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Fig. 1. Schematic diagram of sparse sampling principle of
SBI technique.
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Uz, y',t) = Eyexp[j(—wit)] + B2 exp{j[ — 2ns,2'/(AR) — wot]} + E3 exp{j[—4ns,z’/(AR) — wst]}
+ Eqexp{j[ — 2ns,y’ /(AR) — wat]} + E5 exp{j[ — 2ns,2'/(AR) — 2ns,y' /(AR) — w5t]}. (3)
T2 y') R B RS RT3 ek, MR R IR S8 AT 5T I, M HARIR L7

(z,y,t) // t) exp(—j2nuz’) exp(—j2nvy’)da’dy’
= Fj exp(—jwst) // " exp(—j2nuz’) exp(—j2nvy’)dz’'dy’
+ B exp(—jwat) // 2’ y') exp{—j2n [u + s,/ (AR)]z'} exp(—j2nvy’)dz'dy’
+ E3exp(—jwst) // (2", y") exp{—j2n [u + 25, /(AR)]z’} exp( — j2nvy’)dz'dy’
+ E4exp(—jwqt) // z',y') exp(—j2nuz’) exp{ — j2n[v + s, /(AR)]y’ }dz'dy’

+ E5 exp(—jwst) // 2’ y") exp{—j2nfu + s;/(AR)]z'} exp{ — j2n [v + s, /(AR)]y' }dz'dy’, (4)

1, w=2/(AR), v=y/(AR).
I T I, X T HOCHEA R F R (LR L 25

/ / ) exp(—j2nua’) exp(—j2nvy)da'dy’ = Ao(u, v) explid(u, v)),

[ 1 expl 2+ s/ ORI expl — 2oy Jdo'dy = Ao + 52/ (VR), ) explou+ 5./ (AR), o)

/ / oy ) exp{—j2nfu + 25,/ (AR)]2'} exp( — j2nvy')da'dy’ = Ao(u + 25, /(R), v) explié(u + 25,/ (AR), v)],
/ / (o, o) exp(—i2nua’) exp{ — 2o + s,/ ARy }da'dy’ = Ao(u, 0 + 5, /(AR)) expli(u, v + 5,/ (AR))],

[ 1 expljzmtu s s /ORI expl 2o + s,/ OB Yty
— Aolu+ /AR, v + 5,/ (AR)] explio(u + 5/ (AR), v + s,/ AR))), (5)

K, Ao (u, v) HIEETIEIE, ¢(u, v) HEERTHNLL, Ao(u, v) exp(o(u, v)) A B AREH 4.
B A 8 e A a5 5 B A

I(z,y,t) = |A(z,y,t)|* = 25: E?A% 42 f: 25: EiEj A A cos (Awgjt + Adyy), (6)
= i=1 j>i
Hrr
Ay = Ag(u,v), Ay= Ao(u+ s5¢/(AR),v), Asz=Ao(u+ 2s,/(AR),v),
Ay = Ag(u,v+ 5,/ (AR)), As = Ao(u+s,/(AR), v+ 5,/(AR)),
Ap1a = ¢(u,v) — ¢(u+ 8, /(AR),v), A1z = ¢(u,v) — ¢(u+ 25,/ (AR), ),
Apra = ¢(u,v) — ¢(u,v + sy /(AR)), Ad15 = d(u,v) — ¢p(u+ s /AR, v+ s,/ (AR)),

(
Agos = p(u+ 52/ (AR),v) = ¢(u+ 52/ (AR), v + 5y /(AR)), A¢ss = ¢(u+ 25, /(AR),v) — ¢(u,v + 5,/ (AR)),

u+25:/(AR),v) = ¢(uts:/(AR), v+5y/(AR)), Adas = ¢(u, v+5y (AR)) = P(uts: (AR),v+5y/(AR)),
Awij = wj — Wj.

