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Modeling and Reduction of SAR Interferometric
Phase Noise in the Wavelet Domain

Carlos Lopez-Martinez and Xavier Fabregas

Abstract—This paper addresses the problem of interferometric ducing coherence will increase phase noise. Coherence reduc-
phase noise reduction in synthetic aperture radar interferometry. tion has different sources: due to the SAR system (system noise
A new phase noise model in the complex domain is introduced and - gaometric decorrelation for instance) or due to the scatterer

validated by using both simulated and real interferograms. This - ) .
noise model is also derived in the complex wavelet domain, where (temporal decorrelation or volume decorrelation). The interfer-

a novel noise reduction algorithm, which is not based on a win- 0Metric phase is wrapped within the interyalr, =), making
dowing process and without the necessity of phase unwrapping, necessary an unwrapping process to estimate the absolute phase

is addressed. The use of the wavelet transform allows to maintain [5]. The phase noise hinders this unwrapping process, as it is

the spatial resolution in the filtered phase image and prevents t0 g of the causes of the phase residues [6], but it also affects the
filter low coherence areas. By using both, simulated as well as real . . !
quality of the obtained DEM.

interferometric phase images, the performance of this algorithm, X o ]
in terms of noise reduction, spatial resolution maintenance, and  Interferometric phase statistics, under the assumption of a

computational efficiency, is reported and compared with other con-  sufficiently large number of scatterers inside the resolution cell,

ventional filtering approaches. have been completely characterized [7], [8]. Itis also known that
Index Terms—Phase noise modeling, phase noise reduction, SARthe phase noise, in the real domain, follows an additive noise
interferometry, wavelet transform. model [9]. In this paper, a new complex interferometric phase
noise model, both in the original and in the wavelet domain, is

presented.

|. INTRODUCTION . . .
Several techniques have been proposed in the literature to re-

AR INTERFEROMETRY (InSAR) is an established techduce interferometric phase noise. The first approach, applied to
ique for the extraction of height information by means ahe complex interferometric signal, is the multilook filter [10],
SAR remote sensing [1], [2]. The height map generation procegglucing noise at the expense of spatial resolution. In [9], a
is divided in two main steps. First, an interferogram is generatgsthnique applied to the real, as well as to the complex inter-
using a pair of high-resolution complex SAR images of the sam&ometric phase signals, and based on the local statistics filter
scene, but taken from slightly different locations. The imaggs1], was presented. Furthermore, techniques reducing phase
can be taken in the same survey (single-pass interferometryhejise in the Fourier domain have been proposed [12]. The last
in different surveys (repeat-pass interferometry) over the scefgo filters reduce noise and maintain, to a certain degree, the
Afterward, the phase difference between both SAR imagesdfginal spatial resolution. All these filters are based on a win-
transformed to height information. INSAR has been succesfwing process of the original signal in order to adapt either,
fully applied with different sensors: spaceborne, i.e., the Eurgy the signal or to the noise nonstationarities, or also to both
pean Remote Sensing satellites ERS-1 and ERS-2 and Spagghem. In [9], the windowing process is more complex, as it
borne Imaging Radar version C (SIR-C)/Spaceborne Imagigglapts to the signal morphology, but using a reduced set of win-
Radar-C/X-band Synthetic Aperture Radar (X-SAR) missiongows. Consequently, the filter performance depends highly on
and airborne, i.e., the German E-SAR system. INSAR data hare window dimensions. In this paper, and based on the devel-
a wide range of applications as, for instance, digital elevati@ped complex phase noise model, a novel noise reduction tech-
model (DEM) generation, surface motion estimation [3], or vegrique in the wavelet domain is presented.
etation structure retrieval [4] making use also of polarimetric |n Section Il, the interferometric phase noise model in the
SAR information. complex domain is derived. The validity of the model is demon-
The statistical coherence between both SAR images giveséfrated using simulated as well as experimental interferograms.
formation about SAR images similarity and about the interfefn Section Ill, a new phase noise filter in the wavelet domain,
ometric phase noise content, in such a way that any effect frsed on the developed noise model, is proposed. Section IV
presents the performance of the algorithm by employing simu-
lated and real interferograms and compares it with alternative
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phase noise depends on this interaction. The interferome: ' ' ' ' ' P

phase quality is controlled by the amplitude of the correlatic L7

coefficient .7
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wherel; andl, are complex SAR imagefy| is the coherence; e
andd is the corresponding interferometric phase. .7 c

The interferometric phase has been completely characteriiy 4| oS
in the real domain. Several authors have independently deriv e ’
based on a Gaussian scattering model for distributed scatter K /
the expression of the multilook interferometric phase probo.2 | L
bility density function (pdf) [7], [8] L7

D(n+1)(1-1p2)"p ; , . . ,
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Fig. 1. Comparison betweeN. and|p|.

where = [p[cos(¢ — #); F' represents the Gauss hypergea

4 ’ . - . Complex Interferometric Phase Noise Model
ometric function; and: is the number of looks. Equation (2)

is symmetrio{ mod 21 about its mode, which occurs @tThis In the_ co_mplex dqmain,_ the interferometric phase is encoded
pdf has been proved to be valid in the intervale [—x,7), &S apointinthe unitary circle

in which the mean gnd. the standarq deviation hqve_ problems.to 3% = cos (¢.) + jsin (). (4)
correctly characterize interferometric phase statistics due to its

circular nature [13]. In order to derive a noise model for (4), the real part is analyzed.

