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Abstract

In this study, a method called K-F for reducing the filter-
ing effects on the interferometric phase signal is proposed.
The method relies on the well-known parametric model for
implementing noise reduction, while maintaining a low level
of information loss. Relationships between the estimated
interferometric information and noise reduction have been
initially defined. Optimal threshold between noise reduction
and interferometric signal loss is adjusted through a parame-
ter. The proposed method was evaluated using real
interferometric data. Coherence values are always increased
after the application of the proposed method.

Introduction

Synthetic aperture radar interferometry (InSAR) is a re-
mote sensing technique [1] that exploits the phase difference
between two complex signals for extracting information. It is
able to generate high-resolution Digital Elevation Models(
DEM) [2] with precision of the range of some meters [3],
deforestation[4], desertification[5], geophysical hazard anal-
ysis [6], glacier velocity measurements [7], land use classifi-
cation[8], canopy height estimation [9] and atmospheric
phase screen estimation[10],[11].

The main limitations of INSAR are temporal and geometrical
de-correlations, caused by variations of the ground reflec-
tivity as a function of time, and incidence angle variations
during the data acquisition [12], respectively. In addition,
interferograms are also affected by the spatial variability of
the water vapour content in the atmosphere [10], [11], [12].

The quality of the required INSAR products can be improved
by many methods at different processing steps of the
interferometric procedure [13]. One of them is the filtering
of the interferometric phase [14], [15], [16]. In [17], [18] and
[19], three filters have been proposed which deal with phase
unwrapping and noise reduction at the same time. However,
the interferometric phase is a complex unit that is presented
as a given point on the unit circle, thus it is more convenient
to filter the wrapped interferogram for avoiding the filtering

of phase jumps that are added after the unwrapping process.
Depending on the characteristics of the interferometric pair,
different filters have been proposed. For example, Boxcar
filter yields better result for differential interferograms,
which are generated from data pairs with low perpendicular
and temporal baseline, while Adaptive filter yields more
appropriate results in case of relatively large temporal base-
line and small perpendicular baseline [20]. The adaptive
Goldstein filter is one of the most commonly used filters for
satisfactorily reducing the effects of phase noise [21], [22].
Based on [23], the filtering process may cause a loss resolu-
tion, which will affect the accuracy of the extracted infor-
mation. Moreover, theoretical analysis of the filtering effects
done in [16] showed that areas with high coherence do not
need really to be filtered. In the same paper, filtering effects
on the interferometric phase signal and phase noise have
been proved and indicated. It was shown that while noise
reduction is maximized after filtering, the loss of
interferometric phase signal is also maximized. For these
reasons, the global filtering of the interferogram should be
avoided and instead, authors have proposed selective filter-
ing (SF) only for the pixels that increase their coherence
value after the filter application. However this approach im-
proves filtering results for a very low percentage of pixels.

In this paper, a filtering approach is proposed that relies on
the well-known parametric model for implementing noise
reduction, while maintaining a low level of loss information.
For this, relationships between estimation of the
interferometric information and noise reduction have been
initially defined. Based on these relationships an information
recognition method for the existing filters was created with-
out suggest the use of a specific filter, and a parameter has
been defined to manage filtering.

B. Relationships between noise re-
duction and estimated interferometric
phase signal
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The quality of INSAR phase is defined by the absolute co-
herence [24]. As it was proved in [25], the amplitude is cor-
rupted by multiplicative noise and the phase is corrupted by
additive noise. Consequently, the noisy interferometric
phase can be described as:

y(i, J) =x(i, j+v(i, )) 1)
where x(i,j) is the interferometric phase signal, v(i,j) is the
additional noise with the standard deviation o,. In [16], the
optimal filter response for the interferometric phase signal,
(H), and for the additional noise (G) were defined as:
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From (2) and (3), the relation between two filters can be
written as:
H=U-G 4)

where U=[1] allows the observed interferometric phase
y(i, j) to pass the filter unaltered. Without intervene to H,
minimizing Jx(H) and Jv(U- H) are equivalent, where J(), is
the Mean Square Error (MSE). Alike, minimizing Jv(G) or
Jx(U - G) with respect to G is the same thing. At the opti-
mum case, the relationship between signal and noise errors
is:
- - T ... 5
ex (i, ) =x(, ) -H y(i,j) ©)
. T, ,. . .
=X(i, ) -[U-G] " [x(i, j) + V(i )]

= (i, )+ Gy, ) = —ey (i, )

C. Mathematical background of the
proposed method

Based on eq. (4) the optimal filtering can be considered as:

where Gq is the filter response for the noise estimation, Hop
and G, are the optimal filter response for signal and noise
respectively, and «k is a parameter that determines the per-
formance of the used filter. Equation (6) produces the de-

sired results of optimal filtering given that x is known. The
MSE of the interferometric phase estimation corresponding
to Hyp is:

