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Abstract: To improve the imaging quality of a Fourier Telescopy(FT) and to implement the high-reso-
lution imaging for moving targets, the data processing methods to inhibit the spectral leakage genera-
ted by the frequency shift error from an acousto-optic frequency shifter, the bias of an optical device
and truncating signals were researched and how to calculate the signal frequency in real time was giv-
en. Firstly, an all phase spectrum analysis technology was used to process sampling signals of a static
target and a search algorithm was taken to capture the maximum frequency value of each interferomet-

ric beam. Then, the actual frequencies of any two beams were calculated by an all phase time shift
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phase difference correcting spectrum method. Finally, the frequency deviation and demodulated target
‘s Fourier information were obtained and the demodulation frequency of the non-whole point was esti-
mated by the least square fitting. The results show that the Strehl ratio of reconstructed image by
proposed method is increased by 3% as compared with that of traditional methods. Furthermore, the
new method has a higher inhibiting ability for spectral leakage, better reconstructed image, and it can
provide the reference for data processing of moving targets.

Key words: Fourier telescopy; all phase spectrum analysis; [requency correction; image reconstruc-

tion; data processing
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Fig. 1 Imaging principle of Fourier telescopy

0T N LU AR R A AR LU AR A R o AR
B 5E I — F A I T BT 25 18] B ) &



55 10 1

TR 2 < T A AR L3 23 B Y o HEL I BT 5 A1 7 S R Ak B

2277

S5 45 W A7) A7 BRL b 3 E AR 48 14 Lo (B 22 18] 3fe AX R AT
BN G A oy i, R A A )
FARER
2.2 SEwHERLE

S AR A S 5 B AR B B B (wo) R 58
B K BE (2 N— 1) (4 500805 i 0
x=[x(nt+FN—1D,,x(n),x(n—N+D]" 7|
KB N £ ) 5
X =L (0) sz (1) seees  (N— DT IR, 7]
KX T I ] FF 8 o — R 2(0) AR TE H B AR TE
N A5 Z 0 N ZE e it
x=[x(0) x(1) x(2)+x(N—1]T
x =[x(—1) x0) a(D)x(N—2)]"

v =L a(—N+D H(—N+2) o(—N+3)- (0]
(D
P B A m B FEATIE IR AL FEREA S 2 (0O R
BN E AL AT 20 5 A N A N 4w bt
x =[x(0) x(1) x(2)+x(N—1]"
xi'=[x(0) x(1) x(2)x(—1]"

......

o =[x(0) (—N+1 2(—=N+2)--x(—D]"
(2)

Ko N2 AH I I B 24945 3] 4 AH A0 B 1) &
xﬂ,,:%[wxw) J(N—1D) 2(1)+ 2(— N+1) , -

(N—D+(N—Dx(—D]". (3)

FR A 6 BT 9 AN (] 4 4 67 030 704k B 45
Tow HLE AR 3 RS M AE T A R AT
P 7% 55 D B B BE AR /N, il 88 a9 AN 28 i L (.
INE G G5 L it g R mE ik, 4G
SRR BT 0.5 A Aw I, BUET 3 43 B 45 HL 3
AL HFT 2 AR BEAH S E L O R
TEOLER T 2 A FIEL I, B AEAEAR /N 55 1% ik T
v B i 4 it 5 LE TG B B S NS D, AR
P SR R Ol e B
2.3 apFFT &R BHEMEREE

VLB H8 B0 275 1 2 A AR RS A AL 25 4%
IE SR A A SR GRS () = Al 0,
n=[—N+1,N—1]} (Hd.ARFRME, o Rii
BONMA) SER n FEFI {x(n) =
Aej:‘”*("f”o)wj,n:[—NJrl,N—lj}ﬂ/ﬂfﬁﬁi’xﬁ’pﬁ
IRV

