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Abstract 

We analyze the methods for measuring azimuth deformation with L-band ALOS-2 
ScanSAR interferometry. To implement the methods, we extract focused bursts from 
the ALOS-2 full-aperture product, which is the only product available for ScanSAR 
interferometry at present. The extracted bursts are properly processed to measure 
azimuth deformation using interferometric phase. We apply the range split-spectrum 
method to ScanSAR to estimate the differential ionospheric phase of the 
interferogram, and take the azimuth derivative of the differential ionospheric phase to 
mitigate the relative azimuth shift caused by ionosphere. For the first time, azimuth 
deformation of a large earthquake (April 25, 2015 Nepal earthquake) is nearly 
completely measured by L-band ScanSAR interferometry with moderate precision. 
The result is validated by azimuth deformation measured by incoherent cross 
correlation using a pair of high resolution RADARSAT-2 images. In addition to the 
final azimuth deformation, we show the possibility of processing full-aperture 
ScanSAR product using a burst-by-burst approach to form regular interferograms. We 
also show the recent strong large-scale ionospheric effects on L-band ALOS-2 
ScanSAR interferograms. Other possible applications of this research include 
measuring the movement of glaciers. 

Index Terms—scanning synthetic aperture radar (ScanSAR), ALOS-2, earthquake, 
azimuth deformation, ionosphere. 

I. Introduction 

Cross correlation (including incoherent and coherent cross correlation) and split 
spectrum are the two main methods used to measure offsets between two synthetic 
aperture radar (SAR) images, e.g. ground deformation and coregistration offsets [1]-
[3]. In azimuth, the split spectrum is usually referred to as multiple aperture InSAR 
(MAI) for azimuth deformation measurement [3] in the geophysical community, 
while as spectral diversity [4] mainly for stringent azimuth coregistration in the SAR 
signal processing community. To follow the existing conventions, we refer to it as 
MAI in the context of azimuth deformation measurement, and as spectral diversity in 
the context of azimuth coregistration.  
Azimuth deformation is an important component to construct three-dimensional 
deformation using SAR images. In a recent paper, a future spaceborne SAR concept 
has been proposed to measure azimuth deformation using MAI [5]. At present, while 
MAI method mainly uses stripmap mode data to measure azimuth deformation, many 
spaceborne SAR systems are designed to be able to operate in ScanSAR mode [6], [7] 
to acquire wide-swath images. In particular, ScanSAR interferometry [8] is one of the 
goals of the Japan Aerospace Exploration Agency (JAXA) ALOS-2 mission [9], [10] 
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launched on May 24, 2014. ALOS-2 has been acquiring L-band ScanSAR data with 
high burst overlap and small baselines since February, 2015. The advantages of 
implementing MAI with L-band ALOS-2 ScanSAR data include highly coherent 
signals and large-scale measurement. The resulting azimuth deformation is 
particularly important for the study of large earthquakes that usually attract wide 
interests. 

Measuring azimuth deformation with L-band ALOS-2 ScanSAR interferometry is not 
very straightforward. Focused ALOS-2 ScanSAR data is distributed by JAXA as two 
kinds of products: the full-aperture product and the burst-by-burst product. Currently, 
only full-aperture product is usable for interferometry. The full-aperture product is 
focused by a stripmap focusing algorithm after filling burst gaps with zero echoes 
[11], and individual bursts are no longer available. To measure azimuth deformation, 
bursts must be retrieved from the full-aperture product. Furthermore, while burst-by-
burst approach for ScanSAR interferometry is mature nowadays, specific problems 
related to this particular case need to be carefully considered. These include the 
removal of azimuth non-overlap spectra and the coregistration (including range and 
azimuth) in the presence of ground deformation, strong ionosphere, and inaccurate 
geometry. While our main purpose of burst-by-burst interferometric processing is 
azimuth deformation measurement, the resulting burst-by-burst interferometric 
processing is also useful in that it can provide another way of processing ALOS-2 
full-aperture ScanSAR products, because a large number of these products have been, 
and probably will be, distributed by JAXA. The major advantage of burst-by-burst 
processing is the significantly reduced data volume. 
Low frequency, e.g. L-band, SAR is more sensitive to ionosphere [12]-[14]. For 
azimuth deformation measurement, the relative azimuth shift caused by ionosphere 
should be removed. In our experience of processing a large amount of ALOS-2 data 
over a number of different areas since 2015, we find that most of the interferograms 
are strongly affected by ionosphere. The range split-spectrum method, making use of 
the dispersive nature of the ionosphere, has been proposed to estimate the differential 
ionospheric phase for InSAR [15], [16]. Based on this method, the L-band SAR of the 
future NASA-ISRO NISAR mission is designed to have an extra range band that can 
be used to estimate ionosphere [17]. Recently this method was well demonstrated in 
[18]. We apply this method to ScanSAR to estimate the differential ionospheric phase 
of the interferogram. 

With the ScanSAR bursts available, MAI interferograms can be formed. The 
differential ionospheric phase estimated can be used to mitigate the relative azimuth 
shift caused by the ionosphere. The phase of an MAI interferogram is a combination 
of the phases caused by azimuth deformation of the ground, relative azimuth shift 
caused by ionosphere, and offset caused by geometric difference. Properly processing 
the data to finally separate the azimuth deformation phase from the MAI phase is very 
important.  
In the following sections, we theoretically analyze the methods for measuring azimuth 
deformation with L-band ALOS-2 ScanSAR interferometry. We then implement the 
methods by properly processing the data. We present the ALOS-2 ScanSAR 
interferograms processed using a burst-by-burst approach. We show examples of the 
strong large-scale ionospheric effect appearing in L-band ALOS-2 ScanSAR 
interferograms. We show the strong large-scale azimuth deformation caused by April 
25, 2015 Mw7.8 Gorkha earthquake in Nepal. 



