A /‘x

»

2 “
. ez
oA A

8
W=
s
=






e & R A w38 H Y. &K LB W K
| B @‘if 041 Digital Phase Detecting Based 20024 % 4t 745 4 AW 2002.01
gy | 1ES | 041 [On Transform and Its DSP e '
wamME| Wit | 041 |[Implementation
g | Wid | 041
| EfhA | Wik 041
o (BRED D BIR | 041 REBMVHIELMBEE  EEHA R
i Wl 041 CDMA i b 2002.00.10 |
| e - i -
-3 fEEM | ML 041 Analysis of the FMM IEEE Anternas and 2002.01
JH#T . 1Es | 041 [Electromagnetic Scattering of  |Propagation Society )
MEZ | 11| 041 Multiple Conducting Cylinder |International Symposium
1 frkde | IEM | 041 and USNC/URSI
- . S : .
4 |EEM L] 041 2 ANEON AR AT I RATMAGE iy 506 k32
| BT | Ef | 041 B R IV K 4 2002.2.03 J
f EER | WL 041 |
}. Bpkee | Ew | 041 |
5 REHM L WL 04l SR MBMEITONESTE | BRI AARER | 2002805 | H
s OERS | 041 8.
|EER| f@4| 041
 |&pkee | TEE | 041
e R2E 8L 041 WRIGERTHEMBEATERN &R LA
AENT| | 041 U il Zed
EER | | 041 |
. FpkPE ER 041 - - .
7 TR Ml 041 R R B AT g Rl
\ 1 | FENPPTOR HUIB R R 2002.17.04
g | TV ML 041 kAR KT HAR TR 02, El. H
T e R 041 [MREMUGPRHE ST i | 2002.30.06
1’ 5 Ew&ii 1@&1:%"041 i—%ﬁ%frﬂ@i@?f%@ﬂ%l}msp‘ﬁ' MR G bE | 2057277’0}“:“97
i CRJRIL | IR | 041 SARALEE eI o
CkfsE | P% | 041
I f&% AR ,, ]
qo [N f8d 041 |NAIDDMFEMJFEERESFF DI [FRAg k3244 2002.32.04 H
U o
1 o WL 041 R R R R ke 2002.18.04 | J
| | Sk |
g A ML 041 G REK EARAMAERNE MAMEMRAEER | 20023403 |
‘ %Be | Em | 041 MRS EEDIR
BKHE | Es 041
13 |WE | WL 041 AU MAUR IS Y mamAEmRAZEM | 20013305 | J
X iFfG | 041 |
e Wk 041 A .
Cqg EES) WL 041 —MEFERTEMENENETT HERESLE 2002.17.03 | H |
W A 041 'J
g5 RS WL 041 M EHKBIKMAMAEL BAMEMRAZEN | 20023404 r 4
‘ JCE Frm | 041 {Dh¥aT7: - #
e | TR OAL GKRIFHAEWERIE BT 20011603 | H
55 % 1 it | 041 J
| e Wk 041 | B




1T T

!
J%’%&Et % B !}ﬁ—{v w3 H - . 2K B0 2
17 AW WL | 041 A New symmetric Extension of 6th International 2002.01
‘ | R IEf# 041 the signal at the Boundaries for conference on Signal |
| ‘ ‘ Multiwavelet Image Processing |
‘ ‘ Compression '
™ ETTY Ef | 041 [BIRLMEN 2 G5 SO R HITAEEM (ARBE | 2002.41.01 H
Horde | IEf | 041 REBGHSUIR 9]
1 f
o AR A | 041 —Rgrmm A AR R AR (ARFE | 20023201 |El H|
L | | EE S fi) oozs2ot |
i i
00 | RIE | IER | 041 —Fi A AR 2 T URA |Ry FRa 20022004 @ H
YRR | 1B | 041 ENEERY
o WK | WL 041 FUMIRCM22003<BLLUAM 5525 it BEHL 5 B R 20020010 | |
KL IEM 041 |80z R
2p || ER 041 aRRMUMBAEMSNI  goRRMEGLE  200247.03 | H |
\ EE m | 041
| |BB | W] 041 | S R - .
23 |RT | IER | 041 |Hu I R GE b B KIS (W R E Bk 20022624 | H
By A A
| |&x | Wik 04| . I R
4 BT WL 041 BEFRORMMSARMBEENS FAMAMAALER | 20023405 |
T ks ER 041 ASARMGEAE |
25 ma}fw 1| 041 IR LA R AL BLSARE T mﬁsm 20022403 | J |
; ‘*JEJA Erm | 041 HER4E w
o (WP M 041 ‘muwaégééﬁemﬁfe HWREREGHE | 200217.04 H |
kik  IEE 041 SARER[INF | | |
RMRE . PH | 041 I , . B
o7 MRk BUE | OAL |y TUARA KRR R m-:ﬂmfmxséséw | 20013303 J |
T e | ERE 041 AT | |
_ wig | @ik o041, i R R SR
o8 a,ej{guj fjid: | 041 FDTDI: i BAK UM RN T 515 B 20022410 | H
‘ ’Eﬁf\ﬁ’ IEf | 041 RCS |
29 ﬁu# CIER | 041 RBLR ARG AR TS 2002.24.04  J
7T s ik 041
M Wil 041 ) | I
30 B Té;i 041 —FhTHRKM LML RE WEHA 2002.00.06 |
’ Ve IER 041 fAfREEO | -
a1 Bz | L] 041 @®ATMSK DSISSMA REHEAES i b THA 2002.33.03 H
VeRde | ERE | 041 )
s B | W 041 —HBMTERTREEFEI s R0 2002.17.04 = H
i WP EM | 041 RGP RE ST ‘
B I S | B RTINS O
a3 BKTAE Wik 041 RO HERIHERI T HUbEE S Bt 2002.00.05 |
W | 041 I ]