{x(n) = A "0, p= [—N+1,N—11]}1
WE apFET %00 0 Y(k) = A’F2(kAw— w)
M FIELL B L AARALE R IA R ¢ (R7) =0,
FERT 5 A9 W apFFT 3% M S5 R . Y (k) =
AT FE(RAw— an) » FIELE kb A1 R
0 (k) =0—o" n 4 2 AFH EEL iy
WHITEEHBER. A o=@ (') — (k)=
no s NI AT AR 25 S0 R A AR o = ¢/
R TR AT A W LAEAT DA RS L
FIELR kXTI ECFE AR 2k o/ N, Zad
KANK ng WRER IS S 3X A B0CF AR 251 2k
no/ N BB NAH AL g 38 B, 3 43 B0 AH 72
SRS by N S5 % 2 o] U R 1S B
P AHBS 2k mome/ NI 2 501 258 25 A2 (E . DA 1T 75
BN 285k M AL AN T AR AR I AR 0" =L
(B")— ¢ (k" )]/ m+2k" n/N,

3 FT xt#%&fiE3h B ARmIE 5

DA 5T ¥ hy 9] f1 B2 49 T R K 553 142 31
e 5L v B ) A E A iz Bl B AR R AR T Y
St %t iz 3 H AR AR ol AT v R AT T b, 7R
HAR rAb o B Z0 920030 A9 B AR S5 B k235X
(4, Ko FRIEME rAb B b5 OGRS
SR v BARIB ST . c IR AL I R HbRE
HAS I, o Ao RN, kb — ke
=koAx/ 2, Hort ko R FCHIEIEE A H 2 A
WO Z M BE RS, = MR BAREE RS . ¢ A1 &,
N 5 SRS Z A U AR R . € FoR OB A 2R
FG2E R 1 7= A A 3 A 22 .l L B R 1Y) &
S5F 808 1P T B AR X 0 A B RS AR 24 04 /0N B
AL LR AUA A HAR 8 sl BE v A EH AR R BT = X
TSRS B AR ] (H B T E ARz sh R %t
TR Ge R PRI A 0 0 L R L T B A A R R S
FROBT (10 7 5 5K 1 52 A R A%, X R A2 B H b R
B EHBG N R EEENZ —. FS iR R
ARG A Can — wp) Ry 75 C R AT 25 10 190 20 15
0 48 3% 2 (8, % B3 () R (5 fige 3 A3 % 48 2 )
SINSEIR . A5 BEAE B TT 5 Hh B e AR B R
{8, B3 (k — ko)« v Fl & T X35 3 H bR k4T
AR . AR SCHING IR BRSNS H AR T A
I ELEE T 7 6B A0 g AF A7 3 2o A X A0 %6 a0k
AR TR T I B0 4b ¥ 7 125 %38 3 H Ar 1%



2278 e KRE TR % 20 %
Y RT A L ) sk 7 A SC 2 AT AR AR € X i % Ipig oA R
L(r,D=o0o(r « cly{2+expi+ [(ki—k) * (r—v)—(w—an +Ot+H—b |+c ¢} 4
L(r,)=o0(r) » cly{2+texpi* [(ki—k) * r—(w—a,+Et+¢—b]+ce ¢} . (5)

4 FREIERLER SN

4.1 SHEBEE N

S R BT RE LB E A 9 < 9,17 X 17, 33
X 33,65X 65, R HBEHE H bR A8 0 4808 2
SR E AR E 2, A0 B RS S0 B bR T B
TR TRARS., BAAEAERN 2.5 mm, ML E
TERE H AR 2] 85K BE B 102 m GRS AR
FEED A& 3, B0 UE T KA AT HE X AR T Y
S, XA TR A5 (R 3 H AR AN ] & S R K
HEAT T AR B UE . R GOGE R an & 4, o
PMT MGHAEHEE . AOS AR OLR AR .

