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Abstract - Accurate interpretation of interferometric image 

requires an extremely challenging task based on actual phase 

reconstruction for incomplete noise observation. In spite of the 

establishment of comprehensive solutions, until now, a 

guaranteed means of solution method is yet to exist. The initially 

observed interferometric image is formed by 2π-periodic phase 

image that wrapped within (-π, π]. Such inverse problem is 

further corrupted by noise distortion and leads to the 

degradation of interferometric image. In order to overcome this, 

an effective algorithm that enables noise suppression and 

absolute phase reconstruction of interferometric phase image is 

proposed. The proposed method incorporates an improved 

order statistical filter that is able to adjust or vary on its filtering 

rate by adapting to phase noise level of relevant interferometric 

image. Performance of proposed method is evaluated and 

compared with other existing phase estimation algorithms. The 

comparison is based on a series of computer simulated and real 

interferometric data images. The experiment results illustrate 

the effectiveness and competency of the proposed method.  

Keywords—Interferometric filter, phase unwrapping, 

interferometry phase estimation, phase noise suppression 

I. INTRODUCTION 

Over the past decades, there has been a marked increase in 
the importance of absolute phase estimation for 
interferometric imaging techniques [1-3]. Estimation of 
absolute phase (also known as phase unwrapping) plays as the 
core technology for many classes of renowned interferometry 
imagery cover interferometry synthetic aperture radar InSAR, 
magnetic resonance imaging MRI and etc. During InSAR 
imagery, the phase difference image (also known as 
interferogram) is extracted based on coherent field 
backscattered from illuminated surface using two SAR 
sensors that separated by baseline. Phase unwrapping plays as 
the key role to reconstruct the observed interferogram into the 
meaningful phase value for its geophysical application [4]. 
For MRI system, phase unwrapping also appears as essential 
processing step to solve the problem of water/fat separation 
and noise distortion issue from the observed phase image [5]. 

Additionally, the optical interferometer imaging also requires 
technique of absolute phase estimation for accurate image 
interpretation [6]. Thus, this research topic has risen as a 
highly concern problem for several prestigious research 
communities. 

Aforementioned interferometric applications related the 
observed phase value with the absolute phase value in a non-
linear and noisy condition. Such nonlinearity is due to noise 
induced during the radio wave propagation mechanism of 
sinusoidal acquisition. Therefore, the sinusoidal system forms 
a noisy 2π-periodic phase image that wrapped within (-π, π]. 
This is an ambiguous observation since the meaningful phase 
value of InSAR observation should be the ‘unwrapped’ 
absolute phase that located outside (-π, π] and that could be 
hundreds or thousands radian. The task to reconstruct such 
wrapped value to its absolute phase value is known as phase 
unwrapping.  In interferometry field, phase unwrapping also 
well-known as the most difficult task since the necessary 
phase information is not available for reconstruction of actual 
phase [7]. Despite of enormous research efforts, the 
determination of absolute phase for interferometric image still 
remain open. 

Recovery of actual phase from such inverse problem is 
improbable, but absolute phase estimation based on 
assumption is still possible. This paper assumes the existence 
of single dominant back scatterer in each resolution element 
over observed interferometric image [8] and scope down the 
absolute phase estimation task as a relatively inferring task of 
phase value based on adjacent sample pixels in which the 
determination of the constant or offset phase value is not 
considered as part of phase unwrapping (or absolute phase 
estimation). 

Section II explains the signal model and the problem 
statement while the working mechanism of proposed method 
is described in section III. Incorporated aforementioned de-
noising framework, this paper introduces an algorithm solver 
for interferometric phase estimation. Similar to other 
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interferometric phase estimation methods, our proposed 
method incorporates the preliminary processing step of Itoh’s 
phase unwrapping to estimate on the absolute phase value for 
interferometric image [9]. Different than conventional Itoh’s 
phase unwrapping, the anticipated Itoh’s method working in 
such a way that following guidance of an improved order 
statistical filters. By adapting to phase noise level of 
interferometric observation, the improved order statistical 
filter capable to perform noise suppression with appropriate 
information preservation. In Section IV, proposed algorithm 
is validated through a series of computer simulated data and 
real interferometric data set based on InSAR imagery in which 
a performance evaluation is included to assess the competency 
of proposed algorithm as compared to other existing 
interferometric phase estimation method.  