Based on (2), Leet al. [9] proved that the interferometric For the imaginary part, only the final expression is given, as it
phase noise in the real domain can be characterized by an addn be derived in the same way. Based on¢&¢.) can be
tive noise model written as

by = by + v @3) ¢os (¢.) = cos (¢, + v) = cos (¢, ) cos(v) — sin (¢,) sin(v)

(5)
whereg. is the measured phasg; is the original phase without Where the original signap,. has been separated from the noise
noise; ands represents a zero-mean noise depending and contrlbutlom_;. AIternatlv_e expressions fatos(v) and s?n(v)
|p]. The original phase, and the noise are assumed to be in-¢aN be obtained. Substituting = cos(v) andv, = sin(v)
dependent from each other. To reduce the interferometric ph25¢ making use of (2), the corresponding pdfsifor 1 (i.e.,

noisew in the real domain presents the problem of the pha@8€-100K), can be obtained in (6) and (7) (shown at the bottom

jumps, i.e., points where the interferometric phase goes fréththe page).
_r to . From a statistical point of view, it is necessary to |Ne mean values of; andwv,, represented byV. and N

eliminate these phase jumps, through an unwrapping proces$&pPectively, are given by

order to correctly calculate the statistical parameters. In terms of T 11 )
noise reduction, as phase jumps represent high-frequency infor- Ne =7 lolF <§7 i 2ol ) (8)
mation, it is necessary to avoid its filtering in order to correctly N. =0 (9)

unwrap the interferometric phase. To avoid these problems, the
interferometric phase noise can be reduced in the complex #adg. 1 shows the curve a¥., where it can be observed that
main, where the phase jumps are not present. is monotone increasing witlp|. This property will allow to use

pos (1) = 1 (1 - |P|2) [(1 - |P|2’U%)1/2 + |plvy (7 — arccos(|p|vl))}
vy WM (1 _ |/)|2’U%)3/2

Doy (v2) = 1 (1 - |/)|2) [(1 — |l (1 — v%))1/2 + |P|M (% — arccos (|p|ﬂ))}
v WM (1 _ |p|2 (1 _ vg))3/2

-1 S’Uz S 1. (7)

—1<u <1 6)
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N. as a new interferometric phase quality parameter, inste  %° — ‘ ' '

of the coherencép|. The variances of; andwv, are calculated AN

numerically. Fig. 2 shows the varianceswfandwvs, referred NN

aso2 ando? , respectively, as a function of the coherence. Tt 04r NG o’ 1
. . . oy ~ ~ v

noise contributions; andv, can be represented by the additior FARNS P!

of their means plus zero-mean random variables
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vy = cos(v) = N, + v} (10)
ve = sin(v) = Ny + v}. (11)
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Then, (5) can be rewritten as “\h

cos (¢.) = N.cos (¢,) + v cos (¢s) — vhsin(¢p,.)  (12) W\

0.1f 1
that can be expressed as W\

cos (¢,) = N.cos (dz) + ve (13) 0 s s . .
0 0.2 04 06 08 1

wherev, = v} cos(¢.) — v sin (¢, ). Using the same proce- ol
dure, the expression for the imaginary part is obtained as

sin (¢,) = N.sin (¢,) + vs (14)
herence of 0.7. The dashed lines represent the theoretical rela-
wherev, = vj sin (¢.) + vjcos (¢.). The first terms of (13) tion between mean and standard deviatioewsf(¢- ), for those
and (14) contain the original sign@l. multiplied by the factor ¢ases whereos(¢,.) is equal to 040.5,41/3/2, and+1. The
N.. The second terms,. andv;, as it shall be demonstrated,plots show that the value,_is almost independent of the orig-
can be considered as zero-mean additive noise processes.jffiisignal valugos(¢ ), as stated in (16). The curvature at the

Fig. 2. Complex interferometric phase noise variances.

the real part, (13), the variance @f has the expression extremes is due to the dependence betw¥eando,,_, as both
> _pl ;. 2 of them depend onp|. Fig. 3(b) presents the mean-standard
Tve = {(Ul 008 (¢) — vz sin (¢)) } deviation scatter plot for a simulated constant phase of value

