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Abstract:

ture radar (SAR) interferometry . This method provides independence from noise statistics and is not constrained by the nonlinearity

This paper presents a phase unwrapping algorithm based on the unscented particle filter (UPF) for synthetic-aper-

of the problem. This technique performs simultaneously noise filtering and phase unwrapping by the optimal data fusion approach. In
addition, the importance density function is integrated with the latest observation information and is more in line with the posterior
probability distribution of true phase by using an unscented Kalman filter (UKF) to carry out particle update, which also enhances
the accuracy and the efficiency of the proposed method. Simulation and real data processing results validate the effectiveness of pro-

posed method, and show a significant improvement with respect to the EKFPU algorithm and other conventional unwrapping algo-

rithms in some situations.
Key words:

1 518§

WAL I W LA ks = R 5 A B
TGP TR, B 20 4 80 AR LK, i —H 2 T
U AR IO IR S 1 48 s R Y 380 iR Ok X
TR FBIE 248 TIRZ IR Tk X L8677 1%
HEAR AT RAASE R BT S : — 202 s e PR A 1
RO AR, IS AN 1 52 1A Bl i o ek 50 2 X0, AT
JETTHE HE S0 ) TR B 10 X3, 1 — 2T IR AR
AR BR B i, A I XE LA AR AT S B i T T I O —
A0 TR LT /NGRR3R
AL JEE T TR U A4 A SRR A e/ NS TR (FL S SRA A
BEPEAS 2 B RO (A 2 Ak 3 AN BE S e 052 79 07 768
JE LU 25 ABR MR 221 B3R Oy o 0 3 T B AE A
BRI Z R ST AT B I, 3 Bt 2 A IR TR A

Wik H 11 :2010-01-06; & 71 H 1 :2010-08-10
HEWH E K AR 54 (No.60772143)

unscented particle filtering; path-following strategy; SAR interferometry

Firf5 8 2 5k, ARG DA JF 0

e LA IRV, A ST T e 5 o
LB 47 B TR H R BB E R HH45 AR B — i
TR TIN5 AR L F 7 2 (UPFPU) . %07 3%
AT S AFIE RIZEHE R0, I 5 75
SRR3R IF 3 2 5 PR i 155
RS T D B 0 B2 T 6 T
LA PR D 5 B LR PR R W s A
AR S 2 SR B S, (0 2
SRS B ILI £ LA A0 5 25 USRS 10 0
HE 4345, I T T AF LB FPARE S48 s L S1, FF
FRRBATORA4 48 11 ML T 0 0 4R IR
BB BE BSB89 455 0., AT A0 90 T AL I
ooy Y HE AR LR ) SO S BB AL T S
AT IR, LSRR DUMIFHESE F 0936 T4



706 H +

EE ' 2011 4F

R Y U 1 AF 7 J T (EKFPU) J7 13- 15) Jf — e ft 55
R AFAE J TF AR b LA 50 s 1 3 D Ao Py A fde e
2 MFRERGER
2.1 RKE&EAFE

R EH ERRE(m, n), ¢ £ k1R
JCHE SR T WAL, 7T LIS 240 R iR s 2s )y f )

{xk+1:xk+[)dk} (1)
pdy = pd;, + e,

KO, pdy, 7% k 18 T0ELSCHIAI BT BE B | pd, h ELSE
AARBRIE HO AT, e SR 0T (7S | FLUE A < EL e ] =
0; Q= E[e¢ke¢l] =02e,k5(kvj),5(k’j) = {(l)’Z;j:}’Uze,k
9o kAL TCH RS A HHR2E 7 2% .
2.2 WiFRE

S — A 9 5 9 9 (1A 43 0 TF 58 404k 40 VR
5T 25 A7 B AN LI, B0 T L5

Im( z,)
a, sin( ¢, + 0,) }
i Re(z,) B {cos( ¢, +06,) 2)
Qaj,

A2, 55 “Im(0 )" FR B« B HEFR, “Re(x) "R
B x BSE8s z, WETWIE ERTE TR, o, A
WM RNEEE s 0, 7 T ARG 2 — A R HL
i, FOHE A A 1 IO T 5 [ A T A s
A3 215 S A e TR PR BSEALL, AS St
SN O TR T S AR, SC(2) #E— 2B A
yk:{Sln(¢k)}+{U§}:h[¢k]+vk 3)