II. INTERFEROMETRIC SIGNAL MODEL AND ITS PROBLEM 

FORMULATION 

The working nature of interferometry system is based 
radio echo of sinusoidal wave [10] in which the measured 
signal could be represented by a complex-valued signal model 
as Sobserved. In InSAR system, the observed data of Sobserved is 
extracted from two SAR observed complex-valued images of 
S1 and S2 based on n number of look as 𝑠𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 =
1

𝑛
∑ 𝑆1(. )𝑆2

∗(. ). 𝑆2
∗(. ) refers to conjugate value of S2. As 

mentioned before, the observed signal might consist of noise 
distortion. Thus, the two-dimensional noisy measurement of 
Sobserved is modelled as (1) in which n(.) stands for the random 
variables that indicates on the complex noise. The imaginary 
number is indicated by j. ST(.) denotes the signal model that 
represents actual value for interferometry application. For 

polar form equations, ST(.)=  𝑒𝑗𝜓𝑇  and n(.)=𝑒𝑗𝜓𝑛 . 

𝑠𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑(𝑥, 𝑦) = 𝑠𝑇(𝑥, 𝑦)𝑛(𝑥, 𝑦) 

              =  𝑒𝑗𝜓𝑇 𝑒𝑗𝜓𝑛   (1) 

For interferometry imagery, we are concerning on 
observed phase images Ψob that could be extracted from 
complex-value interferometric data Sobserved whereby 

Sobserved(.)=  𝑒𝑗𝜓𝑜𝑏 .The interferometric phase statistics have 
been extensively studied in many contexts [3, 7, 9] and the 
phase noise is characterized by Lee et al. [11, 12] based on an 
additive statistics as Eq. (2) in which Ψob denotes observed 
phase value while ΨT indicates the actual interferometric 
phase for actual measurement. Ψn stands for the phasor noise. 

𝜓𝑜𝑏 = 𝜓𝑇 + 𝜓𝑛  (2) 

As mentioned in previous section, ΨT is a larger value that 

lay outside (-π, π] with multiple jump count number k of 2π. 
However, the working mechanism interferometry extracted 
only wrapped observation value Ψob that wrapped by W(.)= 
modulus (-π, π]. Equation (3) describes such circumstance. 

𝜓𝑜𝑏 = 𝑊(𝜓𝑇) ∈ ﴾ − 𝜋, 𝜋] 

                       𝜓𝑇 = 𝜓0𝑏 + 2𝜋𝑘                      (3) 

This paper incorporates the one-look interferometric 
phase distribution (m = 1) that derived by Lee et al. [11] based 
on the correlation level of relevant interferometric image as 
shown in Eq. (4).  

 

𝑃𝑛(𝜓𝑛) =
Г (𝑚 +

1
2) (1 − |𝛾|2)𝑚𝛽

2√𝜋Г(𝑚)(1 − 𝛽)
𝑚+1

2

+
(1 − |𝛾|2)𝑚

2𝜋
 

∙ 𝐹 (𝑚, 1;
1

2
; 𝛽2) 

                       , −𝜋 < (𝜓𝑛 − 𝜃𝑐) ≤ 𝜋                                        (4) 

F(.) refers to Gauss hyper geometric function 𝛽 =
|𝑐|𝑐𝑜𝑠(𝜓𝑛 − 𝜃𝑐) Г is gamma function while m refers to 
number of look with m = 1 based on single look complex 

images. 𝜃𝑐  refers to the phase of complex correlation 

coefficient γ which can be computed as Eq. (5). The 
formulation of γ is shown as below when E[.] stands for  the 
expected value. 