=02 E{cos’ (¢.)} + 0l E{sin’ (¢,)}  (15) ¢. = w/4rad, for coherence values between 0.5 and 1. The
v1 v2 . . .
., _ ) _ ~white dashed line represents the theoretical mean-standard de-
whereE {vjv;} = 0. If the interferometric phase signdl is  vjation relation ofcos (¢.). In this case, the simulated data fit

considered as a random phase, then (15) leads to completely the theoretical curve. Fig. 3(c) represents a 2024
) ) ) 1024 pixel image segment of an X-band interferometric phase of
Tv. = 5 (U'm + U«:g) : (16)  Mount Etna, Sicily, with 3x 3-m spatial resolution, acquired by

On the contrary, for a constant phagg, (16) does not hold. the E SAR_system of the Germa\_n DLR. Flg. 3(d) shows that the
. 5 N o . real statistics follow the theoretical relation between the mean
In this case, ag; andos: have similar values, (16) is taken . . .
S Ve Us . and the standard deviation obs (¢.). Again, for clarity rea-
as an approximation to the actual value. Fig. 2 shows the efféc

e . sons, the theoretical relation between the mean and the standard
of this simplification. Using the same procedure, one can proye

; X déviation ofcos(¢.) is plotted with dashed lines for the cases
2 _ 2 _
thato;, has the same expression as (16) (k5. = o, ). There wherecos(¢,,) is equal to 0.5, 0.9, and 1. Although statistics for

fore, v ar_ldvs can be defined as s_ta_tlstlca_llly equal noise term&,le imaginary part are not presented, they also present the same
and also independent from the original sigpal In this sense, . :
.agreement with the theoretical model.

(13) and (14) define a model for the interferometric phase nois
in the complex domain. Accordingly, noise has a multiplicativg Complex Wavelet Interferometric Phase Noise Model
behavior given byV. as well as an additive one given by the

noise terms,. andv,. N, and the noises,. andv, are not in-
dependent, as they depend|ph With an increasing offp|, N.

The interferometric phase noise model in the complex do-
main, introduced in Section II-A, will now be addressed in the
increases, andgc andaﬁg decrease. wavelet domain, as within this domain an efficient use of it can

To prove the validity of the model, mean-standard deviatid?‘? perfogmed._The f:ontinuous yvavelet transform of a function
scatter plots have been calculated using simulated as well as fdél € L? (R) is defined as the integral ab (R) [14]
interferometric phases. As at this point, spatial resolution is not oo
considered, the original signabs (¢..) is calculated applying WTf(u,s) = / F@)y s (t)dt 17
a multilook filter with a 7 x 7 pixel window [10]. The mean o
and the standard deviation ofs (¢.) are calculated using 7 where the functiong, .(t) € L* (R) are defined as
x 7 pixel nonoverlapped windows. First, a simulated interfer- 1 i —u
ometric phase ramp of 1024 1024 pixels, with wide fringes Yu,s(t) = — < ) (18)
in order to avoid problems calculating the statistics, has been Vs 5
employed. Fig. 3(a) shows the mean-standard deviation scattéh s,» € R ands # 0. The function is called the mother
plot for the real part of the simulated complex phase with a caavelet, whereas the family, (¢) are called wavelets. The
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Fig. 3. Mean-standard deviation scatter plots for interferometric phase noise. (a) Scatterptatgf) for a simulated phase ranpp| = 0.7. (b) Scatter plot
of cos(¢.) for a constant phase, = = /4, with coherences from 0.5 to 1. (c) Interferometric phase of Mount Etna. (d) Scatter plots of Mount Etna phase for
some values ofos (¢,).

wavelet transform (WT) defines a two-dimensional (2-Djo calculate the DWT and the inverse DWT for 1-D signals.
transformed domain for one-dimensional (1-D) signals. THehe bands:;, also called residue bands, contain low-frequency
parameters (scale), controlling dilatations of), is related information, as their frequency supportds € [0,27x) for

to frequency information [15]. The parameter(time), con- the scale2*. On the contrary, the bands, or wavelet bands,
trolling shifts of ¢, gives information about time. The Mallatcontain high-frequency information, as their frequency support
algorithm [14] proves that a fast discrete wavelet transforisw € [27‘r,2'~ir) for the scale2’. The 2-D DWT can be
(DWT) can be calculated by using a filter bank based on tlwalculated in a separable way applying the scheme given by
iteration of a cell of filters: the paik, g for the DWT process, Fig. 4 to each of the spatial dimensions [14]. In this case, the
and the pairh, g for the inverse DWT, wheré[n] = h[—-n]. DWT is composed in each scalé by a residue band!" and
Each time the cell of filters is iterated, a new wavelet scale ly three wavelet bandg™, d>, andd!™.

obtained. Each of the discrete wavelet coefficients contains,As the WT is a linear operation, the noise model defined by
then, information about a particular space—frequency area(@#8) and (14) is maintained within the wavelet domain. In this
the original signal [16]. Fig. 4 presents a scheme of the proceltsmain, the noise model expressions can be derived assuming
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ideal filters for the DWT. This assumption holds if the DWT_

. lculated using the Sh let [17 h filt Fig. 5. Effect of the number of wavelet scales in the wavelet coefficients
IS calculate _usmg € annon wavelet [17], whose filters riﬁt’ensity mean. Intensities are normalizedsy.
sponse are given by