r_i

! T 7
}?’%Bﬁtfﬁi\ﬂ}“\ WM #wEH . SWEK | E. B W] K5
34 MOE HE 041 —HEEMZmE T ey [
| 4Jkik | TER | 041 SAR/GMTITE BT SHEEFH 20022412 | H
CRISE | FE O4LL, o
5 T L 041 MGk o D RMMETY RgTRE e
dedkik | TER | 041 fx RETEEHTHA 2002 24.08 J
] ‘*ﬁﬁﬁ Fg | 041
KSR 041 [N TR MR B M RS AR KA
| lamz Bt 041 GHRE 7 Fi FEAEL | 20024.00
k5 | BIR 041 —RMHEMOHLEPDE AW 07 ik % . ) u
ik | IER 041 KBS CRSSReED 2002.00.03
s (B | HIW | 041 HPIELEOASLEEELGT
\?Kﬂff?a Bt | 041 (M L TR AR 2002.28.07 | J
a9 K3 | HIA | 041 [ZEWEHELDSP LMATH HiE R G4
| Uk ik Ef 041 B $oi KA S AT 2002.17.02 | H
B | Wit 04l
40 K5 il | 041 Application of Fuzzy C-mean  (Chinese Journal of
, 4Jkik | IEF | 041 (Cluster Algorithm on Clutter /Aeronautics 2002.15.01 | El. H
‘ Tracking
“,;f%%‘iﬁ%? Wit | 041 TMS320VC54FRSIEPROMIIM 4} T-5¢
en | m| o Mo B 4h T IT B8 1 2002.00.03
A S S |
42 RATE M 041 pp e e s 4 AR 20022405 | J
a3 WAE ML 041 jEnUUHERS BT UAN biREA | 20024206 | |
3 = 2 PR G ! I
© kky EA ) on B 20024206
a4 Mﬂ L |04l HETVARKNSMUL TR (AL S
a5 KB WL 041 T SRR R HERES Ml A b 200217.03 | H
Xl IFfE | 041 Uk
ae BFE PR 0L EWBLEIHUSILRS BT gL 2002.00.06
' ‘ ‘ N,
‘Fﬂ%[[ Ef _-'64'i71A;17l7\7r;alysis of Radar Targets 200243 MA 2 K504 | 2002 Oi -
|E#sfr | IEfM | 011 Characteristics CER R ZEARAIN ’
ag KOV PH 041 —RETRESEM ORI E T2 - H
kJkik TERE | 041 WEN T EIIERAS - G 0uR0
Lﬁi ;k)ic mle | 121
‘ % P& 041 An 1 efficient adéptlve filter for HighTechnoIogy Letters 2001_7_04 J
Schelber HAB1 AF  InSAR processing topography E
} YWt Al g+ |
| 5!6351‘5\ Efi | 041 |
’50 KAFS P 041 Pl SARBIIKEUREIIS T 20023009 & H |
*JEQ; E& | 041 |




F2UE 410 Hf5F %R Vol.24 No.10
2002 4 10 B JOURNAL OF ELECTRONICS AND INFORMATION TECHNOLOGY Oct. 2002

FDTD At HS&E A RH R RCS !

F 3N g K F
(ME A ZEME AL E R SHAR%E By 210016)

B B OPOCRAFEGET R A S R R E A XM FDTD sk, #4463 E FDTD
SRR FBAR R BT I T R 7 mS I B R ik RS RO I Kk RCS Simi it o
[T —RH AL,

X ROERK, RMAREMNE, BEBE Sl

$fEE TN826, TN817

15 &

B 1953 A AR T O RLMES, HRFRSIRIBAMER. 70 £RGHT
T SR AR B B LA R S R R RE A TR A B, SO R RO #IE T 2188 TRIE; 2w
BARMERE, VBYIEERHERE, HEFEHMEERGMERERRIEI. HEX, 5
53R WIsE A PR S D0 B B 3% RS O S LR B R RIS IR AR % 40% Y | kA R iy
WAk B Rmam R e hy et ROSPA |, BB A TR, STt [3,4) I8 &
R T Sl o Ry RCS , (HREBEZ MM B REG M7 B0, M bk o %0 64 ey 22
BREVEA R BOAE, SR FEB, 2RI, :