Reflected

8
+ > i

B 2 HK bR A

Fig. 2 Reconstructed target and diffuser

Target

Primary mirror

K3 pAR H bR

Fig. 3 Distance of reconstructed target

WOGER & 5 0BG i 2 6 8% oy e 4R S 2
PROFIEAAH R 1Y 3 A%, 3 2 A OB Mg i B 3
FOEZEW B 10,20,30 kHz, el &5 il H
EIN K W aala o i ) S SN TR 2 N1 K W
fli 3R AEBILM WKL, —&n TR
) H bR R MG 4 8 48 L, St EE I e
P2 KB = BE B S i PMT ilF AT B0dE SR
BB 5 RGN =L, 51— Tt
S CCD Jrm, CCD T W 3 0k 1 6 B A7
BV RGWNE 6, ARIFELN B S EY
SRFEJE N 100, B4 A HEAT 1 000 2R FE, A
Y S W VR A R ] 2% SCilik(16 ], A SUE S 4ab
PESCH 5 1 A5 T A R A ) R R 33 <33 B K

= N o—Lens
2 CCD camera
g y,
Reflecti
?ni??olrve — AOS Collimated
7 beam expander
Beam
splitter ——~—_ |/ | AOS bt'C‘ollimaleg |
- cam expander
Helium-neon . Collimated
] A0S b expander [

B4 RGOLR R E

Fig. 4 Diagram of optical system



55 10 1

TR 2 < T A AR L3 23 B Y o HEL I BT 5 A1 7 S R Ak B

2279

F5 WBE = BEAOLR A

Fig. 5 Secondary mirror, condense lens and PMT

Computer

CcCD I. \II ;

r

K6 A8t R5
Fig. 6 System of beam launch

4.2 HELE

BARA B G0 MATLAB 1 C# ., % K%k
SR FHDCT AU T N B A8 e B4 S 309 R
FE AN N OB S X B8 #E 47 4 A 0 300 4 34 K
W 25 B TE FF B (3N — 1) AN B, B4 Ak 3 37k
RN 7, BEPEIELLN 3 A RAE AR S — A4 Ak
BT R S0 0 X O R AN 8 TR .

Three consecutive
sampling periods(3N-1)

!

Choose 2N-1 data for
apFFT.application search
algorithm to find the
maximum amplitude

The first data set
of 2N-1

The second data set
of 2N-1

@ll phase-shift phase eorrection)

Least square method

Reconstructed imagel

7 Bt b 2 AR

Fig. 7 Data processing flow chart

I,( 3N-1 data set >||
1) x(2) x3)-x(N)  x(N+1)  x(N+2)  x(N43)--x(2N)  x(2N+1)  x(2N+2)  x(2N+3)-x(3N)
/ " / | /
The first H The second / 1 The third ’
// k= sampling period i sampling period X samplicng II;eriod —:‘—ﬂ
[ '
\{ ¥ \ \{ !

M=N) w(=NHD) X(=NH2)-x(=1) X(0) '*_1 (1) x(2)-x(N=-1)

\
|(— The first data set of 2N-1 —)|

¥
x(=N)  x(=N+1)

—— 1

K8 scu Kt

Fig. 8 Experiment data

N Ry —> Ji 0 R i B, 2 2 A SR AE R
B3 2N B, K 8 Ay —4T ., mhiE ¥
Y N+ D RAFEMA ST Z AN N 4
2,50 7K o N+DIidh 2(0), A& 20
RN dim s gE AT I QN R 9 1y 3 3 7 47,

A (1) L (2) (3) B AT 15 5] 42 4H 7 4b 3

=

"he second data set of 2N-1

1=

A4
x(=N42)-x(=1)  x(0)  x(1)  x(2)--x(N-1)

—

X K 2R

corresponding chart

et . BH] apFET B AH L 22 12 1F 15 45 31 51 5%
AR AH LR AR AR AR I AR R RO 3 o e KR
SR 2 T 5 AR GR AR L B e/ TRk
(ERIRGEIE R I5v & S RS R A= B 3T
(19 552 PR A 2% AT b 12 8 A 981 5 i ISR BRE T 0 i 2
EAR AR o A SCRCHE b 3 7 vk m] LABE JH 31 %2 5