— 2 i w i i i
Hwy = [ lw| € [0,271x) Sy.v.(w) = o, the variance ob; (assumlng again an ideal
w 0. otherwise DWT) at any wavelet scalgf has the expression
—1 1 ™ 9
Glw) =4 @ lwle [? ) 19 2, =— | S, H; d
@={g kel 19 =g [ S @)
where H (w) and G(w) are the frequency responses of the fil- = % o 2i1[,271,r7271ﬂ] (w)dw =0, . (24)

tersh andg, respectively, and: represents the filter amplitude.
The necessary and sufficient conditions required for any filtglquation (23) states that for each new wavelet st‘ahe DWT
to synthesize orthogonal wavelets are [14] increases the original signal component by a fact6t avithout
varying the power’s noise, as the variancevffhas the same

2 2 _
VweR[HW)|"+ |H(w+ )" =2 (20)  value as the variance of.. The noise model expression of the
with imaginary part, within the bands, assumingv,, € [0,27"x),
is
H(0) = V2, (21) DWTyp {sin (¢:)} = 21/2N, sin (2iw,n) +v¥.  (25)

Using (20) and (21) = v/2 is obtained. For the 1-D DWT, As within the original domain, the noise termg andv® are
the total response at the residue bamdsan be viewed as a cas-statistically equal, but also independent from the wavelet scale
cade of a numberof filters with responsé, each one followed 9:,
by subsampling by two. This structure is equivalent to a filter Using a similar procedure, it can be shown that if the orig-
with an amplitude equal to’ = 27/2 and a frequency supportinal signalw, is located in a frequency bandi, i.e., w, €
w € [0,27"7), followed by a subsampling b For the sake [2~ix, 21~ir), the noise model becomes slightly different. In
of simplicity, the terrain will be considered as a constant slopgis case, the expressions for the transformed real and imagi-
In this case, therefore, the original signal can be assumed to nary parts of the noise model are
be a linear ramp (i.ecos (¢..) = cos(w,n), wherew, is the , ,
original signal, and: is the spatial coordinate) [18], and (13) PWT1p {cos (¢-)}=2"/*N. cos (27 —2'w,) n) +v¥ (26)
can be expressed as DWT:p {sin (¢.)} =2"/2N, sin (27 —2'w, ) n) +v¥. (27)

cos (¢.) = N cos (wen) + ve. (22) First addend of (23), (25)—(27) contains information about
the original signalv,. When the signalv, is contained in a
Applying the DWT, calculated with the Shannon wavelet, thRequency range of a band, different froma; or d;, or there is
wavelet transform of (22) into the residue bangisassuming no signal in any band (i.el»| = 0), the noise model for the real

w, € (0,2 'x), has the expression and imaginary parts in the bamg or d; has the expressions
DWT;p {cos(¢.)} = 2i/2N . cos (Ziwmn) + v (23) DWT;p {cos(¢.)} =v (28)
DWTip {sin (¢.)} = v (29)

wherev;” represents the DWT of the noise termat the scale
2'. As the noisev. has zero meany? is also a zero-mean In this case, the noise term% andv?” have a variance equal to
noise. Assuming the local power spectrawfto be equal to 0.5 (see Fig. 2).
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(@) (b)

Fig. 6. DWT of the interferometric phase image Fig. 3(c). From left to right and from top to betiémdil:, d5*, anddi'™ wavelet bands are shown. (a)
Amplitude. (b) Phase. Amplitude is displayed for better contrast.

The DWT performs a frequency division, locating the signal Equations (30) and (31) define a complex wavelet domain.
w,. in the different frequency bands, or d;. As there exist spa- Inside this domain, the intensity and the phase information of a
tial resolution inside the bands or d;, spatial location infor- wavelet coefficient have a more important role than the real and
mation of the signab,, in a particular wavelet scalé, can be imaginary parts. The wavelet coefficient intensity is the most
obtained also. In this noise modé&\,. plays an important role. important parameter, as it gives information about noise content
For N. equal to zero, it means that there is only noise in a partiand since it can be directly related with the paraméterThe
ular space-frequency area defined by the corresponding wavetetan of the intensity for a wavelet coefficient has the expression
coefficient[(28) and (29)]. For values greater than z&foindi-
cates that there is useful signal contentin a particular positionin - {lDWTZD (ej¢z)|2} =2%N2 102, 402, (32)
the wavelet domain, but also gives information about the signal ° :
qu_al_lty in that area. 'I_'herefor@[c allows to IO(_:ate wavelet co- When the wavelet coefficient contains only noise (i’é.,= 0),
efficients containing information about the signgl. its value is reduced to

SAR interferometric phases are 2-D images. In this case, trt'le
noise model is slightly different. It can be proved that the only
change is that the first addend of the noise model equations are
multiplied by a factor of two instead of 2> each time a wavelet
scale is calculated, thus having a larger signal improvemeAs 0 < N, < 1 (Fig. 1) and(o;. + 05.) < 1 (Fig. 2),

The noise model equations, for a complex interferometric phaise 22 large enoughg?2.. + o2.. is negligible compared with
image in the wavelet domain, have the expressions 221 N2 Hence, (32) can be written @8 N2, which is mono-
tone increasing with the coherengg (Fig. 1). Fig. 5 shows
(32), normalized by a fact®@?® in order to compare the effect
of several wavelet scales. For three wavelet scales, the variances
(31) of the noise terms;” andvy’ are negligible compared with the
factor2% N2.