9(
(

Agoz = ¢(u+ 52/ (AR), v) — d(u+ 255/ (AR),v), Ados = ¢(u+ 52/(AR),v) — d(u,v + s,/ (AR)),
(

Agpzs = &(
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Fig. 2. Laser emission arrangement of four-beam imaging
system.
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Fig. 3. Schematic diagram of phase retrieval algorithm for

four-beam imaging method.
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Fig. 4. Schematic diagram of phase retrieval algorithm for

five-beam sparse sampling imaging method.
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55N
3 EEHRENLE )=
5 4 5
BRI R RS VAEROY Ne > Ny, B ZEEA%L QZ ZEiEinAj cos(Aw;;t+Ag;;).
2= 2= Na/2) s 45 = (= Ny/2) s, (7) - = .
AR, IRERWBRILES, i=1,, N, AR (8) 24 76 AL A B3 A T SR AT TR

j=1,--, Ny, WHLTF (24, ;) E‘Jfﬁﬂﬂ%%%ﬁﬂ@ﬂﬂ‘bﬂi\ FRHIR i e A

M2xi7 = ElEQAO (U, ’U) A() ('LL + Sz/ ()\_R)7 U) s
MQILJ- = E2E3A0 (u + 53:/ ()\R), 1)) Ao (U + 2539/ ()\R), ’U) s

= E1E4Ao (u,0) Ag (u,0 + 54/ (AR)),

1,5

y
M2i—1,j

= FEyFs5Ag (u+ s¢/ (AR),v) Ao (u+ 55/ (AR),v + sy/ (AR)),
My ;= E2EgAg (u+ s;/(AR),v) Ao (u,v + s,/ (AR)),

Yy
M;; ;

M;Zy] = E3E5A0 (u+ 2s;/ (AR),v) Ao (u + s5/ (AR),v + s,/ (AR)), 9)
FAHA 22
5322;1,]‘ =0 (u7 U) -9 (u + si/ ()‘R)> ’U) ’ Sgi,j =

S3i 1= (u,v) —d(u,v+s,/(AR)), S3; ;

(u+ 2/ (AR),v) = & (u+ 25/ (AR),v),

¢
¢ (u+sz/(AR),v) — ¢ (u+ sz/(AR),v + s,/ (AR)). (10)

3.1 1E{ERA

IZZ(Z*m/Q)Sz’ 7’:1527 ,m, yj:(jin/2)sy’]:1727 , 1,

Lup =i/ (AR), v; = y;/ (AR), 1R (9) 3K, ZaG PrA RIS FETCHIIEAE 5 nT 15 HARIRIE Ao (u, v):

1 " N
VM ML v,

Ao (ui, v5) = ) (11)
T VM MM, R

3.2 AR
(10) =FEAL R T AR 22 56 B -
SE = ¢ (u,0) — ¢ (u+ 55/ (AR),v) = bij — bisrgy i =1,2,--- ,m=1, j=1,2,---,n,
Y =6 (u,0) = ¢ (w0 + 5,/ (AR)) = ¢y = $iger, i=12,m, j=1--- .n—1 (12)
F e/ N3k, AL ARNL 22 5 Ak R A X ARGL ) 2 2Y:
bij = i (fis1, + dic1j + dijr1+ digo1+ 55— S5+ SY — ng_l) L 2<i<m-1,2<j<n—1. (13)

R T WEBRARO R, R (14) A (13) 2R AR 27

1 : 1 .
¢ = arg {4 exp [1 (gf)iHJ + Sfj)] + 1 exp [1 (¢i—1,j - Sf—Lj)]

4 4
(14) ZFTR IR BFRE 6 (u,v). M4 (14) 2, FIH Gauss-Seidel A 57575 AT sKAEAH LT T

o [ 0nr + 5] + o [ (0 = 52,0)] . )
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g (11) A (14) X, 158 BAE F (u,v) =
Ao (u, v) explie(u, v)], P HLIT 32545 2627
f(x’,y’)://F(u,v) exp[j2n(ux’ +vy’)|dudv, (15)
HAL H AR R, it 2 iR R R XA 2, AT
T HARIE M 5.