cos( $;) v3
ﬁ@ﬂ%w=yﬂwﬂﬁL®Wﬁﬁ%2ﬁﬁ%%%
Uk
F R . 2 (2) A (3) F B 2495 A A3 M s 2 1 e
i, 20(3) g LA B B R R M, 5 S S v I I
DRI, 7 A b i, o A TR st 7 1 v 0T M1 8 AN IE
), XIS B EKFPU J7 i A0 07 8 T i T R 2R
R EE LR 3R 22— 5 FR TR U IS 2 A R I S 4
et 298, B, 20 (3) v 3T B8 1 R T O R 2 R
HOCHEW, HA R, =Ely Sk, ji,
or I E T WG kAR TTIE M LU L. TR
DRI R AL g L 5
X oc ¢k

X+ =f[xk’€¢A] =x,+ pdy + ey

Sin(xk+1) U%r+l
yk+1:h[xk+l]+vk+1:{ }+{ }

Cos(xk+l) U%Hrl

v} ] = diagla?

(4)

3 ETRARENAGN FIREMECREFF
"k

R UE P AL R R SRR ik, B O A
TR IELR v = {y = 1k} FIH— R FIBE
BUREAS I AN 27 B 5 1 )5 B R 2 p (ol o), 9T
HEORSA B x, fHES.

3.1 AHFRBIREEE

UKF B9 4% 0 J& UT(Unscented Transformation'® ~ 12! s
UT i I d5e/NEE B 0 08 PR B R 1Y sigma 5 0 A £ R AL 722
G WA 2

YFARLRE TR 2 = f(2), Hp x€ AV NER
Sigma s ANT :

vo=2=E[x]
Xj:;_{_(m)j,j:l’z...]v (5)
yion=2-G/(N+)P,);,j=1,2N
K)o AR & o AN F R 2o 2,
(W N+A)P,); 2 (N + A) P, B J7 MAE B 5 j 51 ]
L E A 22 AU R BT
br=A/(N+21),j=0
b=A/(N+2)+(1-a*+p8),j=0 (6)
bi=b"=1/(2(N+21)),j=1,2:2N
KSR (6) Hr: N ZAR S AR 1 o AR (A S N =
D, A=a*>(N+k)- N,Z% a,ﬁ,K(ZIKjC':F',a =0.01,83
=2,k =0)EHARKET Sigma SH; S « ATHE
Sigma i £ B (A s DR RS , 38 K — MR/ R «
HHEEL0, B FH TRl ABEHLAE B/ e 5005 8, X T i
G3ATGEHE I B =2, #E— Ry Ai ] 2 0L SCRR[8 ~ 101,
SCHR (8L TR
3.2 AFHTFIREELCRFAEXE

FEXTES 2 RN BRI R G, TR i
HHE 52 IR P 8 MR ST

(DWIIRE A k=1, 5 KIS E I —14 00
ERRIG BRI BIGZEAINL N @) FEXBE (- n+ ¢,
e+ o)) NI STHUIER N, SR T« (i = 1,2+ N,), B
B HAb TR 22 T 22 ps MR s wh = 1/, X
S AR ARARNL 2 22 7E (= 7o, ) 2Z 8] (5 bR 2
AELL) I, X8 (- + @, m+ @ ) BESE R T
AR B ICHIR S 25 ]

(2)Ffl UKF B B HRAER T Bl FIPL,i=1,2
o N, A3 R kAR TCRL - AR N A AL 1 25 O 25l A
K (5) AT LI A5 B4 — R T Sigma 5, 2500, T4
CIEi’S IMNEER T TAn o

ﬁc(i)l lk,j =f[xak(,;') ,0]



% 3 M BHEHT  —FPJE T UPF (9 T30 SAR ARGLIEIF 7 ik 707

T - 2 YA HHORL 1 8 AR

g _i YA ) A7 JRE T B85 T B 4 ] O MG
PUIE ST SRR R 1R AT — (8T OB T = S A8
) 2N, > > > . >, N AR B @ Afé8 77

Pi 22 bf[xak@uk,j _x/lhllkl[xak(i)llk,j - x;u-l\k]T"' Qk WIELH AR A9 8 R0 T

j=0
. s
gi-n\k,j = h[xi@nk,j]

2i ZN‘ mgi

yk+1|k=24bj§k+l\k,j
j=0

R

2N
P;‘,kﬂlk:Z bf[ﬁunk,j—y§c+1|k][~§§v+1|k,j—y‘§c+1|kJH+Rk+1

j=0
2N

Pay i =2bﬂxn‘»‘(i)1lkqj_va+1|k][€2+1\k,j_y;wm]vlv (8)