The phase of the wavelet coefficienty’ is defined as the

where¢;’ represents the phase information within the complexayelet interferometric phastsing (30) and (31), the interfer-

wavelet domain. For low-frequency bands (icg:), this phase ometric wavelet phase can be obtained,%o¥, large enough,
is a filtered and downsampled version of the original interfergy

metric phase,.. For high-frequency bands (i.ef'™, d-¥, and
d1H) ¢ is, on the contrary, a filtered, downsampled, and also DWT 6T 2'Nesin () + 0¥\
frequency-inverted version of the original interferometric phasé® [DWT2p (¢/%)] =arctan 2N, cos (¢v) + o ) = s

Pz (34)

E{IPWTop ()"} = 02, + o2, (33)

DWTyp {cos (4.)} =2' N, cos (o) + v (30)
DWTyp {sin (4.)} =2'N,sin (o) + v¥

S
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Fig. 8. Wavelet transformation process employed to transform interferometric

Fig. 7. Noise reduction algorithm flow diagram. Dashed lines represegmplex phase images. Relations between pixels (black boxes) in different
iteration. scales are shown.

wherearg|] represents the argument of a complex quantity. TR&havior of the wavelet coefficients can be summarized as fol-
resulting phase of the wavelet coefficiefif contains informa- lows.
tion about the original interferometric phase. For those wavelet « The position in the scale dimension gives frequency infor-
coefficients havingV. equal to zero, its phase contains only mation about the interferometric phase signal.
noise * The position in the space dimension gives spatial location
w about the frequency content.
arg [DWT,p (¢7%%)] = arctan (”_sw> . (35) » The coefficient value gives information in a local space-
v frequency area. If the intensity has a high value, i.e., a high

value of V.., then the phase contains information about to-
pography. These coefficients are defined as signal coeffi-
cients. On the contrary, if the intensity is low, i.&/, is

(&

Fig. 6 presents the amplitude and the phase of the DWT of the
interferometric phase of Mount Etna already shown in Fig. 3(c).
Itpan be nouged_ that tho_se wavelet coefnq(_ants _havmg high am- equal to zero, then the phase contains only noise. These
plitude contain information about the original interferometric

. . . coefficients are defined as noise coefficients.
phase, whereas those wavelet coefficients with low amphtude_l_he interferometric phase noise model in the wavelet domain
only contain noise in the phase. P

The DWT is able to locate the interferometric phase signal &30) and (31)] have been derived assuming an idealization of

a space-frequency domain. The noise model developed in t & DWT, employlng a Shannqn wavelet as a wavelet fllter. The
ljoise model is completely valid when other wavelet filters are

section [(30) and (31)] shows the intrascale model of wavelet ¢ . i
efficients for the real and imaginary parts, i.e., the sort of infoPSEd’ due to the fact that all the filters have to fulfill the con-

mation that each wavelet coefficient gives. In [19], it was shomﬂ{t:ons dg:\rllfnrfb)r/ (n210)tr?ndh(21)'noin thrfl c(;)nltrary, tLiISIr?g itthe (rj\et;
that the wavelet coefficients in different scales can be related }é?- O?)istratee detr?at ionﬁ pless\,/\(/eavglszfil tgrsecaer?:; t())e se’m ?g o de
erarchically, as they are a function of the same spatial area P ployed,

the original image. The topographic signal can be assumed s these filters introduce an additional phase term depending

cally as a narrow-frequency band signal [20] (i.e., linear phasg)c;)th on the wavelet filter and on the sigrl.

then, for all the wavelet coefficients describing the same area,
only those in the frequency scale containing the original signal
will have large intensity values, whereas the coefficients in theln this section, a new approach to remove interferometric
rest of scales, referring to the same area, will contain only noiggase noise in the wavelet complex domain, based on the
For topographic information, the useful signal is mainly concemoise model introduced in Section Il, is presented. As stated,
trated in the frequency rangec [072—17),whereas the rangethe DWT multiplies the original signal term by a factor of
w € [27'7, 7] contains only noise; then, the DWT concentratetsvo, without altering the noise power, each time a wavelet
the useful signal in the lower frequency part of the spectra. stale is performed. This improvement is lost when the IDWT
Fig. 6, this effect can be seen; high-frequency fringes are aisoapplied. The task of the algorithm will be to maintain
concentrated in low-frequency bands. Consequently, the ovethls improving factor by avoiding the loss in the inverse