TERGAL RISk B iR b, RO SR FIBILIR B R 6 R Gilbert #EEh MR, M
W #EBN TR Maxwell H 2317 225> B M8 B8k ik by FDTD $ivk BAR R STk [5,6) i 548
B9, ZJ5 J. A. Pereda 42 4 T —FhREAERT 8]0 25 (8] _EHERA [ 5492k FDTD fig: 7, &
B TOEPRAY Richtmyer 22408 e, i X 637 90 BE 52 £k A 25 14] P 306 10380 7 X W o8 7 3
BEREEA9PIHE. M. Okoniewski 424 T —F S HE A& E & FDTD A B | Z3exdcilk [8]
RYTTEENE T 3 —2b ik, 16454 FDTD $5u: o B R ZERE_EAT 5L T (535 7 1 e 51
Zyit ik SR SETE SOl B K220y RCS RS AETE IR th T — e I A9 4534

2 AT

2.1 k| & $ry FDTD HiE
MR SR, R T — AR TR E

Vx E=-0B/0t (1a)
V x H=09D/dt (1b)
—v(M x H) = O0M/0ot (1c)

He y Rjgwitt. 4 M=My+m, H=H,+h , X8 My, Hy35R-0MuEEeiszE
MM E#Y, m, h RRESEHBEAREMBETRE. £ |Mo| >> |m|, [Ho| >> |h|

1 2001-03-19 x|, 2001-10-10 EHy
iR S 9TF52042 EIT A



10 i FHEWISE: FDTD it SRR Re X449 RCS 1419

H/MES&MET, %85 B = uo(H+ M) fl D = e E AH%R, FRYTER

OE/ot = (1/e)V x h (2a)
Oh/0t = —(1/po)V x E — 0m /Ot (2b)
om /ot = —y(m x Ho + My x h) (2¢)

RTS8 i B R 77 () LAY P B34 R A Y, B (2) RAEMA Yee [Rdtt24r ik
B /AN OXERF AHERE R O 22508 =0 R B, B0 700508 DR ST 0 AE B[] _E A 2 1) _E ] 45
(2a) F1 (2b) X ayZe it Xt bt 8] 49 1 F: B Ay

(E" — E" 1) /At = (1/e){V x h)"1/? (3a)

(R™H/2 — R™12) [AL = —(1/po){V x E}" — {0m/0t}" (3b)
YORAERE E B2 BT A A9 53 AR FT LA SRS, AB4 LHEA R LT SIAIRZEN O|(AL)?] .
TEREER n BZ], 15 m BWSTFHE A" . AFERR, & Ho=0, M,= My, M=

(2¢) Z&H
{0m/ot}" = —yMy x h™ (4)

REaR, h" FREEEEE. WEHIERE A" = "7 HRBRIEESE O[AL/2) .
ARRA (5) RAYSMER LW 2 (4) AXEFEIAER, ROTAT ARG E AR .
h™ ~ h™7' + {8k [0t} " At = (1/2)(3R" /2 — R"3/2) (5)

AR HE,  m BET [EMR S AR B
{8m [0t} ~ —(v/2)Mp x (3h"1/2 — pn—3/2) (6)

MIATLAS 2t (2b) & A2TY2 f 2T s R T
hpt1/2 = h3712 — (Atfpo)s - {V x E}"™ + s(3h771/% — h3=3/2) (7)
REHHR = p=U2 — (Atfpo)2« {V x E}* 4 s(3h2~/% — pn-3/2) (8)

Hep s = At(yMo/2) , ERXRAEERIFE LA 3 S 4 FDTD 2078, sk Ho # 0,
HETHGE h EARTRE. X8, SAUEHTHHBEAEE m, RSHENHERSHT R 5
#ERL Xy FEBISM IR E RS AR TR T

mEt? = mi=V2 4 (At/2)y[Ho(3mI ™2 —m2=%) — Mo(3h2TV2 — h2TV2) (9)
m 2 = mP T2 — (At)2)y[Ho(Bmy ™ = mp=3/%) — Mo(3h71/2 — hZ=3/%)] - (10)
B2 = W2 — (Atfpo)i - {V x BY" = (/2 — my™1/%) (11)
B2 = R — (At/po)2 - {V x BY" = (mI*!/2 = mi7l/2) (12)

5 A0 [ 69 25 SRR XE e th S b0 s B RS A 7 e B 2247 .
M (9) RE (10) KFTLAF W, HHE m, MBI m, M h, , W Yee [RKKEH, BER m,

M b, ZEMGCEAAR, Em, fom, SECCEAR, KT HRXMER LR, KON TH
. LK 1 BiRAy —4E FDTD Mg hFl, 76 mo AbRY m. Sl

m.i(i,j +1/2) = (1/2)[m.(i — 1/2,5 + 1/2) + m.(i + 1/2,j + 1/2)] (13)



1420 moF 5 i 8 % 24 #

4y
GARil Wi
My iv...._ m.
D | m, L |
hom, § hom, | homy D hom | hom, i bam,
.
Godo) By Gotljo) By (i*2.j)) h, s

B 1 Yee KRR RY I MINE X

THR ¢ aRAIEE. ERRIA AL, ERAMERGEBOR, Xt EMSMTER R, mrEs
1= iOy ] = jO &bﬁ

m.i(io, jo + 1/2) = 2m,(io + 1/2,jo + 1/2) — m.;(io + 1, jo + 1/2)] (14)