3.3 HIRGHRENEEZRRERSH
TUCHR B RAE AR F 58N R I 55 1Y

WA RSBy Ul iR 22 | PRI A ] R 22 | {;’%’U‘éﬁ%\

HACLE  BOCIRIEE N BOCHRIEENE. T2
5 AR RGOSR IORBOLRE R 5, KA gy DI &
DR AR 4 18] R 2 2 i SR B A PSS A 3R
SR BTUIERR2E: BRI 2 AHXE LR 16
1) A S Y VIR R 22 0 Asy, DEIR 3 AHXS THOLIR
1A ) 5 S BT DI B R 22 Aso, LI 4 FHXTTHOL
H1 G K BT VIR 220 Asy, SEH 5 AR T
JEIR 1 B ) S B B R 250 Asy | B 5 FHXS
TR 1 MBI R S B DI R 220 Ass, TIHR 45
W TR MO 19 [l A7 5 P B TR A s ARz
BRI ARG 22 5 (6) AR, BRI Bs:

Ap1a = d(u,v) — ¢p(u+ (s + As1)/(AR),v),

¢
¢

(
Apra = ¢(u,v) — ¢(u,v + (sy + Ass)/(AR)),
Adaz = d(u+ (5o + As1)/(AR),v) — ¢(u+ (255 + Asz)/(AR),v),

Adas

P(u+ (52 + As1)/(AR),v) = d(u+ (s2 + Asa)/(AR), v + (sy + Ass)/(AR)).

(16)

PRI 2 (6] PR 22 LR PRI A% PR CAE P T 1) _E B RELER 20 Ay M Ay, AR 22560 8 4 o1
BN A5 5 b B TIRE B AR OB A Y HEA 22 5 (6) SN A, BARANTT Pios:

Ap12 = ¢p(u+ Az, /(AR), v + Ayi;/(AR)
Apry =
Agog =
Agos =

) — o(
P(u+ Azi;/(AR), v+ Ayij /(AR)) — &(
(b(u =+ (Sz =+ AJTU)/)\R, v+ Ayw/()\R))
P(u + (82 + Azij) /AR, v + Ay;j /(AR))
M(16) 2AT (17) T LUE Y, e e & 9157
VIR 22, iR ) B 22, (A5 B4R 2%
W 0 4400 1) Fr R 07 22 TG Aok LA A7 5 AR 4B I T
FIFRAIIR 2R A, ZEAROLE AT, R (14) AT
AR AR TS 20 19 H bR AR LS AN HER . & 385D
S ORI 25 ) P o 2 A, o] LB ok 1 E AR A
W R 2R, G 2

4 fFERIE

T TE A A SR T 4 G i A A Y
AR, FFFIH Strehl b (Strehl ratios) P B AY
T Strehl Ho R e SCANF (19]:

SR =
2

' [ ortw.)0x(ayasay

[ orte.00i (. wasdy [ [ Onta)O3(a)dndy

P(u + (52 + Azij) /(AR),v + Ayij /(AR)),

O(u+ Azij/(AR),v + (sy + Ayiz)/ (AR)),

P(u+ (252 + Awiy)/(AR), v + Ayij /(AR)),

¢(u+ (sz + Azyz) /(AR), v + (sy + Ayij)/(AR)).
|
Hor, Or(z,y) R JGiR 2 5 B AY 5% E 2 A
Or(x, y) WA R TR ER IR EE /AT, <% FRK
. Strehl HBHAIT T 1, B G kb
WEPT S WOEIK R 532 nm, BURIEES
91000 km, HEFK/INK 4 m, REESHF A 1200 Hz,
FFE R 9600. TG Z ] 88 A% B 43 0l Sy
40 MHz, 40 MHz + 40 Hz, 40 MHz + 160 Hz,
40 MHz + 400 Hz F1 40 MHz + 480 Hz, 5] &
s A 0.1 m, s,°8 0.1 m, MW LEFEICHEE dz =
0.2 m,dy = 0.1 m, LW FEILERCH 45 x 90. K
T 5% SR EMG B T IEE L E, = H6
Z A B 45 1 4351 24 40 MHz, 40 MHz + 80 Hz,
40 MHz + 120 Hz, 55¥J& s, 7 0.1 m. s, A 0.1 m,
PRSP dz = 0.1 m. dy = 0.1 m, U
GIAEECR 90 x 90. FEHEINZF FETT Rl A5 5 v igs m
TS A3 A L E MR LR 10 R 1 dBESRY E
PG, i A ER I 10 OFHII A5 R