Vi = Piy,k+llk/P§',k+l\k

Xy = ;inu{ + Vit (Pron —;’inlk)

Pioy=Pioyin— Vi Py 1ia¥ie

(7)) H, Qp J k G ITHRLBE EAG TR 2207 225

FR, 5352 k ARG HE A KRR I 52 22 P Jy 2%
Q)R T AIIE I 255508 i, F1 PL,

E‘JIE?&%Z% N( X415 9324,1 s P;H] ) EF'%‘EEEM&?%u ,*EEHX
Ty 4072 WICHR8 ]
(4) TR AR F A E I — 1k

wizh o p(yifli1ai,), 1=1,2

o=y % D ©
:U;;+1:7:‘\)2+]/2 1;}§f+1
ﬁ(9)EF,y§f+>1 VNP TRy e
(S)TRAE SR T Wb /ML LT
B 1B B BORE TR | s by 10 i = 1,20 I, | 9
BT RE b, 10 whay = 1/N,, i = 1,20 N, UG, Ly
5 SR8

(6)IRA A H - aﬂﬂig;@ (10)

xp o B SR 1 R FFAR L. 2 (7) ~ (10) HIETF
UPF f9— 4T #4540 BB TR 30 R T IR D 28 & AL T
5 ] SR I R B T A i O 22 0 A, Tl
SE U 5 M T
3.3 ETHREREN 2 4N REECEFE

7% (UPFPU)

SR T U 5 B 1% B S LA I 4 7 3L 1 A B
FE Al 2K, B MR A T (% SR PR M 283 O
P21 ) G R T D S R i 3 A0 R i X S
R TR A T 5 o MR 7 S (1 [ S S B 1 £
JEE TR BE R R

L e I 15 oo 19 i A A A5
I, 7 2 4 UPF ML
JRFFE G, AR I A X () THEBIE. ] 4k
MBR Cmy AR —HE k(m, n 43 39 3678 5 A7 ) FO A 2
), U (m, n) G I0HL T Sigma UM A K 152 25 B3 5 22 7]
PMETE R

- b
xoy = >

(a,s)€(BNL)
2N
-i T 2 —ali) S i - —ali) C-i T
| IR DI T BT R T | T S Tt
j=0

+ 2 dl‘(a,s) Q(G.S)

(a,s)€(BNL)

Bl 24007 ul i T A

i Cr-ali)
d(a,s)x[(m,71>\<a,s).j]

wih = 20 A (11)
K1), B #5555 IR T HISE 8 411046
L FR B ER. 2 [0 0 ) FR I (a, )BT
BT S5 B9 S BT ICHY Sigma 269 BN, FLA -
;[(nf,(,f;ua,x),/] = ;‘Z’ff.)m +20f 00 (m = @)

+2f 0 (n—s) (12)
Fa T F oo SP R B Cas s) 185 0 i O B 1 A
B J 1 Jrd S 0 S A T, 308 e 5 B R A 3 2 K
fale-18l g RIS, Rk

i ; 1 _
(a,s) = [P(a,s) X SN((I,S)] lg((l,s)/

Z [Pia,s)me_lg(a,S) (13)

(a,s)E(BNL)
d(a,s)FRMALBE BTG IO /5 T U o7 ik -5
HALTF R 2E ST M LA ¢ (5 MR Ly B TH i 25 /N Y
BTG I A AR T i T 5T Rk ) . SN (a, s) Fm
(a,s)BICHIEMELE; g(a, s) BRI B N (a,s)
BT N CARAL R BIE T (0 R KB MEIG, 1
FRCIRIFINETT) .

4 KWERSHT

4.1 FEXWESSH

o T BRI g E 8, S T
AFAE i TET (ORFAR I 128 x 128 ) S b — 4~ B T AR T A% 411
AL T WG ARAR 0, W 2Ca) iR B 2(6) 2 2(a)
IIAARUETT 224 1. 0vad® 155 30 I 75 )5 114 280 28 A 7 ; UPF-
PU 2 S M 1 77, T A 30 {0 M A S0 00 5% 80 77 ok 1)
AL B0 %, L el AR 7 5 6 TR 5 51 T4 5 4% DA sk e
LA o P P R ) DX, R T A A T % R 4 R Ak
U R - W (TR 9 58 2% BT W 32 B 8 7 9 B %2R B
B, WE2(e)ME2(d). T E &4 B A AL T H



