters of prototype system
Parameter Value Parameter Value
Wavelength 1.55 pm Analog-to-digital quantization bit 12 bit
Average power 10 W Analog-to-digital sampling rate 4 GS/s
Peak power 20 kW Analog-to-digital channel number 6
Pulse Width 5 ns Collimated transmit beam width 1.2 mrad
Pulse Repetition frequency 100 kHz Collimated receive beam width 0.3 mrad
Adjustment range of wavelength 0.8 nm Collimated beam diameter 7 mm
Line width of seed source 1 kHz Pitch/azimuth beam expansion angle 1°
Standard frequency 100 MHz Number of receiving echo channel 4 or 2(in this paper)
Coherent processing time 1.28-40.96 ms || Baseline length of along-track interferometry 2.5 cm
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50 Q ,

(C)1994-2021 China Academic Journal Electronic Pulhgl{shing House. All rights reserved.

o

3.1

b o

kHz ,
SAR

1017-3

http://www.cnki.net



58 18 /2021 9 /

[15]
’

[16]
3.2 ;
‘Um ) °
pm SAR/ ISAR
4
o s 4.1
o ( 30 mW,
s 15 dBm)
[5, 17-19] , ,
o b AD b o b
o (FFT) o
o 4 o
3.3 3 55 dB,
279.3 MHz , AD (SNR),
. . 2 us L FFT SNR
[20] s SAR s 39 dB, —79 dBm,
6 0
@ V) (0.2793, -6.075)
4t -5 []
g -10f
£ 2 g 157
=) )
% 0F g =20 f
: £ B
g -2 B 30|
"5_4, 5 -35
z -40
e
i -45
-8 ‘ : -50
-15 -1.0 -05 0 0.5 1.0 1.5 -20 -15-10-05 0 05 10 15 20
Fast time /ps Range frequency /GHz
3 55 dB, 279.3 MHz ,(a)AD (b)SNR

Fig. 3 (a) AD sampiling signal and (b) SNR when attenuation of input signal is 55 dB and difference frequency is
about 279.3 MHz

3dB),AD 7 dB.
(PO 3 dB. 3dB
P, =hvB,, QD) 3dB, 19 dB,
h=6.626X10"*J « s 30 4 dBm,
; B, o A 1.55 pm, ’
2 ps B, 500 kHz, , P, ; 2 dBm,
—102 dBm, o ,  AD
0.5¢ ’
(C)1994-2021 China Academic Journal Electronic Pulbglﬁl&ilggAIHouse. All rights reserved.  http://www.cnki.net



58 18 /2021 9 /

4.2 86 m

&) \ (a2) | 1 4[(a3)

\ II"hase/rad
[\CRE S [\
Phase /rad
O = DN W e OO
Phase /rad
b &b b o

-3 -1 P _
-50 0 50 -50-40-30-20-10 0 10 20 30 40 50 1(—)50 0 50
Slow time /ms " Slow time /ms Slow time /ms
5
3 ®2) ®3)
2 Bl 0
4
-
50 53 P
2 2 10
< < <=
o1 & ~_15
) 0 -20
-3 w | " -1 -25
-50 0 50 -50-40-30-20-10 0 10 20 30 40 50 -50 0 50
Slow time /ms Slow time /ms Slow time /ms
slow time phase curve phase difference curve phase curve after unwrapping
4 (al)~(a3) (b1) ~(b3)

Fig. 4 Phase curves of signals of adjacent range gates in middle of (al)>—(a3) emission signal and (b1)—(b3) echo

signal of stationary target

. 5 . 5Ca). (b
’ _3 dB

(=]
(=3

@ / (®)

/ \\ / \\\ _
/ \ 2 /
(-0.07209, / (-0.05530,

\
(-0.0930, | | (-0.07894,
~2.98600) & g 05300 _3l  -3.07700) 4 ~3.04000)

