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Fig. 1. Schematic diagram of SBI system.
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Fig. 2. Geometric relations between emission plane and tar-

get plane.
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Hop, A N Agas , AN Agss .
MR (1, 3, 4) B TE R HA HAREUR, BRSNS e AR A=
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bij =arg{ exp{ (¢z+1g+1 +A¢Z+1]+1)} + 2exp[ (¢l+1] 1 —A¢”)}}, i=1,1<j<n,

1 o
¢U=ag{2wp1(@ L1 = 863 )| + gexp [i (61100 + Aoy “*ﬁ]},w=m,1<j<n,
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¢J—arg{exp{ (¢ 1ot AT 1)}},i:m,j:n.
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¢ = arg {2

1 -
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{
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bij = arg{iexp[ (¢z 15— 1+A¢”ﬂ iexp{ (¢’L+1j+1 A¢”1J+1)}

4

+iexp[(¢z+1g 1— A(ﬁéf’l’j'l)}—klexp[(@ 1j+1+A¢> )}},1<i<m,1<j<n.

Hop, A¢h! R Agss A¢ N Ay .
H bR A7 503 i IEI/\ﬁ SRR T AN

= arg {exp [l <¢z+1 j1— AT ]H) }, i=1,7=1,

)
izt i=n

—mg{ xp [i (610 + A0 )|} i=m, =1,

= arg{ exp [l (¢z+1g 1= Al 1)

_arg{exp [1 <¢, Lj— 1+A¢i’,j>]}, i=m, j=n.

FUBRARBEAITE I % s AR AL 508

1

@i = arg {2 exp
1

¢ij = arg 3 exp
1

¢ij = arg {2
1

¢ij = arg {2

3.2 IRIEREA

1(¢z+1 J+1— j)} + %exp {i <¢i+1,j—1 +A¢§,J/rl7j_l)} }’ i=1,1<j<n,

i(Gi1j1+ At + Lexp [i Gim1 g1 — DG )| b i=m, 1<j<n,
2

i (G410 - A ﬂ+;mﬂ@uﬁ1AﬁM}ﬂ<mmJ=L

FEH (2, 3, 4) B TAE BAFIRIERT, %

MY = EyF3AyAs,
MY = EyE As Ay,
MY = E3E AsA,.

MY MY MY AR BAREDR Ao (u,v) N

Ao (uyv) = \/ MY M /(M E).

i (0151 + 8697 + Gep [ (drs15a + ag o )] L 1 <icm, j=n.
s AR THRA S, FIHEE-TFE/R (Gauss-Seidel) BUE LA 5 AT R HARAR A5 1.

(25)

(29)

A, DR (1, 2, 4)(1, 2, 5)(2, 3, 5)(1, 3, 4)(1, 3, 5)(1, 4, 5)(3, 4, 5) BT {5 B f MR IR, K
(26) A9 My 43 B e MY = E1BaA1 Ay, MY = E\ExAjAs, MY = ExE3AsAy, MY = E1EjA Ay,
MY = E3EsAzAs , My’ = E\EqA Ay, My = E3Es Az As ; ¥ (27) U0 My Bl My = EoEsAs Ay, My =
EyE5AsAs , My = EyE5AgAs , MY = EgmAg)A4 , MY = E1E5A1A5 , MY = E1E5A1A5 , MY = E3sE A3 Ay
4 (28) rp Méj %kilﬁ%ﬂ‘]M” =FE1Ej A1 Ay =EE5A A5, = E3F5A3A5 = E1F3A1 Az,

E\E3A A3,

4 A5 EIE

4.1 BEGRETNIRE
HAYEME R Strehl e (Strehl ratios) 1) AT REAY, Hog LU R =X HrR:
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Wi

= FE4E5A4 A5, ng = E4E5A4A5 K (29) JCEF'E BN E2, B2, E2 , B2, E2, E?, E3.
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‘ / Or(,y)Or (2, y)dzdy

2

//OT:EyOTxydxdy//OnyORmydmdy

Ho | Op(x,y) A Jo iR 25 5 8 EMG BY 5 43 A
Or(z,y) WA 1R 2 H @ KGR 50 B o0 A, " Fom
SRILHE. Strehl AT T 1, 2B USG5 il

42 HEEER

L AT ey S CA A K R ¢ = R M Vi v & L Wl
WG E A AR S5 1k 6 B
B 1 PR,

®1 BRRENTIESH

Table 1. Simulation parameters for imaging system.