708 H

2 2011 4F

R1 BEURFREELER

By HiRzE
W7 J7 22 /rad® | UPFPU EKFPU MNS LS
0.49 0.4302 0.7356 1.1565 5.3166
0.64 0.5282 1.0746 1.5896 5.9025
0.81 0.6572 1.5775 1.9637 6.1213
1.00 1.1718 2.5257 2.3835 7.2157
1.21 1.5181 3.4439 3.0587 7.6157
1.44 3.0317 4.6022 3.6936 8.1233

20 40 60 80 100120
(@) Y3 TR HIAL Ml

‘. :_ ‘ I U 120
(5) MW 9L

20 40 60 80 100120 2040 60 80 100 120
(c) REFFE I (d) gLl
B2 A3 R BV =80) AL BT 45 R

100 200 300 400
(a) BREGT

100 200 300 400
(e) ETFETR

100 200 300 400
(b) HAETH > i 2z el

100

200p

300

400

100 200 300 400
(d) g4 B

B3 AR T HN =80) LB &R

B FE B0 AN [R) B v T 22 1) /55 B Mg 75, o AR
it UPFPU  fi/N 28 U 3832 (MINS) L e /N —3fe 7 (1S) DA
J EKFPU J7ik ¥ J5 Al i 22 (B 5 il i 22 = P M
H5HEST WA Z 224 5HE) , g 1 PR, WE 1
AILLE 1 5 EKFPU . d5e /N 45 9 i, die/IN 36 1k 56 A
EE, UPFPU J7 3k 15 22 2 AH 2 /N L ZE A SC P, B UPFPU
FEKFPU A1, Ho At AR TF 7 i A AL B T 2 Aip, 2 3
157 AR e 7 8
4.2 SKNEHELIE

SEINES i (468 x 468) H ¢ [F JPL 5% 5 & 4 it 2
SIR-C RGEARAF M FEATRUNEAE | AR DX 38k 3% [ =k
S XSS T AR 3Ca) Bin; B 3(h) AN
G322 1 (5] 5 JE I B A% ) s UPFPU J5 v 15 52 J R 75 16
U P [ 52 A S J T, HL 8 T A A7 1] % T 4 58 2% 4L
BRI B RAE T U Ak sr e R, W 3 () FI
B 3(d) , SEONEHR Ak B 25 SR [R] BRI B AR 305 75 18 5K
PEFIOE A .

5 g

AR SCHE A k1 DU ST AE SR 0 A A R T 7 %
(UPFPU) BE [7] s} 58 1 V5 FE A 38 I I S8 T, I LY 1
TSI K dh Ak B b B BOAS T AA  RIOR  AR SCTT
LT 8 Dk 5 AR R TR W L S 4 T L R R AV A A T
FHES A S, 5L 50— 05k (B 3Rk M 4%
TR ) S B, LA 0 v I RS 0 A i 1) e 5 R T
PEPEA ST S ALV (1, AS 52 A58 TR gt s 0 R 2k
P20, 5 EKFPU J7 3 A1 L, UPFPU J5 it A
A2 1R RS EE TN ik A R fde s

S 3k

(1] XUREBR, RIAT , 55 . R AR 2 I8 IEAE InSAR M 5 3K B 55 A0

PR b A R LT, 0 5 3R 3l ) 2%, 2006, 26
(2):64-67.
LIU Guo-lin, DU Zhi-xing, et al. Application of Kalman filters
to noise eliminating and phase unwrapping of InSAR[ J] . Jour-
nal of Geodesy and Geodynamics, 2006,26(2):64 — 67. (in
Chinese)

[2] Goldstein R M, Zerber H A, Werner C L. Satellite radar inter-
ferometry : Two-dimensional phase unwrapping[J]. Radio Sci-
ence, 1988,23(4) :713 - 720.

[3] Wei Xu,Ian Gumming. A region-growing algorithm for InNSAR
phase unwrapping [ J]. IEEE Transaction on Geoscience and
Remote Sensing, 1999,37(1):124 - 134.

[4] Flynn T J. Consistent 2-D phase unwrapping guided by a quali-
ty map[ A]. Proceedings of the 1996 International Geoscience
and Remote Sensing Symposium[ C] . Piscataway : IEEE Press,
1996.2057 - 2059.