𝛾 =
𝐸[𝑆1𝑆2

∗]

√𝐸[𝑆1]2𝐸[𝑆2]2
= |𝛾|𝑒𝑗𝜃𝑐    (5) 

Figure 1 shows the plotting of interferometric phase 
distribution based on different level of correlation level based 
on Eq. (4); from which, the shape of relevant distribution seem 
to be more concentrate on the center value of zero mean with 
the rise of correlation level. This plotting seems to be show 
that the value of standard deviation might reduce due to the 
increment of correlation level. Figure 2 plots the standard 
deviation of interferometric phase versus correlation. Hence, 
these finding provides more evidences for the aforementioned 
relationship of interferometric error and correlation. 

 

 

Fig. 1. Interferometric phase distribution based on different level of 

correlation. 

 

 

Fig. 2. Interferometric phase error based on different level of correlation. 
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III. PROPOSED ABSOLUTE PHASE ESTIMATION METHOD 

The proposed phase estimation methods for two 
dimensional 2D  interferometric imaging covers phase noise 
suppression, blindly phase discontinuities preservation and 
phase unwrapping.  As shown in Fig. 3, the working principals 
of proposed method are described by following processing 
steps. 

A. Step 1: Extraction of Interferometric Phase Image 

The interferometry processing requires the two 
dimensional observation of phase arrays that could be 
extracted from the complex-valued input signal of the radio 
echo waves. For InSAR processing, formation of 
interferogram Ψob involves of the extraction of phase 
difference image ΔѲ among the input SAR images of S1 and 
S2 from different aperture views to same target of illuminated 
area. Equation (6) describes the computation task to extract on 
interferometric wrapped phase based on InSAR system. 

𝜓𝑜𝑏 =  𝛥Ѳ = 𝜗1 − 𝜗2 = 𝑎𝑟𝑔[𝑆1𝑆2
∗]  

= 𝑎𝑟𝑔(|𝑆1||𝑆2|𝑒𝑖(𝜗1−𝜗2) ∈ ﴾ − 𝜋, 𝜋])  (6) 

B. Step 2: Estimation of Coherence Level 

Analytical study of section II shows decrement of 
interferometric phase error with increment of coherence level. 
In many contexts of InSAR experiments [13, 14], the 
coherence values are used as the ‘measured’ of noise. Thus, 
the proposed method incorporates a coherence map to ‘assess’ 
on the noise level of its observed interferometric images. In 
practice, the coherence level of relevant interferometric phase 
image can be estimated by computing on correlation level 
among the pair (or pairs) of its complex-valued observations 

where Co[.] refers to the coherence map while 𝑠1 ̅̅ ̅ = 𝐸[𝑆1
2] 

and 𝑠2 ̅̅ ̅ = 𝐸[𝑆2
2]. Co is used as the important indicator or 

parameter estimator of an order statistical filter for the task of 
phase estimation. 

𝐶𝑜[. ] =
𝐸[𝑆1𝑆2

∗]

√𝑠1 ̅̅ ̅̅ ×𝑠2̅̅ ̅
∈ [0,1]   (7) 

C. Step 3: Improved Order-statistical Filter 

The proposed algorithm incorporates a non-linear spatial 
filter base on the coherence weighted order-statistical filter for 
noise suppression. Unlike other order-statistical filter with 
fixed size window, the improved order statistical filter able to 
adjust the size of its filtering window for different level of 
noise by referring to the coherence map that generated by 
previous step. By refer to the plotting of interferometric phase 
standard deviation as Fig. 2. The proposed method intends to 
preserve the pixel with potential phase discontinuity by setting 
the coherency level of 0.3 as the threshold parameter in which 
all phase information with Co ˂ 0.4 is blindly preserved while 
the pixel with larger value of Co is go through on the 
minimum order statistical filter for image restoration based on 
the first-order neighbor pixels. Such working step enables the 
preservation of information and prevent on the problem of 
over-filtering during the task of noise suppression. Equation 8 
describes the improved order statistical filter F(.) where 
{ 𝜑(𝑥 − 1, 𝑦), 𝜑(𝑥 + 1, 𝑦), 𝜑(𝑥, 𝑦 + 1), 𝜑(𝑥, 𝑦 − 1)} refers to the first 
order neighbor of target pixel respect to target filter pixel of 
𝜑(𝑥, 𝑦). 