FHEE ma AU (9) G (10) RAH8 my(n K 2,y,2) I3 hy FERBELFRGE AT AL B 55 (] £
BRI,

2.2 BhRhREYAEEIFOIZE

BEFTRCE R LAY RCS SinaFtd, {3 i bk oh T B VRSB IR 7 (0 . HERBOB N

Ei(t) = exp[—(t ~ t0)*/T?] (15)

Xt (15) S figfy B2 4545
|Ei(f)| = TV exp(—7°T* ) (16)

HHART =05/fn, fn GEESKTHIBEEFBMREHE, SN ERIIEAVIEA SR
Ei(t=0)— 0H to = 4T . X T FDTD ;2fat i 4RI WS, Wit ssiis s i
GIX M X O, SR B 55 KA ORI X A B .

2.3 BUGHR&H

il FDTD 3K fi i REFCHT [BUARS, 61 T S0 PO 72 R A0 38 1100 20005 IR A 0L 5 7 — AN A PR X 35K
. T EFUHMTCI X860 B AY, T8I NRIGH RS 4L EW R E S50 R 8. &
SCRMT B. Chen #l D. G. Fang 7€ J. P. Berenger 5t £ ILAL/Z (PML)!) Rt b ikitkhy 5242 /T

F2/Z (MPML)1
2.4 EX#EE
SRR E AR E LA

o =4rR® lim |E,/Ei|? (17)
A R RATRFESERE SEMIER, E BRASPFEEEHNE, B, RESTHEEWLE LY
B4k, i FDTD @%4rtretd, B30 RRMESHEARITAL X #5t3. 432/ R. J. Luebers
£ AT RS AR 12 i KR T X T A
S QI S

B 2 a3 SR IETE SO W i RERFEAR ] 77 1 89S e L REGE I T 000 B955T0R)
FrvEi 2k, B ReTE T SRR B R A R e I i R RCS | G551 SR R W1 HE 51
8y 028 EBEL RIS A MR/ XA, A BAYd 2 S E XX o 5 A A W R Y



SRR e

10 FHEY%:.  FDTD it sises i Xy RCS 1421

W, S WU S T AL AN Xy /10 BRTTLA T BT N S ol 4R R TR A T 4
B, EhEHEEIETRORA. 2T BB, X RS TR

L.G=L,+02), L,G=L,+02), (18)

REMILESEY L, = 0.55cm, L,=0.4cm, d=0.06cm, e,=12.8, M, = 1780G
Hy = 3600e¢ . iH303ay i mmiE 4 prR. it5$Fm o = 60°, ¢ =45, A =02mm,
dy = 1.0185, dy = d. = 1.0, HIZHMHEN 151x144x8 | 85K ER N 5 K, il
JEEEDy 8 4%, HIEFIMAF KRR Q IR, SAWSERE, RITLSI L ant 250 Y
32768 .

(b) -35
-10
- 15
E E -50
23 5 -
g T -55
S
s b% -60 \:
v
— EBSUA — WEBEE  OO— RS
)  WEETE e ERERAE 70 At A4k
"6 8101214 16 18 20 6 8101211161820 4 6 8 101211 16 18 20
4 (GHz) Y (GHz) 34 (GHz)

B2 AEFEWER TS
(@) yxwm (b)zxHm (c)z M

HIIE 2(a) &0, Wy F7 MR B RE 5 A SR R i 55— A IR & (T R ek
DR R, 5 1 S REURX R EEIREY TM o 8, Wi#E TMyo 57, H, #1 H. 5 H, it
TLUZH, E, fil E, 5 E. HAWATLLZE. I Maxwell 785, H, #l E, JLFRZSMI
BRI, BT %RRIE 4 N EIRBURI R TMyg B, 36T R 5O R 52 S
BTG, 53 Ah—BiAR A T SR RCS AL A2, mE 20b) &1, 5y sk
DR BRHIHEARML, #E = SR BRI TMo, BUEWE/. 52 . 5 S RARRIET
XFES, 15 B TMo; BRI TMop #1. MBI EEFA M 1 S RIZHEMN T 1.2GHz
FAS 1. 2 B RFRAHREE (0.6GHz) . tld 2(c) 41, MM z FFERERGH, 51
AR AR TS 2 SRR DN, TP ER B RIBE A AR I, _E 3R 453055 30k (3] 52
Swrd. WL 3Ok (3] FE 2, 3, 4 R, EF LIBRERU TiREsk, HEEE: (1)
BN ER 2R, (2) SHHELYIIRE, N S a5 R .

B 5 W T op AISMAFERIS. MEIHTTLIE S, SO0 ERE S IR ORI B B B
S RRALEAT .