©

plitude /dB
S N
\\\\\\\\
R
Amplitude /dB
bbb b b L
\\\\\\
Amplitude /dB
b do b b L L
OO O O O O Ot O O
o /

-6 )/ | 1 \ =
-0.09 -0.08 —-0.07 -0.06 —0.05 -0.04 —0.03 -0.11 -0.10 -0.09 -0.08 -0.07 -0.06 -50 50
Azimuth frequency /kHz Azimuth frequency /kHz Slow time /ms
5 . (@) 3 (b)
3 (o)

Fig. 5 Slow time spectrum widths of echo signal of range gate before and after compensation and phase curve after
compensation. (a) Slow time spectrum width before compensation; (b) slow time spectrum width after

compensation; (¢) phase curve after compensation

5(3) (b) s ’ ’
81.92 ms 17 Hz .
14 Hz, 5Cc) 4(b3) , ,

(C)1994-2021 China Academic Journal Electronic Pulbgl}si%ilr}gSHousc. All rights reserved.  http://www.cnki.net



58 18 /2021 9 /

, , o 6
o 86 m
4.3 N
s N °
Coherence coefficient 0 Phase /rgd

Counts
Slow time /ms
(=)

Slow time /ms
(=)

—40 o o 12000 = =T :
a 5 - =
=0 08 10000 0 :
-20 i 20 F
-10 06 420 -log £
0.5 6000 ; = = .
10 04 in " =
4000 : = =
20 g-g wWEZ- -
30 0'1 2000 30F — = - :
0 0 0 4 SRR Sea ) -
00.1020.304050.60.70.8 0.91.0  -0.06-0.04-0.02 0 0.02 0.04 0.06

4
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Fast time /us Coherence coefficient Fast time /us

6 (a) (b (o)
Fig. 6 (a) Coherence coefficient diagram, (b) coherence coefficient histogram of signal area and (c¢) interferometry phase

diagram of two-channel echo

6 , 1550 nm ., 7(b)
, 0.9 , 650 nm .
4.4 1.5 cm (
4.4.1 ) ( )
7 . 83 m, 8 m/s,
, () ( ) 5 cm,

(a) 1550 nm s (b)

7 o
650 nm

Fig. 7 Expansion situations of emitting and receiving lateral beams. (a) Laser spot with wavelength of 1550 nm emitted by
laser taken by infrared camera; (b) visible red light spot with wavelength of 650 nm emitted by laser emitted by

receiving telescope

(K). (B) (2)~(4) )

(p) 995 kHz/s, 5.12 ms
2V 2 mm R 5.12 ms
K = R 2) X [17-18]
B :KTy (3) o
4 ) 163.84 ms( 16384 ) ,

pc _B 9 B

% s A ;T - 8 .
iR 8 ,

(C)1994-2021 China Academic Journal Electronic Publ %ing House. All rights reserved. http://www.cnki.net



/2021

220
£30

74 {EB))

76
78

QJ

2 84

- 5 86
88

60
0 20 40 60 80 100 120 140 160 ~06 -0.4 -02

% 40
0 02 04 06

-0.6 -0.4 -0.2 02 04 06
Slow time /ms Azimuth /m Az1muth /m
0
(b1)
10
E 20
Q
£ 30

40

Fast ti

50

60

74

0 20 40 60 80 100 120 140 160 -06 -04 -02 0 -0.6 -04 —02 02 04 06

Slow time /ms
echo signal

02 04 06
Azimuth /m

imaging result before compensation

imaging result after compensatlon
8

. (al)~(a3) 1; (b1 ~(b3) 2

Fig. 8 Diagrams of two-channel target echo signal and two-channel imaging results before and after phase error

compensation, (al)~(a3) Channel 1; (bl)~(b3) channel 2

6 10,5,36,20,26 cm, 9
o b
, 1.4 cm, s o
2.0 0
1.5 (a') -5 (b) | -5 (C)
1.0 -10 -10
= 0.5 / % -15 % -15 1
g 220 20
%05 s St
£ \ £-30 '2-30
U \ 55 & 3
-15 / 40 -40
-2.0 45 45 “ ]
-2.5 N ,
0 5006 -04 02 0 02 04 06 %06 -04 -0