𝐹(𝜑(𝑥, 𝑦)) = min
(𝑥,𝑦)∈𝑤𝐼

{𝜑(𝑥, 𝑦)}, where 

     𝑤𝐼 = {
{𝜑(𝑥, 𝑦)}                       , Co > 0.4

{𝜑(𝑥 − 1, 𝑦), 𝜑(𝑥 + 1, 𝑦), 𝜑(𝑥, 𝑦 + 1), 𝜑(𝑥, 𝑦 − 1)}, 𝐶𝑜 ≤ 0.4
     (8) 

D. Step 4: Two Dimesional Phase Unwrapping 

Previous step performed the noise suppression task and 
preserved the phase information of the highly corrupted pixel 
in which the processing outcome of step 3 is the wrapped 
phase image after noise reduction ϕ(.). In this step, two 
dimensional phase unwrapping is performed in order to infer 
on the absolute phase value from the wrapped phase ϕ. Eq. (9) 
describe the working mechanism of 2D phase unwrapping 
where �̂� denotes the estimated phase value while ϕ denotes the 
processing outcome of step 3. The jump count of k could be 
estimated based on column adjustment kcol and row adjustment krow. 
The phase gradient Δ is computed by the value different along two 
adjacent pixels. ∆𝑐𝑜𝑙𝑢𝑚𝑛 indicates on the horizontal phase gradient 
while ∆𝑟𝑜𝑤 refers to the vertical phase gradient of interferometric 
image. 

�̂�(𝑥, 𝑦) = ∅(𝑥, 𝑦) + 2𝜋[∑ 𝑘𝑐𝑜𝑙𝑢𝑚𝑛(𝑥, 𝑦)𝑚
𝑥=1 + ∑ 𝑘𝑟𝑜𝑤(𝑥, 𝑦)𝑛

𝑦=1 ] , 

given that 

𝑘𝑐𝑜𝑙(𝑥, 𝑦) = {

0  , ∆𝑐𝑜𝑙𝑢𝑚𝑛 ≤ 𝜋                                                 
1  , ∆𝑐𝑜𝑙𝑢𝑚𝑛 ≥ 𝜋 ∩ [∅(𝑥 − 1, 𝑦) >  ∅(𝑥, 𝑦)]

 −1, ∆𝑐𝑜𝑙𝑢𝑚𝑛 ≥ 𝜋 ∩ [∅(𝑥 − 1, 𝑦) <  ∅(𝑥, 𝑦)]
   

𝑘𝑟𝑜𝑤(𝑖, 𝑗) = {

0  , ∆𝑟𝑜𝑤 ≤ 𝜋                                                 
1  , ∆𝑟𝑜𝑤 ≥ 𝜋 ∩ [∅(𝑥. 𝑦 − 1) >  ∅(𝑥, 𝑦)]

 −1, ∆𝑟𝑜𝑤 ≥ 𝜋 ∩ [∅(𝑥, 𝑦 − 1) <  ∅(𝑥, 𝑦)]
 

                                                                                         () 

E. Step 5: Smoothing Filter 

 Recalled that the step 4 has blindly preserved the data 
pixel of high coherency zone in which the noise suppression 
is not being performed on relevant zone. After the 2D phase 
unwrapping, the over-filtering is less likely to be happened. 
Therefore, the extensive noise filtering task could be 
performed in this step. The step 5 incorporates an averaging 

filter with 4  4 window size as smoothing filter. The 
averaging filter is repeated for l times until the outcome image 
become the satisfied image between based on visual 
assessment. The final processing outcome of step 5 produces 
the estimated outcome of the proposed method. 

 

 

Fig. 3. Working procedures of proposed method. 

IV. PERFORMANCE TESTS 

In order to evaluate on the performance of proposed 
method, this section performs several experimental tests based 
on three series of interferometric data covers the simulated 
noisy scene, extreme scene and real InSAR scene of Long 
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Peak mountainous. For comparative studies, the performance 
tests also cover several mandatory interferometric phase 
unwrapping methods which are Goldstein Branch cut method, 
Phase unwrapping via graph cut (also known as PUMA 
method) and Quality map guided method. Such experiment 
tests are implemented based on the computer with 
specification of Intel(R) Core(TM) i5-3210M CPU @ 2.50 
GHz, 2501 MHz, 2 Core(s) and 4 Logical Processor(s). 