I1. N OISE REDUCTION ALGORITHM
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TABLE |
INTERFEROMETRICPHASE FILTERS PERFORMANCE COMPARISON “MSE r.p.” REFERS TO THEMSe FERFORMED IN THEREAL PLANE, WHEREAS
“MSE c.p.” REFERS TO THEmMSe QALCULATED IN THE COMPLEX PLANE

WInPF filter | Multilook fil. [ FFT filter | Lee filter

MSE r.p. (radz) 0.788 1.461 1.125 0.832

lo| = 0.9 MSE c.p. (radz) 0.032 0.090 0.056 0.062
' Num. residues 0 2 16 107

Exec. time (s) 15.3 0.9 5.1 565.6

MSE r.p. (rad?) 1.357 1.820 1.109 1.805

lo| = 0.7 MSE c.p. (rad2) 0.094 0.162 0.298 0.314
" | Num. residues 105 94 798 936

Exec. time (s) 15.2 0.4 5.5 593.4

MSE r.p. (radz) 2.102 2.608 - 3.785 3.145

o = 0.5 | MSE cp. (rad?) 0.230 0.341 1.084 0.968
" | Num. residues 694 1125 7200 2997

Exec. time (s) 15.6 0.4 4.5 574.9

transformation process. As the intensity of the complex wavekgpplied with three wavelet scales, as additive noise effects are

coefficients can be assumed monotone increasing jwittthe then negligible in the wavelet coefficients intensity. After trans-

algorithm detects the wavelet coefficients containing useffdrming the complex phase with a two-scale DWT, the signal is

information and multiplies their real and imaginary parts bglivided in the residue band" and the wavelet bandg'™, 45",

two before inversely transforming a wavelet scale. Thereforéi't, 4L, dtH, andd}!*. As said before, the band$'™, 47,

the phase of the coefficients detected as signal coefficients veiidd:™™ contain only noise, whereas the useful signal is concen-

be enhanced in the inverse transformation process comparaded in the rest of the bands, which will be called signal bands

with the phase of the noise coefficients. in the following. In order to obtain a constant amplification by a
In a complex number, the phase information is containdactor of22 (withi = 3) for the intensity of those wavelet signal

in the relation between real and imaginary parts. Accordinglgpefficients within the frequency rande, 27!x), the discrete

when a complex signal is processed, phase preservationwavelet packet transform [21] is employed instead of the DWT.

quires real and imaginary parts to be processed in the safferefore, to obtain the third wavelet scale, the wavelet filter

way and by the same amount. As the phase noise is reducell is iterated, not only in the band", as the DWT would do,

in the complex plane, no phase unwrapping is required in thet also in the bandg", 45, andd}". Fig. 8 shows a scheme

implementation of the algorithm. about how the wavelet transform is applied for a given interfer-
The algorithm has been designed to maintain the spatial resaetric phase signal.

olution without employing a windowing process, applying, on Step 2 (Signal Detection)To detect which wavelet coeffi-

the contrary, the DWT to the whole image. In order to perforgients in the frequency range, 2= contain useful informa-

a local analysis of the original signal and the noise, the DWon, the parametdr;,, depending on the signal quality, is cal-

frequency—space location property is employed [14]. As the &dlated

gorithm is not based on square windows, there is no loss of res-

olution due to restrictions in the interval of processed frequen- I, — 2%q2

cies. The main point in order to maintain the spatial resolution Dgig = I—“

is the way in which the wavelet coefficients are processed. In an v

interferometric phase from medium to low coherence, it is dif,, represents the intensity for those wavelet coefficients in the

ficult to determine if a phase detail is due to the original sign@lequency rangd0, 2~ '), where the useful signal is concen-

or comes from the noise. Then, instead of reducing, or eventfgted. o2 is the noise variance in the same spatial area de-

eliminate noise wavelet coefficients, that can lead to a loss §ribed byl,,. This noise variance can be also calculated from

resolution, the algorithm is based on increasing the importange intensity of wavelet coefficients, but in the frequency range

of the wavelet signal coefficients. Acting in this way, we avoiqg—lw_/ﬂ)_ In this case, the intensity mean, as only noise is

losing possible information about details that may be includgflesent, has the value given by (33). The faétdmultiplying

(36)

also within noise wavelet coefficients. o2 compensates this value if,, according to (32). As coeffi-
cients in the bandé!'™, 4}, andd}™ have a space relation of
A. Algorithm Implementation 16 to 1 with the wavelet coefficients in the rest of the bands, or

signal bands, (see Fig. 82 can be calculated as one half of
In the following, a step-by-step description of the algorithrthe mean intensity of the 48 coefficients in the noise bands. Due
used to remove interferometric phase noise in the complixthe orthogonality properties of the DWT, good estimation of
plane, based on the WT, is provided, whereas a flow diagramise variance is obtained. Now, a 1-to-1 space relation between
of it is shown in Fig. 7. o2 and the wavelet signal bands is obtained, making possible
Step 1 (DWT): The complex interferometric phase signal (4)o calculatel's;, for each of the 16 signal bands. If a wavelet
is transformed to the wavelet domain. The wavelet transformdsefficient is noise freel'y;, equals one. A2 increases/,
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Fig. 9. Interferometric phase filtering results with an interferogram representing a cone with a six-pixel fringe/getiod.4. (a) Original noisy image. (b)
WInPF filter. (c) Lee filter. (d) FFT-based filter.