PiESHL HUYE
HOGIK /nm 532
HArRF 3m X 3m
SKAENA /Ha 1200
SRR S 9600
SRS R/ Mz 30
F2S AL 80 MHz+20 Hz
FEIHIS 80 MHz+80 Hz
A 80 MHz+180 Hz
HSIEAAIL 80 MHz+220 Hz
B sz /m 0.09
SYIE sy /m 0.09
PR 25 R 2 A 100 x 100

5B HFR A1 3(a) BiR, XHF 50 YORFE )
WEEHRE, 43 R FH T B bRkt P A5 A Bk A 48—
SR EG A SRL A H AR BUR, R UCR RS
ATE G 1M S, R 22 M G T- X540 ] #oE Ak
N YSRAER K 50 B, PR AR Bk G B A R
SN 3(b), (c) Fias, %F R AYEIME Strehl 4354
0.8399 Fl1 0.8197. A1, PR &5 B A 5301k 1y 115
Ft AL 5 = AR G E A k.

i 5 SR R BRI 28 i, T R 1) A R
() Strehl FLHNE 4 Fifzs. AT, 762080 R 15
B, PR AR A SRR B RS Strehl H—ELK
T g = SRR EUR FEM R, R B it
50 W AAE BT, PR R 49 53k 9 % Strehl
b &0 AR g — R BB E AR B4 K 2.3%. i,
FEESHERAT VBORH RIS, DRkt P 450 oA B3 ) B R
B T 58 =R R AR k.

3 50 WCFHR R EAEIR () IR KA (b) PR
BEMIE; (o) o =R RR E 5%

Fig. 3. Reconstructed images after 50 averages: (a) Original
target image; (b) fast image reconstruction algorithm;

(c) traditional three-beam image reconstruction algorithm.

0.90
— PG ER T

—— RN Bk
0.85 f

0.80

0.75

#l1%:Strehltt

0 :r) 1.0 1.5 2‘0 2.5 ?;O 3.5 4.0 4.5 50
FHRH
P4 PIFRSEILAGPL Strehl L

Fig. 4. Strehl ratios of reconstructed images with both al-

gorithms.

Shy EE AR R ) 5 6 1) E BRI, X bk UG EE A
SEL S AR = O o MG A B T B SR A
DB T HL g, IR 2 iR, 2 E A4 B4 (H) Strehl
R 0.8133 B, PRk 15 J FA) 3300k I i B SR A IR
Ol 5 IR, MG =R BRI e (1) R 4
KR 20 UK. 24 R BME B Strehl Ry 0.8230
i, R PR R R T T SRR B 6 1R, AL
] 4 A]HL, A58 = o RGBS 34 B
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# 2 PRI BRI
Table 2. The number of data sampling times required for both algorithms.
Strehllt 0.7360 0.7612 0.7823 0.8001 0.8133 0.8230
Pt P 15 R PR R A TR 1 2 3 4 5 6
4 = e R EHR A S IE KR AR U 4 5 7 11 20 TILIBE

g 49 ki, HER Stehl ik B K AE A 0.8200
JIT LB 58— o 5 A8 B30 A B A [RIAR 28 50 IR
S XA AR AN B 5 ek ] 5% oA B A [ ) P 45
. Ik, Sk EAH R SR AR, SR P
PG A A, BT B4 Tl 90 5 SRR YR B 20 ¥R
WA B IR, T R FEREURAG S DR KIS &
PR 14, 5 Iml i B R R4 3 AL 4 —
R MG E AL 4 £, REREGE BBk 2L
g =R EG B E LR 1/4.

25 L, P R A SR B SR R A
BRI TAR S R G E AL, BTG
PG AL 5 i B A 15, LU AR 3 — DR EIA
E R L T /MR RS, (A, H
B R AR AT 22 X REE 3l H AR U5 IR
S S, 0 TR N ) N T R e RS
ORI

4.3 S5
431  EREIERERFE

TESCHR [15] H, PUSCHR PR EAR SR R
AP BT —OUREUR RIS LN 2 4%, A3
B R PR [R5 B A 00k AR R AR R B 5 AL 5
“OEHREMREMAER 4 £5. Bk, 584 SBI &
QA L, PRk PR EAL S A R A
I HEA