A. Experiments of Noisy Interferometric Observations 

This section performs the experimental tests based on the 
simulated test scene of noisy interferometry observations with 
17 dB signal-to-noise ratio as shown in Fig. 4. Figure 4(a) 
represent the two dimensional image of actual phase while 
Fig. 4(c) shows the 3D surface structure of relevant terrain. 
Fig. 4(b) refers to the measured phase images of interferogram 
while Fig. 4(d) presents the estimated outcome of proposed 
method. For comparative study, Fig. 5(e) shows unwrapped 
phase image of Goldstein branch cut method and Fig. 4(f) 
indicates unwrapped phase image of PUMA method. Figure 
4(g) refers to unwrapped phase image of quality map guided 
method. From the visual assessment, all tested algorithms 
have well-reconstructed on the surface structure for the noisy 
interferometric observation in which the shape of surface 
structure are accurately reshaped as compare to Fig. 4(a) of 
actual phase image. 

 

 

 

Fig. 4. Experimental results: (a) actual phase image, (b) observed noisy 
interferogram, (c) 3D surface structure plot of actual phase, (d) estimated 
phase of proposed method, (e) unwrapped phase of Goldstein branch-cut 
method, (f) unwrapped phase of  PUMA method and (g) unwrapped phase of 

quality map guided method. 

B. Extreme Scene: Noise, Aliasing and Exreme Surface 

Structure 

In this section, the experiments target to exanimate the  
interferometric phase estimation methods based on the 
computer generated scenes that induced by multiple problems 
covers noise, aliasing and extreme surface. The simulation 
scenes are based on InSAR applications where the 
assumptions of non-aliasing condition are violated.  This 
simulation imitates the challenging non-linear circumstance 
of real InSAR observations. Figure 5(a) shows the image of 
actual phase and Fig. 5(c) generates the 3D surface structure 
of relevant sharply peak. Figure 5(b) shows the measured 
phase images of noisy interferogram which is the observation 
image. Figure 5(d) shows the estimated outcome of proposed 
method. Figure 5(e) presents unwrapped phase image of 
Goldstein branch cut method and Fig. 5(f) indicates 
unwrapped phase image of PUMA method. Figure 5(g) refers 
to unwrapped phase image of quality map guided method. 

 

 

Fig. 5. Experimental results of extreme scene tests: (a) actual phase image, (b) 
observed noisy interferogram, (c) 3D plot of terrain surface based on actual 
phase value, (d) estimated phase image of proposed method, (e) unwrapped 
phase image of Goldstein branch cut method, (f) unwrapped phase image of  
PUMA method and (g) unwrapped phase image of quality map guided 

method. 
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Since the conditions of extreme scenes have violated most 
of the assumptions of all interferometric phase estimation 
methods, all of the estimated results contain flaws. From the 
visual assessment from Fig. 5, the outcome results of 
Goldstein branch cut Fig. 5(e ) consists high error over central 
area of mountain region; this is because branch-cut method 
has leaved ‘null’ solution over the aliasing zone. In Fig. 5(f), 
it can be observed that the PUMA method is well-resist to 
aliasing problem by well-construct on relevant surface area. 
However, PUMA has failed to detect the extreme surface in 
which the notch area is wrongly reshaped as part of a complete 
round-shaped hill. In Fig. 5(g), the unwrapped phase image of 
quality map guided method partly degraded by aliasing and 
notch surface. Compare to other methods, proposed method 
show good resistance at both aliasing and extreme surface 
problem; however, the bottom part of estimated images 
consists of little errors that accumulated from aliasing or 
extreme surface zone.  