X E 3 BRI T  R A, ek MR BRI A6 T, IR T 4 PR I 55 5t
Jr 3t Fegk RCS Bima 5ty 0. [ 6 44 1 7 1.01cmx0.86cm 7 F P15 51 TR 4H9 RCS
P4, LRI 6 = 60°, o = 45°, A = 0.lmm, d, = d, = d. = 1.0, BFHRHEN
111 x 96 x 16, BT KJERE R 5 #%, WRUKEER N 8 4. R EXVARE LIS RLH
RCS iERAHEAS 2, 3BTRS T4 0 HEAMRA, T HARIRE RS, 37
FH 0 = 60°, ¢ = 45°, A = 0.2mm, d, = dy = 2.5, d. = 1.0, B MHEECH 101 x 86 x 8, #st



24 %%

..H
dr
c
&
4

1422 i

(Env/‘o)

TP BRI AR A I
N o D a2 e

M3 SEEEERHE R XK
M4 #ArREs FDTD - 50i% i

— A — BERTUA — AU
— EmEKTAE 30 (@) = LMk

— i Bk SUA o] ®

(a)

7pp(dB/m?)

90+ 0+ 904+ ; —
16 8101214 1618 20 1 6 8101214 16 18 20 5 10 15 20
34 (GHz) A (GHz) 44 (GHz)

B 5 AR E SR
(@) y 7 (b) z wmE (c) z

. . : -901— : . —
5 10 15 20 10 15 20
Y% (GHz) %4 (GHz)

o

B 6 HREMRRA XL RCS B 7 RERMERLH RCS

BKIERE R 5 #, WHURIERE K 16 4. HETERILE 7, TTLLR 5L F 76 16 B0 5 BE 7 (6 Y 3
X SR 4 RCS SEmTR /.
4% ®

7230 1E FDTD 50 95 ik EUR ey KLkRg RCS Bimatteeh, St gefikdtshmie, 4%
o T A BRI S B B BT 48 FDTD sy A kg I xfE. SigssE itk t, &



10 ¥ ¥R FDTD kit ir s ki R &s RCS 1423

3 FDTD iffESad B, MM ERE, BEMN TEET S EEs, SGER T 22
AR A K.

& £ X W

[1] D. M. Pozar, V. Sanchez, Magnetic tuning of a microstrip antenna on a ferrite substrate, Electron.
Lett., 1988, 24(12), 729-731.

[2] P.J. Rainville, F. J. Harackiewicz, Magnetic tuning of a microstrip patch antenna fabricated on
a ferrite film, IEEE Microwave and Guided Wave Lett., 1992, 2(12), 483-485.

[3] H.Y. Yang, J. A. Castaneda, N. G. Alexopoulos, The RCS of a microstrip patch on an arbitrarily
biased ferrite substrate, IEEE Trans. on AP, 1993, 41(12), 1610-1614.

[4] B. Lee, F. J. Harackiewicz, The RCS of a microstrip antenna on an In-Plane biased ferrite
substrate, IEEE Trans. on AP, 1996, 44(2), 208-211.

[5] G. Zheng, K. Chen., Transient analysis of microstrip lines with ferrite substrate by extended
FD-TD method, Int. J. Infrared & Millimeter Waves, 1992, 13(8), 1115-1124.

[6] A. Reinex, T. Monediere, E. Jecho, Ferrite analysis using the finite-difference time-
domain(FDTD) method, Microwave and Opt. Tech. Lett., 1993, 5(13), 685-686.

[7]1  J. A. Pereda, et al., A treatment of magnetized ferrites using the FDTD method, IEEE Microwave
and Guided Wave Lett., 1993, 3(5), 136-138.

[8] M. Okoniewski, E. Okoniewska, FDTD analysis of magnetized ferrites: A more efficient algorithm,
IEEE Microwave and Guided Wave Lett., 1994, 4(6), 169-171.

[9] K. R. Umashankar, A. A. Taflove, Novel method to analyze electromagnetic scattering of complex
objects. IEEE Trans. on EMC, 1982, 24(4), 397-405.

[10] J. P. Berenger, A perfectly matched layer for the absorption of electromagnetic waves , J. of
Computational Physics, 1994, 114(2), 185-200.

[11] B. Chen, D. G. Fang, B. H. Zhou, Modified Berenger PML absorbing boundary condition for
FD-TD meshes, IEEE Microwave and Guided Wave Lett., 1995, 5(11), 399-401.

[12] R. J. Luebers, K. Kunz, M. A. Schneider, Finite-difference time-domain near zone to far zone
transformation, IEEE Trans. on AP, 1991, 39(4), 429-433.

(13] 3k¥, XIS, KU, AR, BOFRKMICS TR, J, EF T4 SR, 1988, 117-118.

THE RCS OF A MICROSTRIP ANTENNA ON
AN ARBITRARILY BIASED FERRITE SUBSTRATE USING FDTD
Xin Yaming Gu Changging

(Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract In this paper, a more efficient FDTD algorithm, with the Gilbert’s equation of
motion being discretized directly, is introduced for the analysis of the RCS of a microstrip
patch on an arbitrarily biased ferrite substrate. Some new techniques are adopted. Numerical

examples are given.
Key words Microstrip antenna, FDTD, RCS, Ferrite
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Abstract

An efficient implementation of the topography adaptive filter based on local frequency estimation is proposed,
where chirp-z transform is applied to enhance the accuracy of the frequency estimation. As a by-product of this adap-
tive filter, the linear approximated phase model of the interferogram is employed to improve the coherence estima-
tion. The impacts of the adaptive filter on global and local phase unwrapping algorithms are discussed. Finally, aim-
ing at the negative effect that the adaptive filter can bring to local phase unwrapping algorithms, a fusion scheme
that takes advantage of least square and several local phase unwrapping algorithms is presented.