2280 b=

% TR

%20 %

x(1) x(2) x(3)-x(N) x(N+1) x(N+2) x(N+3)--x(2N)

H(=N) X(=N+1) X(~N+2)-x(=1) x(0) x(1) x(2)--x(N-1)
x(0) x(1) x(2)--x(N-1)
x(=1) x(0) x(1) x(2)--x(N-2)
x(=2) x(=1) x(0) x(1)---x(N-3)
x(=N+1) x(—,-\;"'ﬁ‘—‘i)---x(—l ) x(0)
9 Jot 4 AR HodE Pk 31 FE IR

Fig. 9 Windowless all phase data processing flow chart

H A% A4 .
4.3 #RE59W

Xif TG M PR R LR K 33 X33, 16 48
TR FE S B 195, RFEE N 1. apFFT &
BRFEAECR 65, RAEFAMI Ry 3. f KR i 2
3 FOL IR 10% ., HAMEER K/ 128X
128, A T L8 E A R R D 33 X33 £ 47 {EL i
KF 128 <128, HH EMZ an &l 10,

(b) fet T ik A K14

(b) Reconstructed image

(a) W% B g

(a) Imaging target

by traditional meth-

ﬂ

(d) BEAR 4 15115

(d) Ideal reconstructed

(AT EAES
(¢) Reconstructed image by
proposed method image

P10 BlEE L

Fig. 10  Numerical results
il 3 LA B 10(b) Al 10 (o) , 4% 307 1k E A 1A

x1
Tab. 1

1G5 AN 32 00 Al 22 B RS R, R R K R 33
X 33 1 A1 S 56 B SR 1 3 b B )y i L 25 R
TR T 38 S [H] AR SR B8 2R 90 LN - 1 R BT 1)
TE R T 45 S R AR R 9~13 kHz; 55 Y)Fl
FAREAY RWF Ry 19~23 kHz; [ 8 AT 148 R
FH 29~33 kHz, HHEREERWE 11,

(b) JC#d apFFT

(b) Reconstructed image

() e 5 J5
(a)Reconstructed image by
traditional method by windowless apFFT
K11 s EmEG

Fig. 11 Field experiment data of reconstructed image

B 11 Ca) UG S A0, A7 R 19 o B B LAl
AL B 11 Ch) A T T00 A5 4 Sy 338 Wi K PH AE L AR
VLG, TR R, O BT A 2
oy v FE AL PRI B . SR P A AR AR R
G FE BLIR HE (StrehD) X (6) K /N P A 3007
PRE G FET K b 81y vk 546 4 0

Hry = 00 @ O = [|Ti (ko k) T,

kexp(—ie 2nCh,fook, fo)dkdE, . 6)

Horp . Or R AL EUG K BEEAR 53417, Ox RN Y

R/ (=10 TR CA | B 7 3 1 S - RO ISR

G R A B AR 4 5 B (A R (6 AL

A (D RIAT 8 Strehl,

g— max | H(x, y) |* )
J Or (xs ) Or (s y)daud;ﬂ@? (2, ) Ok (s ydady

(N

Xof [A) — &1 37 52 96 K4 43 0 % B (0T

%) W (T A %) apFFT K = 3 A

INTIRAGITE I 6 Rl AL B vk DL KR S )y vE &
Y E %S ) Strehl (HUNFE 1 FR .

6 FEIE AL B 75 R R BB E M B 5 0 Strehl {E

Strehl values of reconstructed image by six kinds of data processing methods

Windowless apFFT

Single window apFFT  Double windows apFFT

0.716 3
0.737 5

No least-square fitting method
Using least-squares fitting method
Traditional method(FFT)