Azimuth /m

. (a)
5 (o)

A21muth /m

Fig. 9 Phase error curve estimated by the along-track interferometry processing and imaging profiles before and after phase

error compensation. (a) Phase error curve estimated by the along-track interferometry processing; (b) imaging

4.4.2

(

(©)1994-2021 China Academic Journal Electronic Pub]lsh

1811017 1757

g House. All rights reserved.

profile before phase error compensation; (c) imaging profile after phase error compensation

10 81.92 ms( 8192
( ) ), 128
3.7 m/s, ( 1.28 ms),
200 kHz/s, 1.4 cm,
10 10um 30 Hz

b

http://www.cnki.net



oy aD) @
5 i _I 0 the 32nd moment (
2 N " m
£10 : g1y |
15 g £-20 | \ / \ |
) =3 =]
; : LR aalif!
20 -
F E | 555! W 1 |
25 é -40 H \( V
-45
30
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 _5950 -40-30-20-10 0 10 20 30 40 50
Slow times /ms Slow times /ms Azimuth frequency /kHz
J o) B () 0
i -40 =51 the 60th moment
2 -3 -10 ﬂ W
% 10 g = B-15 \ \ ( Lw
- 320
£ = £ I
g = g :2’,(5) \ | a ‘ y s
20 = - / /
= i L /VW W \ \J V
s 3 || V \l
-45
30
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 _5950 Z40-30-20-10 0 10 20 30 40 50
Slow time /ms Slow time /ms Azimuth frequency /kHz
echo signal time-frequency analysis imaging profile
10 \ . (al)~(a3d) 1;(b1)~(b3) 2
Fig. 10 Diagrams of echo signals, time-frequency analyses and imaging profiles of two-channel signal at a range gate.
(al)—(a3) Channel 1; (b1)—(b3) channel 2
10(a3) . (b3) , 10 20.48 ms
1 6 ,
10,5,36,20,26 cm, 2 7 2
46,10,5,36,20,26 cm, , 128
1.5 m, - 11 o
0 ‘
I
4“0 1
815 | | (.
E g S 201 | | i | | |
% Bg) £2 \ J\ r!s /»/\ oj \j\ )/ W\ M wj | M\/ %/
g 30/ Al / Al N V
o o5 5 35! V\ \/ v \ d W \J
40} “ J
45 v
50

120
-50-40 -30-20 -10 0 10 20 30 40 50
Azimuth frequency /kHz

11
(b

120 ‘
-50-40-30-20-10 0 10 20 30 40 50

Azimuth frequency /kHz

2

;(c) 68

18 /2021 9 /

250 —40 =30 =20 -10 0 10 20 30 40 50

Azimuth frequency /kHz

. () ;

Fig. 11 Range-Doppler domain imaging results of signal of channel 2 obtained by motion compensation based on along-track
interferometry processing and time-frequency analysis. (a) Imaging result; (b) imaging result after taking

logarithm; (c¢) imaging profile at the 68th moment

4.5 20 cm, 5 cm),
, 8.5 m/s( 4 m/s,
. 7.43 m/s), 62°,
165 m( 40.96 ms s 8

(C)1994-2021 China Academic Journal Electronic Publis
1811017-8

hing House. All rights reserved.

http://www.cnki.net



58 18 /2021 9 /

, 125 kHz/s, ,4096
12 , SNR 6 dB, SNR 40 dB,

- 1 cm,

Fast time /ns
Amplitude /dB
S
a

0 5 10 15 20 25 30 35 40 T9.60 962 9.64 9.66 9.68 9.70 9.72

Slow time /ms Azimuth frequency /kHz
12 - . (@) 3 (b) - ;
(o) SNR
Fig. 12 Echo signal and Range-Doppler domain imaging processing result of uncooperative moving target. (a) Echo
signal; (b) Range-Doppler domain imaging result; (c¢) peak SNR in Doppler frequency domain
12 (
SNR, , )
o N FFT .
s SNR N , - , 13

VN . , SNR
24 dB.