(17)
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K5 HEER S Strehl Fe (SNR: 10 dB)  (a), (d), (g) JRIAEIME, SR = 1; (b) &4 = LR EIE, SR = 0.8033; (e) 1448 =K
Bk, SR = 0.8444; (h) G =AW, SR = 0.8314; (c) M A, SR = 0.7935; (f) M B EME L, SR = 0.8482; (i) Mk
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Fig. 5. The reconstructed image and Strehl ratios (SNR: 10 dB): (a), (d), (g) Origin target image, SR = 1; (b) traditional method,
SR = 0.8033; (e) traditional method, SR = 0.8444; (h) traditional method, SR = 0.8314; (c) sparse reconstruction method, SR =
0.7935; (f) sparse reconstruction method, SR = 0.8482; (i) sparse reconstruction method, SR = 0.8367.
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Fig. 6. Amplitude spectrum of echo signals (SNR: 10 dB): (a) Traditional method; (b) sparse sampling method.

K7 EAER I Strehl H (SNR: 1dB)  (a), (d), (g) FRIREME, SR = 1; (b) 54 = LW A, SR = 0.7554; (e) f4 4 = J6H
F¥k, SR = 0.8309; (h) 4588 =GR Ak, SR = 0.7954; (c) #ifi M H %, SR = 0.7589; (f) #i B =AM 5%, SR = 0.8250; (i) Hi i
HAYFEL, SR = 0.8092

Fig. 7. The reconstructed image and Strehl ratios (SNR: 1 dB): (a), (d), (g) Origin target image, SR = 1; (b) traditional method,
SR = 0.7935; (e) traditional method, SR = 0.8309; (h) traditional method, SR = 0.7954; (c) sparse reconstruction method, SR =
0.7589; (f) sparse reconstruction method, SR = 0.8250; (i) sparse reconstruction method, SR = 0.8092.
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Fig. 8. Amplitude spectrum of echo signals (SNR: 1 dB): (a) Traditional method; (b) sparse sampling method.
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Abstract

Sheared beam imaging (SBI) is considered a computational imaging technique that transmits three sheared
coherent laser beamlets for illumination, and a sensor array to receive the intensity of the speckle pattern
reflected from the target. The SBI can be used to image remote objects through a turbulent medium with no
need of any adaptive optics. However, while imaging low-orbit moving targets, the number of detectors of
sensor array required by the receiving system of SBI is very large, and the development of sensor array is
difficult and costly. In this work, a spatial domain sparse sampling technique is proposed for the SBI system
through transmitting five laser beamlets to illuminate the target carrying more of its spectral information,
which can reduce the number of detectors of the sensor array. Firstly, the principle of the sparse imaging
technique is deduced. Then, a sparse reconstruction algorithm is studied. The phase difference and amplitude
information of the target in the echo signal after sparse sampling can be extracted accurately by searching for
the accurate positions of the beat frequency components. The wavefront phases can be demodulated by the
least-squares method, and wavefront amplitude can be obtained by the algebraic operation of speckle amplitude.
The reconstructed wavefront is used to formulate the two-dimension image of the target. Theoretically, without
affecting the resolution, the number of detectors of the sensor array can be reduced to half of the traditional
three-beam method, which breaks through the limitation that the detector spacing of sensor array is equal to
the shear length of beamlet. From the simulation results, when the number of detectors of the sensor array is
reduced by 50%, the proposed sparse reconstruction algorithm has almost the same quality as the reconstructed

image with the traditional three-beam method.

Keywords: sheared beam imaging, spatial domain sparse sampling, sparse reconstruction algorithm, sensor

array
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