decreases, arnid;, decreases too. To detect the wavelet signalask indicating signal coefficients is generated using (37). In

coefficients, a threshold is applied kg;, the mask, those isolated coefficients that are detected as signal
coefficients are removed in order to reduce noise effects in the
Isig > th,, = Signal coefficient mask.
gy < th., = Noise coefficient (37) Step 3 (Signal Increase)The real and imaginary parts of

those coefficients detected as signal in the previous step are mul-
The thresholdh,,, which is equal for all the 16 signal bandstiplied by two. For the noise coefficients the real and imaginary
defines up to which coherence level the signal is process@drts are maintained.
Normal values foth,, range from—1 to —5. Lower values can  Step 4 (Inverse DWT)The inverse DWT is applied but only
be used to filter low-coherence are@dp| < 0.4). Finally, a reducing one wavelet scale.
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T O T n

@ (b)

Fig. 10. Filtering result with the WInPF filter for an interferogram representing a pyramid with a ten-pixel fringe péried.5.

Step 5 (Signal Mask Growing)To obtain a mask locating A. Quantitative Analysis
signal coefficients for previous scales (higher frequency scales)rg capanility of the proposed filter, called wavelet interfero-
a new mask is derived from the one generated in Step 2. Eafyric phase filter (WInPF) in the following, to reduce noise and
four bands in a scalg’ are derived from a single band in they, maintain spatial resolution, even on steep topographic slopes,

. b o
previous wavelet scalg’™", where a 1-to—4 space relation i§s evajuated and compared with other filtering approaches. To
established between wavelet coefficients. First, the masks of h&+orm such a quantitative comparison, simulated 258656

four bands at the scale are merged through a logical OR 0py,iye| interferograms, representing a cone and a pyramid with

eration. Then, the dimensions of the merged mask are doublzgl, |50k phase noise with coherences from 0.9 to 0.4, have been
to fit the 2°—' scale band dimensions. In this case, if a pixel cgmployed.

the merged mask is classified as signal, the four pixels referringrpe” WinPFE filter calculating the DWT with a truncated
to the same spatial area, but in the band of the st‘alk, are Shannon filter andh,, = —1, is compared with the complex

also classified as signal; otherwise they are classified as noisg,tiiook filter [10] (using a 5x 5-pixel averaging window)

This sequence of mask growing allows to obtain a mask locatigter hased on the fast Fourier transform (FFT) [12] (with

useful signals in the original domain. , a 6 x 6-pixel FFT window and an exponent of 1), and the
The sequence of Steps 3-5 are repeated each time a waygle} hresented in [9]. In order to compare the noise reduction

scale is inversely transformed. As the wavelet tranSformat'%?operties two mean-square errors (mse) have been used. The

has been applied with three scales, this sequence has 10 bg{&s petween the filtered and original interferometric phase
peated three times. After the third iteration, a complex signal\§ihout noise is calculated in the real and in the complex

obtained in the original domain. domain. In the first case, this mse mainly accounts for errors in
Step 6 (Phase Calculation)From the complex output of the 5, hhase jump areas, providing information about errors due to

algorithm, the phase is calculated, which is the estimation of th& «rroneous filtering of such phase jumps. On the other hand,

original interferometric phase. the mse is calculated in the complex domain, where phase
jumps are not present. Table | shows the numerical comparison
for a 256 x 256-pixel simulated interferogram, representing a
cone, with a fringe period of six pixels. The WInPF filter has
In this section, the capabilities of the algorithm presented prigte lowest error over all the coherence values. It also presents
viously (in terms of noise reduction, spatial resolution mainthe highest residues reduction, ranging from 100% in the case
tenance, and computational efficiency) are presented. Firsipfdp| = 0.9, to a reduction of 95% foJp| = 0.5. Referring to
guantitative comparison with alternative interferometric phaskee execution times, they have been obtained with a computer
filters addressed in the literature is reported. Then, the perftiased on a 600-MHz Intel Celeron processor equipped with
mance of the new filter is tested, employing real interferograr@90 MB random access memory. Due to the facts that the
taken with spaceborne as well as airborne SAR systems.  WInPF filter is not based on a pixel-by-pixel processing and

IV. EXPERIMENTAL RESULTS



LOPEZ-MARTINEZ AND FABREGAS: MODELING AND REDUCTION OF SAR INTERFEROMETRIC PHASE NOISE IN THE WAVELET DOMAIN 2563

(b)

(© (d)