[21]

Amplitude /dB

_351
-40 h ‘ ‘
5,

_50 LU, i n L
-50 -40 -30-20-10 0 10 20 30 40 50
Azimuth frequency /kHz

13 - . (a) - 5 (b) SNR
Fig. 13 Incoherent accumulation results in Range-Doppler domain. (a) Range-Doppler domain processing result;

(b) peak SNR in Doppler frequency domain

4.6 40 cm, ,
4.6.1 - .
4.6.2 -
8 (a3) (b3) , 11 -
5 ns, , s 15
80 cm, s . s ,
[22] ) , .
14 o ,
(C)1994-2021 China Academic Journal Electronic PulbglﬁléilgggHouse. All rights reserved.  http://www.cnki.net



74 JE) iy (o)
76 76

78 78
E 80 E 80
% g2 : % g2
5 5
& 84 & 84
86 86
88 88
90 90
06 -04 -02 0 02 04 06 06 -04 -02 0 02 04
Azimuth /m Azimuth /m
14 - . (a) 1;(b) 2

Fig. 14 Range super-resolution processing results of range-azimuth image. (a) Channel 1; (b) channel 2

4.6.3
8 1 ,
[23-24] ) ,
- 16 (b) o
20 cm 26 cm
° 16(3.) ) ’
0 5

12
-50 -40 -30-20 -10 0 10 20 30 40 50
Azimuth frequency /kHz

15 -
Fig. 15 Range super-resolution result of range-

Doppler image °

@
&
%
l :
&

0.05 1.00 1.50 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.05 1.00 1.50 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

Azimuth /m Azimuth /m

16 . () 3 (b)

Fig. 16 Range super-resolution results of echo signal. (a) Image result without range super-resolution processing;
(b) image result with range super-resolution processing
1 cm , 10 cm .

, 80 cm,

40 cm, ,

o o

(C)1994-2021 China Academic Journal Electronic Ptiléllii%&i?%oHousc. All rights reserved.  http://www.cnki.net



[1]

(2]

[3]

[4]

[5]

L6]

[7]

(8]

[9]

[10]

[11]

Gschwendtner A B, Keicher W E. Development of
coherent laser radar at lincoln laboratory[ J]. Lincoln
Laboratory Journal, 2000, 12(2) . 383-394.
U.S. Department of Defense. Contracts [ EB/OL J.
http: // archive. defense. gov/Contracts/Contract. aspx
Contract]ID=15140.
LiD J, Du]J B, Ma M, et al. System analysis of
spaceborne synthetic aperture ladar[ J]. Infrared and
Laser Engineering, 2016, 45(11): 1130002.

[J]. , 2016, 45 (11):
1130002.
Hu X, Li D J, Fu H C, et al. System analysis of

ground-based inverse synthetic aperture lidar for

geosynchronous orbit object imaging[J]. Acta
Photonica Sinica, 2018, 47(6): 0601003.
[yl .

2018, 47(6): 0601003.

Hu X, Li D J. Vibration phases estimation based on
multi-channel interferometry for ISAL[J]. Applied
Optics, 2018, 57(22): 6481-6490.

Hu X, Li D J, Du J B. Image processing for GEO
object with 3D rotation based on ground-based
InISAL with orthogonal baselines [ J ]. Applied
Optics, 2019, 58(15): 3974-3985.

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

Crouch S, Barber Z W. Laboratory demonstrations of
interferometric and spotlight synthetic aperture ladar
techniques [ J ]. Optics Express, 2012, 20 (22):
24237-24246.

Krause B W, Buck ],
aperture ladar flight demonstration [ C] // CLEO:
2011-Laser Science to Photonic Applications. May
1-6, 2011, Baltimore, MD, USA. New York: IEEE
Press, 2011. 1-2.