0.7159 0.714 0
0.723 9 0.719 8
0.715 1




55 10 1

TR 2 < T A AR L3 23 B Y o HEL I BT 5 A1 7 S R Ak B 2281

H 2 1 AT RLA A BB DU . R H T
apFET Kb B A AR BT i B 4, 5 22 oAb
SIS X H S B AR BB T O AR R B K
T AR R /)N L T 0 3 T U 8 ) TR XU
FEE I T Strehl (HA LS FFT J5 ik, 3X
PSR 2.2 95 00 T 8 sR AU BERE A 18 2 — BUW
FER /N R 3G ik Z )5 .3 Flohn o Ak 3
o PR 0T et 15 B F — 20 (3R T, 0 B0 4 AR
Strehl HJFA R 0. 742 1 #2755 %] 0. 981 0, $2 TH %
VA8 R T AR SCRCHE Ak 35y 30k 52 6 o A TR A 1 42
TFHY Ry 320, X FEJE T 0 T 9 0E 7 1k 9 IE B
G IPNUETES TR SN IR
(LR UNIE &

S Z k-

(1] Z##k, Aer BEHEEABRTHERBGREAR [J].
HF HFEIA2,2002,10(5):434-442,

WANG H T, ZHU B F. Optical synthesis aperture
interference image technology [J]. Opt. Precision
Eng. ,2002,10(5) :434-442. (in Chinese)

[2] HOLMES R B,MA S.BHOWMIK A, et al.. Anal-
ysis and simulation of a synthetic aperture technique
for imaging through a turbulent medium[J]. OSA,
1996,13(2) :351-364.

[3] BRINKLEY T J,SANDLER D. Effect of atmos-
pheric turbulence and jitter on fourier telescopy ima-
ging systems [J]. SPIE,1999,3815:42-47.

[4] KENNETH R, MACDONALDA, JAMES K, et al. .
An experimental demonstration of Fourier telescopy
[J]. SPIE,1999,3815:23-29.

[5] CUELLAR L E, JAMES S,JUSTIN C. Laboratory
and field experimental demonstration of a Fourier
telescopy imaging system [ ] ]. SPIE, 2005, 5896
(D):1-14.

[6] LOUISCE, JUSTIN C, JAMES M, et al.. Labo-
ratory demonstration of a multiple beam Fourier te-
lescopy imaging system[]J]. SPIE, 2008,7094(G) ;
1-12.

(7] F&, 0 kb, 2o 5. S0 2 PR PO B B B8
BRI A% HF T4,2008,16(6):999-

5 £ #®

R L I A5 o R S I 55 B AR AR LA
MRRR RSN T 4 = R T O X B H bR
1% . 18] P A5 5 75 B2 00 1E 0 A0 % Ak 0 47 i 0 L
apFET 1543 #7109 B RS AH A7 25 42 1E 3 | 4 A0 07 PRkt
B0 P b 0 A o AR KT S 6 R0 A AT A BN AT LA
L fife R A R ) L, R DL A S AT A T
255 [va) B0 [) 400 W KOS R 25 2 B R, 1 e/
ZIRE AT AL T B b R R B A B A
Bt E A EUS , JEER R 33 X33 1Y
apFFT 4h7 2 B b 52 50 504 4 #1752 19 & 44
EIMGAE XS B FET J7 i 1) Strehl $2 &5 3%, [A] B #J
DA FH A SC 5 vk 632 2l B B A 3547 8080 b 3
AR ST A R TR AT

1002.

DONG L, LIU XY, WANG J L. The realization of
Fourier telescope technology in laboratory []].
Opt. Precision Eng. , 2008, 16 (6):999-1002. (in
Chinese)

(8] E b %, T RAR. 5. 8 B0 500 A i) F 2

P o B 05 B0, B By A K S 4R 2009, 31
(1):38-42.
WANG X W, LI Q, WANG Y G, et al.. Analysis
and simulation on phase closure of Fourier telescopy
[J1. Journal of National University of Defense
Technoloy.2009,31(1) . 38-42. (in Chinese)

(9] R, ZEFE, &7, F. 00 0H B e i 2 Kk
HEOFFEL)]. ®AT B 42 # H1,2010,29(2) :17-20.
LU CH M,WANG ] J,GAO X, et al.. A study on
the theory of Fourier telescope and it improvement
[J]. Jowrnal of Spacecraft TT&C Technology,
2010,29(2) :17 -20. (in Chinese)

[10] IAkBL, ¥ &, T & 5. B B R AR 8 B0 2850 65 A
B k% # % £42,2010,18(3) :521-527.