Jx(i,j)(Hop) = E{[x(i, ) - ngy(i,j)]z} @
~Ov(ij) T

k(2 - )IEVGL v G DM ELVGL VT G D}
[EGyG i)y G, )}

It is obvious that ‘]x(i,j)(HOP)S‘]x(i,j)(HO)' VK The

equality is arrived for « = 1. In order to achieve the noise
reduction, k should be chosen in such a way that the follow-
ing relationship:

(i) (Hop) < (i) (V) (8)

should be fulfilled. Based on (7), this inequality is valid for
0< k<2 .t can be easily verified that:

Iy ) Gop) = ECIV(i, ) —xGg y(i. )%

=Ix(i,j) (Hop)

The optimal estimate X(i, J) of the filtered interferometric
phase x(i, j) can be written:

N T .
x(i, J) = Hopy(i, J) (10)
Thus:
N2
Efxop” (i, )} = Hop[EXY(i. Dy (i i}IHop
= Hop[EX(i, X (i, D}Hop

+ng[E{v(i, j)vT (i, D} Hgp

(11)

Based on (7) and (9) a loss information index of
interferometric phase corresponding to the optimal filter H,
can be defined:
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It is shown that the value of loss information index of in-
terferometric phase depends only on « value. The extreme
cases are achieved for k=0 and x=1. In the first case, no loss
information exist but no noise reduction at all. In the second
case, maximum noise reduction is achieved with maximum
loss information. Since:

Jy(i.j Gop) = GoplELX(i, )X (, MG p

+ng[E{v(i, j)vT (i, D}Hgp

— 6260, [Ex(, )x T (i, )N Gop (13)

+ogHOp[ECV(, VT (i, DHHop

=Jx(i,j) (Hop)
the loss information index of interferometric phase and noise
reduction factor associated to H,, are defined:

) i
Vop_in (Cop) = o1 = Dx(i,jy (Hop)

1 (14)
— ]
Xop_NR(HOp)
N (Hop) = -
op_NR'\"op ng[E{v(i,j)vT(i,i)}]Hop
(15)

1

SNR[‘]V(i,j) (éOD) - Vop_in (Gop)]

It is clear that noise reduction factor value does not only
depend on the «k value but also on the interferometric phase
and noise (SNR) as well.

Given that a) SNRy > SNR, where SNRy is the SNR of the
interferometric phase after filtering, b) v() < J(), and ¢) 0
<v(’) <1, then from (14) is derived that:

o)< 1 (16)
Yop_in Op)_ZSNR +1'
1
V(G € ——
op_in*~0 2SNR +1

D. Estimation of the k parameter

Equation (12) can be written as:

Vop_in Gop) 4 17

=K
Vop_in(GO)

which expresses the ratio of the inerferometric phase index
as a function of k. Based on equation (15), the respective
ratio of the noise reduction factor is not only depending on «
value, but also on the SNR. However, using eg. (5), the ratio
of the noise reduction factor can be approximated as:

Xop_NR (Hop) 1= 3x(i,j) (Hop) =21

Xop_NR (Hp) 1—3x(i,j)(H0) (18)

This approximation does not include SNR, and targets to
formulate a simple «x-cost function to measure the compro-

mise between the noise reduction and the loss of
interferometric signal as:
f(x) = Xop_NR (HOD) 3 Vop_in (GOP)
Xop_NR(H0)  Vop in(Gg)  (19)
=K(2—K)—K2 = 21(—21(2
It is obvious that the «k that maximizes f(x), is ko:
(20)

Ko =arg maxf (k) =1/2
K

Optimum noise reduction and interferometric signal loss is
for the value ko according to the above approximation. An
illustration of the ratio of the interferometric phase index
(blue line), and the approximated ratio of noise reduction
factor (red line) as a function of « are showed in Fig.1a.
Based in Fig.1a the value of k can be determined according
to the desired interferometric phase index and noise reduc-
tion factor values. However, according to equations (16) and
(17) the interferometric phase index and noise reduction
factor are also depended on SNR. Fig. 2a shows the areas of
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values of them for various SNR. It is observed a large varia-
tion of the noise reduction factor value according to the SNR
value. Fig.1.c presents the f(x) as it is provided by eq. (20)

(red line). Based on eq. (18), it is clear that &, maximizes

the function f(x) if SNR is not taken into consideration.
However, in Fig. 1b it is observed that SNR can significantly
contribute to the estimation of the noise reduction factor. For
various SNR values a family of k-cost functions is generat-
ed, which depends on SNRy. In Fig. 1c, black lines present
the family of x-cost functions with SNR, equal to 0.7375.

o %y 1R rp ini g I

(@)

Figure 1. a) The index values depending on ¥ : with blue is
presented interferometric phase ratio and with red the noise
reduction ratio, b) The areas where the interferometric phase

index Vop_in (Gop) and  noise  reduction  factor
Xop_NR (Hop) take their values as function of SNR, ¢) f(k)
function if SNR is not taken into consideration (red line) and
the family of k-cost functions for SNR, equal to 0.7375 (black
lines).