432 WELEFKIBEAEGITHEE 2R

MR 4.2 507 FLAE R AT, Pt R SR 5k
5 YT B EMR T i 5 18 4t =D R A ik
20 YOP R RGBT — e R, AR TR
SR, BT PR PR R A SRR AR B 5 UCRAE Y
R AL G = DU R MR EAG S AL B 20 YR
R B [ P S I s AR TR]. LA FHRAE 4[] i K
YAy RGBS, R B A A TP SR AT
[ e A S A S AT . F AR A 62 22 55 4R i SR R JB
FAOEIR S s A A | 3 e e L 590 46 A H A
IR, A AL i35 5 Heok. PRI
TEHABTHI AL R AFERS 22 540/, LERH R R 20 3R

FRFER 22 5. DR PRl 4 M B 3 B U A B T 30
P AT 8 WAL AP IR, AL B 5 UK [l i
AT 40 ALY IZ AL B, Wi =Dt R K15 &
P A U A B [ P 7 AT 1 AR R AP
PR, ARBR 20 YRR HREE W AT 20 IRARDLPKAZ A
. Pk, Sk SRR R 0 B i, DR R A
SEVRAE [0 PR b PR AR I A5 5t =R 5
P 2 45,

433 WP A

A WU AH L X% 58 =GR EUR E AL T 1
TP (5 B ) 7 3k B AR I S AT e e, H bR
BHGAU A T B AR () RS, 38 2o Ji) 19 228 4 ] E A%
SEEHFREUZR. R INIE 3(a) B 1947 E HFx,
MEHRRST A 4m x 4m B, FHADER (1, 3, 4),
(1, 3,5), (1, 4, 5), (3, 4, 5) W5 B HEEE,
Pk EMGE A k52 m T G M, fE0i B4
AH TR AR5 BT, PRt Pl 5% 4 ik 1 T A T
Bl 5(a) s, A58 = R MR E AL 5 Ik i E A ]
GANE 5(b) FrR, B8 1 IRRAE ) [R5 B b i #
9 H 2 A 40 J5 i EUE. AAIEL 5l %0, Xt Rl — B
PR fg, EAZE RS RIS, K 5(a) TP B s

Z IRl TR R /N, A4S A, R 5(b) s B s
Z BB, #7 HARRSEAEK, WE 5(a) iy H
ek EIRS. TE MR L EREWATHRET, £
G5 = 6o PG AR 7 iR RE X B R ST (% F AR U .

5
(b) fe 5t =R R A3
Fig. 5. Reconstructed images with both methods: (a) Fast

image reconstruction algorithm; (b) traditional three-beam

PRI 7 1 1 A AR

(a) PR R B H %

image reconstruction algorithm.
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DiEAPREM, POk EHRE AT IE B it
Fe g =R EMRE M TR/ Anuyfifg PR DRk (51 15
FE T VRN AN 7 0 R R M 2 S 6 m TS ) AL

5 % #®

ARICEE X SBI AR 28GR AR A LAY ]
A, B PRI R A T k. R O X AR S HL
I AP I HEA 1 SR T, — UK, [l
fr 5l HARE ZAOHEE S, A [ 5 5
PERAE UKL, TR R R M TR AR AL
JEORNAR W e ) ik, — ORI ] EA) 8 i A&
18, RIIE D T AT WA P15 P i 140 8080 SR e Tk
B S5 —OURIEUR EA T LA L, TERAR UL
R BIE AL T, %5 LR EAG ER Strehl H{HZ
P T 2.3%, BRI B S EA A [ R Y
FUAR S, 207 35 BT 1 1] 35 5008 SR A OB
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Fast sampling based image reconstruction algorithm for
sheared-beam imaging”

Chen Ming-Lai V%3  Ma Cai-Wen 23 Liu Hui V31
Luo Xiu-Juan Y23  Feng Xu-BinY?  Yue Ze-LinY?  Zhao Jing "%

1) (Xi’an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi’an 710119, China)
2) (Key Laboratory of Space Precision Measurement Technology, Chinese Academy of Sciences, Xi’an 710119, China)
3) (University of Chinese Academy of Sciences, Beijing 100049, China)

( Received 2 August 2023; revised manuscript received 26 September 2023 )