3 M

WHERH . —FP L F UPF B9 T35 SAR AL T i 709

[5] Ghiglia D C, Romero L A. Robust two-dimensional weighted
and unweighted phase unwrapping that uses fast transforms and
iterative methods[ J] . Journal of the Optical Society of Ameri-
ca,1994,11(1):107 - 117.

[6] Pritt M D.Phase unwrapping by means of multigrid techniques
for interferometric SAR[J]. IEEE Transaction on Geoscience
and Remote Sensing, 1996,34(3) :728 — 738.

[7] Ghiglia D C,Romero L A.Minimum LP-norm two-dimensional

phase unwrapping[ J] . Journal of the Optical Society of Ameri-

ca,1996,13(10):1 - 15.

ke R UR R S e it g S (D] . P4 Vo2 3 TR

£,2008.

YANG Jun. Particle Filter Algorithm Research and Application

[D]. Xi’an: Xi’ an University of Technology, 2008. (in Chi-

nese)

/AR, RO B . SE T UKE (19 3 42 B B

ZM%[T] . B F248,2010,38(3) :639 — 645.

XU Xiao-lai, LEI Ying-jie, XIE Wen-biao. Self-organising in-

tuitionistic fuzzy neural networks based on UKF[J] . Acta Elec-

tronica Sinica,2010,38(3) :639 — 645. (in Chinese)

[10] BXSLHE AR 0 BT UKF 83k R E RS 11H[1] .
B T ,2010,21(5) :615 - 619.

ZHAO You-qun, LIN Fen. Vehicle state estimation based on
unscented Kalman filter algorithm[ J] . China Mechanical Engi-
neering,2010,21(5) :615 - 619. (in Chinese)

[11] Julier S J, Uhlmann J K. Unscented filtering and nonlinear es-
timation [ A]. Sequential State Estimation: From Kalman Fil-
ters to Particles Filters[ C] . Piscataway: IEEE Press, 2004 . 401

—422.

[12] Julier S J. The scaled unscented transformation[ A ]. 2002
American Control Conference[ C]. Piscataway: IEEE Press,
2002 .4555 — 4559.

[13] Batuhan O, Shimon W.InSAR phase unwrapping based on ex-
tended Kalman filtering[ J] . IEEE Transaction on Geoscience

and Remote Sensing,2009,47(4):1197 - 1202.

[14] Nies Holger, Loffeld Otmar, Wang Robert. Phase unwrapping

using 2D-Kalman filter potential and limitations[ A] . Proceed-

(8

—

—
O
[l

ings of the 2008 IEEE International Geoscience and Remote
Sensing Symposium[ C] . Piscataway: IEEE Press, 2008. 1213
- 1216.

[15] Loffeld Otmar, Nies Holger, Knedlik Stefan, Yu Wang. Phase
unwrapping for SAR interferometry: a data fusion approach by
Kalman filtering[ J] . IEEE Transaction on Geoscience and Re-
mote Sensing,2008,46(1) :47 — 58.

AR, T B, X 525 BT Ry B A Al 1 A BR ST A A
PR IFIr ik [1]. R G B4, 2007, 19 (19) : 4574 -
4578.

WU Nan, FENG Da-zheng, LIU Bao-quan. Phase unwrapping

approach based on local frequency estimation and finite ele-

[16

[l

ment method for interferogram[ J] . Journal of System Simula-
tion, 2007, 19(19) :4574 — 4578 . (in Chinese)

B, R, XS SR — R A 22 A 3 i DX A KA
PLRTFINELT] VI TR R E 2 M (B RBE R,
2007,34(1) :88 - 91.

WU Nan, FENG Da-zheng, LIU Bao-quan. A region growing
phase unwrapping algorithm based on local frequency estima-
tion for interferometric SAR[J]. Xi’ an Dianzi Keji Daxue
Xuebao,2007,34(1) :88 — 91. (in Chinese)

[ 18] Emmanuel Trouv'e, Jean-Marie Nicolas. Improving phase un-

[17

[

wrapping techniques by the use of local frequency estimates
[J].IEEE Transaction on Geoscience and Remote Sensing,
1998,36(6) : 1963 - 1965.

fEEEIT

BISERR 53,1979 4F 11 H A T 4R
s BUA L FRHOR 25 5 S5 B AL Bl
WA . TS5 T AR S
M.
E-mail : xxmxgm @ 163 . com

BIRIE 59,1968 4F 10 H AT . B
LR RS 2 A T, v [ T
B AR BT R MR RS S A B T T
.