Key words: Interferometric SAR, Local frequency estimation, Chirp-z transform, Phase unwrapping

0 Introduction

Interferometric SAR ( InSAR) is powerful in
digital topography modeling, even though, the ther-
mal noise, spatial and temporal decorrelation noise,
which make the interferogram quite noisy, always en-
cumber us from deriving as much as possible the ter-
rain characteristic from the two complex SAR images
acquired from different orbits. To filter the interfero-
gram is one of the crucial steps in the InSAR signal
processing routine, without which it is almost impos-
sible to unwrap the phase correctly, and hence to re-
construct the topography. The purpose of the filtering
of the interferogram is to reduce the phase noise and
“repair” phase fringes. The interferometric phase that
has been wrapped into the interval of [ — x, + x ]
should be considered as a random process, and is sup-
posed to be stationary in a small area although it is not
true in the large extent of the interferogram. To filter
the interferogram with a moving box is called "multi-
look”, it is the maximum likelihood estimator of the
interferometric phase originating from constant terrain
after the flat earth phase is removed. With an appro-
priate number of “looks”, we can reduce the phase
noise, and improve the contrast of the interferometric
phase map as well. The so-called “multilook filter” is
essentially a 2-D low pass filter, it eliminates the sig-
nal in case of steep topography as well as suppresses
noise in the stop band. So, the multilook filter will
smear the tight fringes of the interferometric phase

= Supported by the National Natural Science Foundation of China.
Received May 9, 2001

map, and also cause underestimation at the precipitous
terrain. We try to overcome this defect of the multi-
look filter by a local frequency estimation technique,
which will center the pass band of the 2-D filter on
the maximum magnitude of the 2-D local Fourier
spectrum of the interferogram. Local frequency esti-
mation makes the pass-band of the filter track the
variation of the topography, in other words, it intro-
duces a topography adaptive filter.

In the recent literature, there are diverse
schemes to implement the filtering of the interfero-
gram by local frequency estimation techniques. For
example, the schemes in Ref.[1 — 3] are based on the
MUSIC algorithm, 2-D FFT, and Energy Separation
Algorithm, respectively. In this paper, we propose a
chirp-z based scheme in Section 1. During the imple-
mentation of the filtering scheme the linear approxi-
mated phase model of the interferogram is extracted as
a by-product, which can help to improve the coher-
ence estimation, and hence provide a more reasonable
quality map for phase unwrapping. In section 2 and
3, the impacts brought by this topography adaptive
filter on coherence estimation and phase unwrapping
algorithms are analyzed respectively. To remove the
negative effect caused by this adaptive filter on the lo-
cal phase unwrapping algorithms, in section 4, a
phase unwrapping scheme based on the fusion of the
least square and several local phase unwrapping algo-
rithms is proposed. We use X-SAR data of the Mt.
Etna and ERS data taken from the vicinity of Vienna
as examples to study the performance of the filter.
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1 The Topography Adaptive Filter

Two complex SAR images used for interferome-

try can be modeled as,
s = ¢ + my

) szzc-e”'"r+n2 (1)
Here, c is the common part in the two SAR images,
n, and n, are the decorrelation noise,, and are as-
sumed to be uncorrelated circular Gaussian random
processes, and $7 is the phase caused by the topogra-
phy. We use the conjugate multiplication to form the

interferogram,
2
I=lcl e +c-ny" +¢" - my
G I TR P (2)

I is non-stationary because of the term | ¢ |2 - et
whereas the remaining three terms are stationary in a
wide sense. Strictly speaking, it is not reasonable to
do moving average over the interferogram because of
its non-stationarity, especially in conditions that the
In such areas, even the
rough assumption, that I is stationary in a small win-
dow is no longer correct, and the moving average that
ignores this point will smear the fringes. The first
term of (2) can be decomposed as:

. 2 5
Pl el - gt (3)

2
where ¢, is the coarse topography phase, and | c| -

terrain iS very precipitous.

& %r %) stands for the detail of the topography. If we
are able to extract the coarse topography phase from
the interferogram, then (2) is rewritten as,
I=é%-[lc |2 ) e nyt - e
+c* e ny &t 4 ny s ny o e %]
(4)
The detail of the topography, i.e. the term | ¢ |2
<%t~ %) is the mean of the stationary process in the
brackets of (4). We can achieve the maximum likeli-
hood estimation (MLE) of it by moving average under
the assumption of ergodicity. The extraction of the
coarse topography can be accomplished by fringe de-
tection. In our filtering scheme, this goal is achieved
by generating a linear approximated interferometric

phase model.