Abstract

Sheared-beam imaging (SBI) is an unconventional ground-based optical imaging technique. It breaks
through the traditional optical imaging concept by using three coherent laser beams, which are laterally
displaced at the transmit plane, to illuminate the target, reconstructing the target image from echo signals.
However, the echo data sampling of the imaging system is still not fast enough to reconstruct the high
resolution and clear image of the target when imaging the target that is at rapidly changing position and
attitude. In order to solve this problem, in this work an image reconstruction method is proposed based on five-
beam fast sampling. An emitted beam array arranged in the cross shape with a central symmetrical structure is
proposed, and the encoding and decoding method of the imaging system are changed. With a single exposure,
the echo signals carry more spectrum information of the target, and the number of reconstructed images can be
increased from 1 to 8, which quickly suppresses the speckle effect of the reconstructed image. Firstly, the
principle of the imaging technique based on fast sampling is presented. Then, an image reconstruction algorithm
based on fast sampling is studied. Eight groups of phase differences and amplitude information of the target can
be extracted from echo signals. The wavefront phases are solved by the least-squares method, and wavefront
amplitude can be obtained by the algebraic operation of speckle amplitude. The target image is reconstructed
by the inverse Fourier transform. The simulation results show that comparing with the traditional three-beam
image reconstruction method, the sampling times of echo data needed to obtain the same quality image are
reduced from 20 to 5, which greatly reduces the sampling times of echo data and improves the sampling rate of

echo data.
Keywords: sheared-beam imaging, fast sampling, image reconstruction, sampling rate

PACS: 42.25.Fx, 42.25.Kb, 42.30.Rx, 42.30.Kq DOI: 10.7498/aps.73.20231254

* Project supported by the Natural Science Basic Research Program of Shaanxi Province, China (Grant No. 2020JQ-438).

1 Corresponding author. E-mail: liuvhuil@opt.ac.cn

024202-11


http://doi.org/10.7498/aps.73.20231254
mailto:liuhui1@opt.ac.cn
mailto:liuhui1@opt.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BT PSRRI BT TR B B B
AR BEX MHE FHE Bl EFFRK R
Fast sampling based image reconstruction algorithm for sheared—beam imaging

Chen Ming-Lai  Ma Cai-Wen  Liu Hui  Luo Xiu-Juan  Feng Xu-Bin  Yue Ze-Lin

5] Fi{5 B Citation: Acta Physica Sinica, 73, 024202 (2024) DOI: 10.7498/aps.73.20231254
TEZE RT3 View online: https:/doi.org/10.7498/aps.73.20231254
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

BT R UG E AT i AR
Spatial domain sparse reconstruction algorithm of sheared beam imaging

WIFEAEA. 2022, 71(19): 194201 https://doi.org/10.7498/aps.71.20220494

EATBERE P AT IR A BY DG AR B A 52 10

Effect of uplink atmospheric wavefront distortion on image quality of sheared—heam imaging

YIFI44. 2018, 67(20): 204201 https://doi.org/10.7498/aps.67.20181144

IR T RAE RO AR 5 7k
Sparse sampling in frequency domain and laser imaging

PPz 2022, 71(5): 058705  https://doi.org/10.7498/aps.71.20211408

HET R Y {5V S B A QR T 1R

Iterative denoising of ghost imaging based on adaptive threshold method

PFEEEAR. 2018, 67(24): 244201 hitps:/doi.ore/10.7498/aps.67.20181240

REERAE RS SRMS B PERE D AL L S A5 A Gt (e HE i B B ) e

Zhao Jing

Performance optimization of three down—sampling imaging strategies and their comparison with the conventional Fourier telescope

YrHE2E 4. 2019, 68(7): 074203  https://doi.org/10.7498/aps.68.20181801

H TR ACE A S R R PRI SR  EX Rk TR AR A PR B BT

Improving quality of crystal diffraction based X-ray ghost imaging through iterative reconstruction algorithm

YIBR2AHR. 2022, 71(7): 074201 https://doi.org/10.7498/aps.71.20211978


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20231254
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20220494
https://doi.org/10.7498/aps.67.20181144
https://doi.org/10.7498/aps.71.20211408
https://doi.org/10.7498/aps.67.20181240
https://doi.org/10.7498/aps.68.20181801
https://doi.org/10.7498/aps.71.20211978

	1 引　言
	2 基于快速采样的剪切光束成像原理
	3 快速图像重构算法
	3.1 相位恢复
	3.2 振幅解调

	4 仿真验证
	4.1 图像质量评价标准
	4.2 仿真结果
	4.3 分析与讨论
	4.3.1 回波数据采集速率比较
	4.3.2 回波数据处理的计算复杂度
	4.3.3 视场角


	5 结　论
	参考文献