Ei)ther using the approximated mode (eq. 20) or equation
(17) the value of x parameter can be estimated and used for
increasing the performance of the filter. Equation (17) in-
volves the estimation of SNR and SNR,,.

For this, SNR is provided by equation (21) [26], and SNR,
is provided by equation (22) [27]:

SNR = 20log10((max(y(i, J)) - min(y(i, j))) / o) (21)

L2
IZO jgo y(@i, j)
_]_N_

MZ > [x(i, ) -y )]
x(i, ) = y(, 2

M-1N-1

SNR( =

(22)

Equation (21) is used as a fast and reliable statistical
method for the noise estimation. In a strictly estimation,
SNR of the interferometric phase can be provided by the
radar system equation, but this is out of the scope of this

paper.
E. Implementation and evaluation

The performance of the proposed method, the (K-F), was
evaluated using the same dataset as in [16], i.e. six Envisat
ASAR images over the prefecture of Attica, Greece. The
images present similar incidence angles (23°) and the same
polarization (HH). Three interferometric pairs have been
created that have similar mean coherence values (Table 1).
Interferometric processing has been carried out using the
“Sarscape” InSAR software [28].

Table 1 Interferometric pairs

Normal Mean Mean Mean
Envisat . Coher- Coher- Coher-
. Baseline
pairs m) ence Val- | ence after | ence
ue SF after K-F
1 163,67 0,49 0,49 0,59
2 300,04 0,58 0,58 0,65
3 197,29 0,56 0,56 0,63

For the implementation of the proposed method the “Adap-
tive filter” was used that is available in Sarscape software.
The choice was based on the characteristics of the used
interferometric pairs [20],[21],[22]. For comparison purpos-
es results have been compared with selective filtering results
(SF) presented in [16]. It is observed that mean coherence is
kept the same for all the pairs after the SF, whereas has sig-
nificantly increased after the application of the proposed
method (Table 1).

Figure 2 illustrates results of the method for the whole image
and for the detail indicated by the red box. For the coherence
images, white pixels present coherence values close to one,
while dark pixels present values close to zero.
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Figure 2.a) original interferometric phase (IP), b) IP after “Adaptive filter” (IP AF), c) IP after proposed method (IP K-F), d) co-
herence map of IP, ) coherence map of IP AF, f) coherence map of IP K-F, g) sub-image of IP (S-1P), h) sub-image of IP AF (S-IP
AF), i) sub-image of IP K-F (S-1P K-F), j) coherence map of S-1P, k) coherence map of S-IP AF and I) coherence map of S-1P K-F .

It is observed that quality of the interferogram and coherence  high mean coherence values, respectively. For these sub-
map have been significantly increased. Since coherence val-  images, the calculated mean coherence values are not in-
ues are increased, the quality of INSAR products is also im-  creased after the application of the “Adaptive filter”.

proved [24], [16].

For further evaluation, two sub-images have been selected

for every interferometric pair, presenting low and relatively
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Table 2 Mean coherence value

i;iZ'e Un- | “Adaptive | SF K-F
filtered Filter” method method
1/1 0,13 0,13 0,13 0,14
2/1 0,50 0,50 0,51 0,52
1/2 0,30 0,26 0,28 0,31
2/2 0,47 0,43 0,49 0,51
1/3 0,25 0,25 0,26 0,27
2/3 0,56 0,49 0,56 0,59

Coherence values are decreased or left unchanged after
“Adaptive filter”. They are increased after the SF method
but in relation to the unfiltered data they are slightly higher.
Coherence values are increased after the application of the
proposed method when compared to all the previous cases
(Table 2). It is also observed that K-F is more effective for
sub-images with high coherence values. This is reasonable
since parameter k focuses more on minimizing the
interferometric phase loss than achieving a very high level of
noise attenuation. In table 3, the mean value of the k parame-
ter is presented for each sub-image.

Table 3 Value of k for each sub-image

Sub-
image | 1/1 | 1/2 | 2/1 22 |31 |3/2

K 06 (02 |05 |045|057 0,16

Tables 2 and 3 show that for high coherence values k values
are low. For very high coherence values (~1), k value tends
to zero, indicating that the interferogram filtering is not real-
ly needed.

F. Conclusions

In this study effects of noise reduction on the interferometric
phase have been analyzed and relationships between noise
reduction and estimated interferometric phase signal have
been established. Based on these relationships an informa-
tion recognition method (K-F) for the existing filters was
developed without suggest the use of a specific filter. The
method is used as guidance for increasing the performance

approximation described in this paper. The method was
evaluated using real INSAR data. Coherence values are al-
ways increased after the application of the proposed method;
however the method yields higher performance for data with
relative high coherence.
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