1.1 Structure of the Topography Adaptive Filter
The topography adaptive filter is a linear system,

and it should be expressed in the spatial domain as,
LG R * Pegimed fringe (T 2 %)) ™ 1 Pinoving box (5 £
* Bigsiimarea fringc(j &) (5)
where A poving bxo (J » £ ) is the impulse response func-

tion of a moving boxcar filter, and A cyimated fringe(J » )
is the estimated linear phase model, which stands for
the coarse topography phase. &) denotes the two di-
mensional convolution. The term A cyimated fringe (J » £ )
plays the key role in the above filter, and is deter-
mined by the input interferogram through local fringe
detection. If interpreted from the viewpoint of a band
pass filter, it is the linear approximated phase model
that provides information on the location of the center
of the local interferogram spectrum, and hence guides
us to design the band pass filter.

1.2 Implementation of the Filter

The most noticeable feature of the interferomet-
ric phase map is its fringe pattern. If we separate a
fairly small part of this interferogram, it should be
possible to approximate its phase map with a plane.
The spatial frequency of this two-dimensional linear
phase can be estimated from the small separated inter-
ferogram by several methods. While estimating the
frequency with 2-D FFT, the spectrum must be inter-
polated to improve the accuracy of the estimation.
Compurtational complexity will be reduced if we only
make interpolation in the main lobe of the spectrum.
A 2-D FFT of the original size on the separated inter-
ferogram will bring us a coarse spectrum, then after
its main lobe is located, only interpolation within this
main lobe is needed to get a precise estimation of the
local frequency. Chirp-z transform, which allows us
to only achieve very high frequency sampling rate in a
small interval on the unit circle, is employed to com-
pute the discrete Fourier Transform within a small
frequency intervall*!.

The estimated phase plane is described as:

Sy ) = BTN (o)

where f;, f; are the maximum likelihood estimates of
the 2-D spatial frequency components, and ¢, is the
initial phase. ¢* is computed as the normalized com-
plex average of the separated interferogram after the
linear phase is removed from it.

At the same time that we get the coarse 2-D
Fourier spectrum of a separated interferogram, the lo-
cal SNR can be evaluated by the ratio between the
magnitudes of the main lobe and side lobe of the spec-
trum. The local SNR is also a scale of the confidence
of the frequency estimation. If the local SNR is small-
er than a given threshold, we enlarge the estimation
window to twice of its original size for more reliable
estimation results and calculate the local SNR again.
If the new SNR is still lower than the threshold, a
mandatory spatial frequency of 0 is set. The mandato-

,__‘_4
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ry frequency is usually assigned to areas that are total-
ly decorrelated (e. g. water, high vegetation in re-
peat-pass InSAR).

We go through the whole interferogram by 50
percent overlapping the estimation window, then ta-
per weighting the estimated 2-D linear phasor, after
that reassembling them by superposition!®! to get
R estimated fringe ( J» £ ), i. e. the linear approximated
phase model. Because the computational efficiency of
making maximum likelihood estimation on the phase
of each pixel is not acceptable, the overlapping can al-
so be considered as an interpolation scheme, which
avoids estimating the dominant 2-D frequency point
by point over the whole map. An example of the per-
formance of this filtering scheme is presented in
Fig.1. The input interferometric phase and the linear
approximated phase model extracted from X-SAR
Mt. Etna data are shown in Fig.1(a) and Fig.1(b)
respectively.

The local SNRs will also be combined after taper
weighting to get an SNR map of the interferogram,
which can also be used as an additional quality map for
phase unwrapping.

(a) (b)
Fig.1 Interferometric phase (a) and linear approximated phase
model (b) of X-SAR Mt. Etna data

2 Impacts of the Linear Phase Model on Conher-
ence Estimation

We improve the coherence estimation by identi-
fying the topography term with the linear approximat-
ed phase model % .imated fringe- 1t should be removed
from the interferogram prior to the estimation of the
coherence over a large window. Thus the product of
thermal and temporal decorrelation 7 ermal © ¥ temporal
should be estimated as,

* *
| ZSI * 52 hestimared fringe

i EE w
7Y thermal * ylt‘mp«)ral = ! = 5 5 (7)
J S lal - Sl
JRE w jkEw

Additionally, the linear approximated phase mode
can also be used for the spatially adaptive implementa-
tion of the spectral shift filter as proposed in Ref. [6].

3 Impacts of the Adaptive Filter on Phase Unwrapping

The performance of the filtering scheme shoulc
be investigated with respect to its impacts on phas
unwrapping. In general the adaptive filter should fa-
cilitate phase unwrapping, but sometimes it also ha:
negative effects because of the artificial fringes causec
by the noise corrupted frequency estimation. In this
section, we will study the impacts of the adaptive fil-
ter on the global and local phase unwrapping algo-
rithms and put emphasis on the negative effect in the
case of local methods from the perspective of residuc
distribution.

3.1 Impacts on the Least Square-Phase Unwrap-
ping Method

As is well known
under estimation for least square phase unwrapping al-
gorithms. Therefore filtering must be proceeded prio:
to least square phase unwrapping methods. It is well
known!! "% that a topography adaptive filter performs
better than the conventional multilook filter. Never-
theless, the need for weighting/masking particular ar-
eas cannot in general be overcome. The generation o

(71, phase noise induces slope

the adequate weights is not necessarily solved by the
proposed topography adaptive filter, but the perfor
mance of least square methods is generally improved.