C. Real Scene: InSAR Observation of Long Peak 

Mountainous 

In this section, the experiments incorporate the real 
interferometric data scenes that generated from John Hopkins 
University based on InSAR measurement over Long Peak, 
Colorado, United States [9]. The actual ground truth data is 
also provided in relevant data set. Figure 6 shows relevant 
data set and estimation results of aforementioned 
interferometric phase estimation method which cover (a) 
actual phase image, (b) observed noisy interferogram, (c) 3D 
plot of terrain surface based on actual phase value, (d) 
estimated phase image of proposed method, (e) unwrapped 
phase image of Goldstein branch cut method, (f) unwrapped 
phase image of PUMA method and (g) unwrapped phase 
image of quality map guided method. In overall, the visual 
assessment shows that almost all methods are success to 
construct on the surface structures of Long Peak mountainous 
unless the unwrapped phase image of Goldstein branch cut 
method (as shown in Fig. 6(e)) shows some obvious “null” 
error over cliff regions (upper part). 

 

 

 
Fig. 6. Experimental results of Long Peak Mountainous scene : (a) actual 
phase image, (b) observed noisy interferogram, (c) 3D plot of terrain surface 
based on actual phase value, (d) estimated phase image of proposed method, 
(e) unwrapped phase image of Goldstein branch cut method, (f) unwrapped 
phase image of  PUMA method and (g) unwrapped phase image of quality 
map guided method. 

D. Performance Evaluations  

Table I. Performance of interfeometric phase estimation methods based on 

root mean square error. 

Interferometric 

Phase Estimation 

Methods 

RMSE results for various phase image  

(in radian) 

Noise-

induced 

scene 

Extreme 

scene 

Real 

mountainous 

scene 

Proposed Method 0.0801 0.2230 0.4550 

Goldstein Branch-

cut Method 
1.5395 4.1913 0.5490 

PUMA Method 0.5135 0.6166 0.8811 

Quality Map 

guided Method 
1.5396 2.5276 0.6075 

 

Table II. Computation times of interfeometric phase estimation methods. 

Interferometric 

Phase Estimation 

Methods 

Computation time of various size for phase 

image (in second) 

5050 100100 200200 400400 

Proposed Method 0.24 0.30 0.31 0.76 

Goldstein Branch-

Cut Method 
0.57 2.01 7.49 35.91 

PUMA Method 0.68 0.73 5.25 47.95 

Quality Map 

guided Method 
6.20 11.98 69.62 1292.58 

 
Previous sections show the visualized experiment results 

for various test scenes in term of images. Other than visual 
assessment, the accuracy of each method could be also 
measured by other metric i.e. root mean square error, RMSE. 
Table I shows the accuracy level for aforementioned phase 
estimation methods based on each case of test scene using 
metric of RMSE; from which, the proposed method is up-
performed other methods. PUMA method ranked second and 
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following by Quality Map guided method. Since the working 
mechanism of branch-cut method leave “null” solution on the 
certain isolation zone due to residues link, such method 
produces most inconsistences as compare to other methods 
[10]. 

The performance evaluation also includes a complexity 
test that count on the computation times for the absolute 

phase estimation methods for various sizes of N  N 
interferometric phase images with N = 50, 100, 200, 400. 
From the results of complexity test in Table II, the proposed 
method gives fastest processing time, following by PUMA 
algorithm. Goldstein branch-cut method ranks third in term 
of time efficiency. Compare to others, the quality map guided 
method incorporated of an extra phase variance map that has 
increase on the computation cost of entire algorithm. 
Therefore, it requires most processing time than others. 

V. CONCLUSION 

The analytical study of phase ambiguity shows that the 
interferometric phase error is decreasing corresponding to the 
correlation level of interferometric input images. Proposed 
solution performs the phase estimation by incorporated the 
classical Itoh phase unwrapping procedure that guided by an 
improved ordered statistical filter. The proposed algorithm 
has incorporated an improved ordered statistical filter able to 
adapt to the phase noise level and adjust on its filtering rate 
for different level of noise based on a coherency map. This 
method capable to filters off the unwanted noise and 
preserves the important information without over-filtering 
problem. The comparative studies shows that the proposed 
solution up-perform other existing interferometric phase 
estimation methods. 
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