LIU X Y, DONG L, WANG J L. Fourier telesco-
py imaging via sparse sampling[J]. Opt. Precision
Eng. ,2010,18(3) :521-527. (in Chinese)

[11] R AR, 30 dh, . S200 % Pl B 22 Jm R
O L)) BBk B T &, 2011, 23(3):
571-575.

ZHANG Y, YANG CH P,GUO ], et al.. Spec-



2282

ples

% TR

%20 %

(12]

[13]

[14]

trum extraction mode for Fourier telescopy in labo-
ratory[ J]. High Power Laser and Particle Beams,
2011, 23(3):571-575. (in Chinese)

ML AR A EORAE. BT A AR AL S BT Y 4l e
A H AR EAA L] k% %, 2011, 30(12);
3443-3446.

CHEN W,LI Q,WANG Y G. Object reconstruc-
tion of Fourier telescopy based on all phase spec-
trum analysis [ J]. Acta Optica Sinica, 2011, 30
(12):3443 -3446. (in Chinese)

EFhE, AMKR. RFEFT LML ES>ITEIEK
FARIM]. Jbmt i+ Tkt st 2009:1- 71.
WANG ZH H, HUANG X D. All Phase Spec-
trum Analysis and Filter of Digital Signal[ M] .
Beijing: Publishing House of Electronics Industry.,
2009:1-71. (in Chinese)

FA A, E kA AR L I B AR A 22 G AL T v
(1], R# K% $4R,2008,41(7) :815-820.

EERN

Fiig(1985—), B Ml fb AL 1
WFIE A, 2009 T3 AR K 2 4K 18 T2 2%
Lo i, TN ol B BT A G B
RIS AF 5 4L 3] 5 E AR, E-
mail: yushuhai_0707(@sina. com

FaEar (1971 —) . Ll K ih B T
+ L WF5E B PR R, 1999 4R 2002
AR5 F R B BE K B R 2R RS LS
YRR T BT AR AT A A A, R E

—r A7 ] A 2 0 AR i 3 5 45

/ RGO L B T R AR B R S T T 11
%% . E-mail: wangjianli@ ciomp. ac.

cn

[15]

[16]

HUANG X D, WANG ZH H. All phase time
shift phase difference correcting spectrum method
[J]. Jouwrnal of Tianjin University, 2008, 41
(7):815-820. (in Chinese)

ML AR A R HL IR SO OR R R S SE
FoE[]]. k5 4 4R.2011,31(3),0311001:1-6.
CHEN W, LI Q, WANG Y G. Experimental re-
search of Fourier telescopy imaging system [ ] ].
Acta Optica Sinica, 2011,31(3), 0311001:1-6.
(in Chinese)

F &2 RBL, AE R L STE EE B A
PERE R RNEE R AT ()], b & 3R, 2012.32(2)
0201004.

DONG L,LIU X Y,LIN X D, et al.. Improvement
of performance and analysis of results of field ex-
periments of Fourier telescopy[J]. Acta Optica
Sinica,2012,32(2) :0201004. (in Chinese)

B OZA982—), B, ILARTFET AL

T+ WIFRBESY B, 2004 4E 2007 443 )

F IR KRG 2+ W2, R

: AR L Ikl 2% R RO I A T T Y

> } WF%¥ ., E-mail: psotgradu@ yahoo. com.
cn

KURRBE (1973 —), B, 7 KiE AL 1
+ L, BIAFSE B, 1999 4E . 2006 4E 4> 9 T
TR BE K R O AR B LA o BT O
FEARAR A WA=, E A
AR B VG A 355 43 BT 45 D T I F T

E-mail: sirliuxy@hotmail. com