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

LuZ Y, Zhou Y, Sun J F. et al. Airborne down-
field
experiment and its flight testing[ ] ]. Chinese Journal
of Lasers, 2017, 44(1). 0110001.

Ryan C, et al. Synthetic

looking synthetic aperture imaging ladar

’ ’ ’

[Jl. , 2017, 44
(1): 0110001,

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

58 18 /2021 9 /

LiGY, LuZY, Zhou Y, et al. Outdoor experiment
of down-looking inverse synthetic aperture imaging
lidar[J]. Acta Optica Sinica, 2018, 38(4): 0401001.
[Jl. , 2018, 38 (4).
0401001.
Wu J. On the development of synthetic aperture ladar
imaging[J]. Journal of Radars, 2012, 1(4): 353-360.
. L1l
, 2012, 1(4): 353-360.
Li DJ, Hu X, Zhou K, et al. Synthetic aperture lidar
imaging detection based on conformal diffractive
optical system[J]. Acta Optica Sinica, 2020, 40(4);
0428001.
(1] » 2020, 40
(4): 0428001.
LiDJ, Zhang QJ, Liu B, et al. Key technology and
implementation scheme analysis of air-borne synthetic
aperture ladar[ J]. Journal of Radars, 2013, 2(2):
143-151.
[l , 2013, 2
(2). 143-151.
Hu X, Li D J, Zhao X F. Maintaining method of
signal coherence in synthetic aperture ladar based on
local oscillator digital delay[ J]. Chinese Journal of
Lasers, 2018, 45(5): 0510003.
[Jl. .
2018, 45(5): 0510003.
Ma M, Li D J, Du ] B. Imaging of airborne synthetic
aperture ladar under platform vibration condition[]J].
Journal of Radars, 2014, 3(5). 591-602.
Ll . 2014, 3(5): 591
602.
DulJ B, Li DJ, Ma M, et al. Vibration estimation
and imaging of airborne synthetic aperture ladar based
on interferometry processing[J]. Chinese Journal of
Lasers, 2016, 43(9): 0910003.
L1l ,
2016, 43(9): 0910003.
Zhao Z L., Wu J, Wang H T, et al. Experimental
demonstration of differential synthetic aperture ladar
imaging at very low return level [ ]J]. Optics and
Precision Engineering, 2018, 26(2) . 276-283.
[Jl. .
2018, 26(2): 276-283.

(C)1994-2021 China Academic Journal Electronic Pg@?f&T?%fiousc./\HIﬁghlsrcscr\cd. http://www.cnki.net



[20]

(21]

(22]

(©)1994-2021 China Academic Journal Electronic Publishing

Li D J, Hu X. Optical system and detection range
analysis of synthetic aperture ladar [ J]. Journal of
Radars, 2018, 7(2). 263-274.

. , 2018, 7(2); 263-274.
Sklonik M 1. Introduction to radar systems[ M ]. Lin
M Y, Transl. Beijing: National Defense Industry
Press, 1992. 325-326.
Sklonik M 1. [M]. ,

, 1992, 325-326.

Wang G, Zhou R F, Zou Y K. Research on image
optimization technology based on compressed sensing
[I7]. Journal of Electronics & Information Technology ,

2020, 42(1): 222-233.

s s

[23]

[24]

1017-12

House. All rights reserved.

58 18 /2021 9 /

LI,
L C. Li D J,

millimeter-wave SAR side-looking three-dimensional

, 2020, 42(1) . 222-233.
Li Zhang Q J. Three-aperture
imaging based on compressed sensing[J]. Journal of
Electronics &. Information Technology, 2013, 35
(3): 552-558.
01

, 2013, 35(3): 552-558.
Chen C. Research of two-dimensional compressive
sensing based high-resolution SAR imaging [ D J.
Xi’an; Xidian University, 2013.
SAR

[D]. , 2013.

http://www.cnki.net