3. 2 Impacts on the Local Phase Unwrapping
Methods

If the phase unwrapping problem is not singular
there is definitely a reasonable or correct way to defin
the integral path for local phase unwrapping methods
along which unwrapping errors will be localized. Nev
ertheless, our capability of defining it is problematic
in case of high residue density the correct way is usu
ally unavailable and the robustness of any of the loc:
algorithms will be destroyed due to the high level ¢
phase noise.

To compensate the shortness of our ability to fin
the right integral path in noisy phase maps, filterin
of the interferogram is still necessary as a preproces:
ing step of local algorithms. Despite that the topogr:
phy adaptive filter can greatly reduce the residue der
sity, sometimes it also has negative effect on the loc
algorithms. This is caused by the artificial fring
generated by the filter in the situation of low cohe
ence. The artificial fringes that make difficulties f
phase unwrapping do not come from topography, b
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from noise.

For some certain residue distributions like dipoles
and near distance residue pairs 1t is very easy to define
a reasonable integral path, while for isolated residues
it becomes quite difficult. From the perspective of
residue distribution, the artificial fringes generated by
the local frequency estimator in low coherence areas
often bring us residue pairs with farther distance and
even isolated residues. Artificial fringes do not tend to
make the phase unwrapping problem singular, but as
the distance between residues is enlarged, to connect
residues with opposite charges sometimes does become
more difficult.

The linear
R estimated fringe (J » &) in the filtering scheme is normally

approximated  phase  model

not rotation free. After it has been subtracted from
the input interferogram, the residue map of the resid-
ual phase, which is expressed as the principal phase
value of the term in the brackets of Equation (4) must
be different from that of the input interferogram. The
residue pairs with farther distance and isolated
residues caused by artificial fringes will also appear in
the residue map of the residual phase. The residual
phase will be multilooked afterwards. but the adverse
residue distribution can still remain even after being
smoothed. Next, to finish the filtering process, the
smoothed residual phase has to be added back to the
linear approximated phase model. In this step, two
phase maps both with artificial residues, will be su-
perimposed to each other and there is no guarantee
that these artificial residues will cancel out or form
near distance residue pairs. To overcome these prob-
lems we propose the following fusion scheme.

4 A Fusion Scheme for Phase Unwrapping

In order to adapt the filtering scheme to path fol-
lowing methods, we propose a modified version of the

adaptive filter. As 1s well known, least square meth-
ods can give s smooth result. <o our intention is to
modify A i finge (7, ) through unwrapping it
with the unweighted least square estimator. In this
way, usually a residue free phase field can be ob-
tained. After subtracting it from the input interfero-
gram we get a residual phase map, which has nearly
the same residue distribution #s the input interfero-
gram. To unwrap the residual phase map by any path
following method is as difficult or as easy as to directly
unwrap the phase map of the input interferogram be-
cause of the same residuc map they have. Before
smoothing the residual phase to reduce the phase
noise, the artificial residues do not occur and after the
smoothed residual phase is added back to the un-
wrapped linear approximated phase model, still no ar-
tificial residues are introduced.

Our fusion scheme for phase unwrapping is de-
scribed next: First the modified adaptive filtering
scheme is proceeded; Then for phase unwrapping, we
first generate the mask cuts with the mask cut algo-
rithm'®, and then unwrap the smoothed residual
phase. During the unwrapping process a binary map is
generated, which is a flag on each pixel and indicates
if it has been unwrapped or not. Then the areas
marked as wrapped are unwrapped with a region
growing algorithm. For the region growing algo-
rithm, pseudo-correlation is utilized as a quality map.
Pseudo-correlation can point out the position of
residues very precisely, and the integral path of region
growing will be guided in a more appropriate manner.
Besides the pseudo-correlation, the SNR map is also
used to set a lower limit to stop the region growing.
The reason why two different quality maps are used
here is just for the improvement of the robustness. An
example of phase unwrapping using the fusion scheme
is presented in Fig.2.

Wrapped phase map

Fig. 2

(b) Unwrapped phase

Results of phase unwrapping using the fusion scheme

|
|
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S  Summary

An efficient implementation of the topography
adaptive filter based on the chirp-z transform has been
presented. Its potential to repair fringes was shown,
but sometimes it also induces broken or lost fringes
because of the artificial fringes caused by the corrupt-
ed frequency estimation. Therefore the adaptive filter
incorporated with the least square estimator is sug-
gested prior to using the local phase unwrapping algo-
rithms.
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Studies on Airborne Squint-Looking SAR Patch-Mapping
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Abstract: The operation and processing of airborne squint-looking SAR patch-mapping is investigated. For motion compensa-
tion, we propose to perform the range alignment and phase compensation on the one-dimensional range profile in a pixel by pixel level.
By the simulation, we can see that compared with the simple method that does motion compensation only according to the center of the
illuminated area, the new motion compensation method not only can improve azimuthal focusing and reduce geometric distortion, but al-
so may simultaneously realize ground projection. With the linear R-D algorithm and the proposed motion compensation method, airborne
squint-looking SAR patch-mapping has been implemented successfully in a campaign. And an X-band SAR image of mountainous area

of 40 degree squint angle is presented at the end of this paper.
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