Fig. 11. Filtering result with the WInPF filter of the interferometric phase shown in Fig. 3(c). (a) Filtered interferometric phase. (b) Diffeagiecéd) Original
phase residues map. (d) Filtered phase residues map.

that the DWT is calculated with a fast algorithm, low executiothe same efficient way. Fig. 9(c) and (d) presents respectively
times, allowing to process large images, can be obtained. the filtering results using the filter presented in [9] and the FFT
Fig. 9 demonstrates the filter performance regarding the féter.
covering of close fringes at low coherence values. In this case)n order to test the spatial resolution maintenance properties
the cone interferogram is employed, but with one-look phasé the WInPF filter, a 256x 256-pixel interferogram repre-
noise of coherence equal to 0.4. From Fig. 9(b), it is possildenting a pyramid with phase noise coherence equal to 0.5 and
to see that the proposed approach clearly reduces phase naisen-pixel fringe period have been employed. The critical point
recovering close fringes without introducing any kind of artiis to maintain the pyramid edges. Fig. 10 shows the noisy phase
fact within the filtered image. The use of a cone demonstratiesage and the result obtained after applying the WInPF filter.
that the new algorithm is able to process any fringe direction ithe pyramid edges are clearly maintained.
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Fig. 12. Filtering result with the WInPF filter. (a) Original ERS-1 and ERS-2 interferometric phase over Tarragona, Spain. (b) Filtered intecfplase.

B. Real Interferograms Processing C. Resolution Maintenance

To demonstrate the filter's performance, also two different |t js difficult to describe numerically resolution maintenance
experimental interferograms, with different morphologies, hav@pabilities. Fig. 13(a) shows a detailed E-SAR X-band inter-
been filtered. ferometric phase image of Oberpfaffenhofen, Germany, with 3

First, an E-SAR X-band interferometric phase of Mounk 3-m spatial resolution. This area is completely flat, so image
Etna [already shown in Fig. 3(c)] has been filtered. This phagetails are mainly due to man-made targets—in this case, build-
image has been filtered by the WInPF filter using, in thiggs. Fig. 13(b) presents the filtered image using the WInPF
case, a Daubechies wavelet filter [14] of ten coefficients anifter. Fig. 13(c) depicts the plot of a cut indicated in Fig. 13(b).
th,, = —3. From Fig. 11(a), one can notice that the algorithmrrom this graphic, it is possible to see how the algorithm is able
is able to process, in the same efficient way, areas with smog@ghmaintain phase jumps introduced by the buildings without
or steep slopes at the same time. Fig. 11(b) shows the differegegnaging its shape. Not reducing the value of the wavelet co-

between the original and the filtered phases, which hasefficients allows not to lose any phase information maintaining
mean equal to zero and does not contain any image detpjlh-frequency details.

demonstrating that the proposed filter preserves the topographic
information. As designed, the algorithm does not process very
low coherence areas, avoiding to create false information. Phase V. CONCLUSION
residues reduction is about 50%, but comparing Fig. 11(c)
with Fig. 11(d), it becomes evident that they have almost beenin this paper, a noise model for the interferometric phase
eliminated from those areas with useful signal. noise in the complex domain is introduced and validated using
As a second image, an ERS-1 and ERS-2 C-Band interfsimulated and experimental interferometric phase images.
ogram of Serra de Card6 in Tarragona, Spain has been pBased on this model, also a novel noise model for the complex
cessed. This one-look interferometric phase has also a 1@2#velet domain is derived. The availability of this model
x 1024-pixel dimension, but with an approximate spatial reaflows to implement a new filtering algorithm to reduce SAR
olution of 30 x 30 m. Fig. 12(a), from the top to the bottom jnterferometric phase noise in the complex wavelet plane. The
shows the Mediterranean Sea with zero coherence, a flat afétering algorithm is not based on a windowing or segmenting
and a mountainous region with a maximum height of 1200 mrocess. On the contrary, the phase image is locally analyzed
containing severe geometric distortions. Fig. 12(b) presents thethe wavelet domain, and therefore, the filter is character-
filtered interferometric phase employing again a Daubechigd by good spatial resolution maintenance properties and
wavelet filter of ten coefficients anth,, = —1. Residues re- computational efficiency, as demonstrated. The algorithm
duction is about 80% in the filtered image, which are conceallows also not to process those areas with very low coherence,
trated on the sea and the areas with strong topography. Frawoiding the introduction of artifacts or false information.
Fig. 12(b), itis noticeable how the proposed WInPF filter is ablEhe algorithm’s performance in terms of noise reduction and
to process areas containing complicated topographic structufesge preservation is analyzed and demonstrated with different
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Fig. 13. Spatial resolution maintenance result. (a) Detailed image of the original interferometric phase. (b) Detailed image of the filte(eplipteagecut of
the white line shown in (b). Dashed line represents the original phase, and the solid line represents the filtered version.

interferometric phase images. A comparison with alternative[2] L. C. Graham, “Synthetic interferometric radar for topographic map-

approaches is reported.
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