 
II. Theoretical Analysis 

A. Measuring Azimuth Deformation With ScanSAR Interferometry 
It is known that MAI and spectral diversity actually correspond to each other [1], 
[19]. We describe in some detail here how the two are related to each other. First of 
all, in the geophysical community, MAI is explained from a physical or geometric 
point of view. In the SAR signal processing community, spectral diversity is 
explained from a signal processing point of view. How the two are exactly related to 
each other is not very clearly explained in the previous literature. Second, we refer to 
split spectrum as MAI in the context of azimuth deformation measurement to follow 
the existing conventions, but for ScanSAR data processing, it’s more convenient to 
explain things from a signal processing point of view. 

MAI exploits the phase difference of the forward- and backward-look interferograms 
to measure azimuth deformation [3]. In stripmap mode, for a target on the ground, the 
forward and backward looks are shown in Fig. 1(a). For an azimuth deformation 𝑥 of 
the target, the deformations measured by the interferograms of the two looks along 
their corresponding line-of-sight (LOS) directions are 

 
𝜙𝑓 = −

4𝜋
𝜆 𝑥sin𝜃𝑔,𝑓

𝜙𝑏 = −
4𝜋
𝜆 𝑥sin𝜃𝑔,𝑏

 (1) 

where 𝜆 is the radar wavelength, 𝜃!,! and	𝜃!,!	are the squint angles on the ground, 
and subscripts 𝑓  and 𝑏  indicate forward and backward looks, respectively. The 
relationship between the squint angle on the ground 𝜃! and the actual squint angle 𝜃!" 
is [20] 

 
sin𝜃sq
sin𝜃𝑔

=
𝑣𝑔
𝑣𝑠

 (2) 

where 𝑣! is the actual satellite velocity along the orbit, and 𝑣! is the velocity of the 
beam footprint on the ground. According to the relationship between Doppler centroid 
frequency and squint angle [20] 

 𝑓!" =
2𝑣!sin𝜃!"

𝜆 =
2𝑣!sin𝜃!

𝜆  (3) 

equation (1) can be expressed as 

 
𝜙𝑓 = −

2𝜋
𝑣𝑔
𝑥𝑓DC,𝑓

𝜙𝑏 = −
2𝜋
𝑣𝑔
𝑥𝑓DC,𝑏

 (4) 

By conjugate multiplication of the forward- and backward-look interferograms, we 
get the MAI interferogram whose phase is 

 𝜙!"# = 𝜙! − 𝜙! = −
2𝜋
𝑣!
𝑥 𝑓!",! − 𝑓!",! . (5) 

Then the azimuth deformation can be derived by inverting equation (5) 



 𝑥 = −
𝜙!"#𝑣!

2𝜋 𝑓!",! − 𝑓!",!
. (6) 

Note the 𝑣! in the numerator, which indicates 𝑥 is the deformation on the ground. 

In ScanSAR mode, SAR antenna cyclically points to several subswaths with different 
look angles. In each cycle, the SAR system collects a group of echoes for each 
subswath. The group of echoes is called a burst. By repeating this cycle over several 
subswaths, a wide-swath image can be acquired. For a multiple look ScanSAR 
system, which is the case for ALOS-2, each point on the ground is imaged by multiple 
bursts. Each burst represents a look with a distinct squint angle. Suppose that burst 𝑁! 
and 𝑁! (e.g. burst 1 and burst 3 of the 2-subswath 3-look ScanSAR system shown in 
Fig. 1(b)), taking the place of forward and backward looks in stripmap mode shown in 
Fig. 1(a), are used to measure azimuth deformation, the center frequency difference of 
the two bursts can be given by 

 Δ𝑓 = 𝑓!",! − 𝑓!",! = − 𝑁! − 𝑁! 𝐾!𝑇! = 𝑛𝐾!𝑇!  (7) 

where 𝐾! (𝐾! > 0) is the azimuth frequency modulation (FM) rate, 𝑇!  is the burst 
cycle length, and 𝑛 is the difference of burst numbers. Replacing the frequency 
difference with equation (7) in equation (6), the azimuth deformation measured by 
ScanSAR interferometry is 

 𝑥 = −
𝜙!"#𝑣!
2𝜋𝑛𝐾!𝑇!

 (8) 

where 𝜙!"# is the phase of the MAI interferogram generated from the two burst 
interferograms.  
Fig. 1 (a) and (b) shows the stripmap and ScanSAR MAI geometries for one target. 
For multiple targets in azimuth, the corresponding azimuth spectra are shown in Fig. 1 
(c) and (d). For the backward or forward look in stripmap mode, the spectrum 
locations of different targets are the same, but the spectra are captured by radar at 
different time spans; on the contrary, for a burst in ScanSAR mode, the spectrum 
locations of different targets are different, but the spectra are captured by radar at the 
same time span. In any case, the frequency difference between two looks or bursts is 
the same for all targets. 
B. Ionospheric Correction 

Since 2015, we have processed a large amount of ALOS-2 ScanSAR data over many 
areas. Most of the interferograms are strongly affected by ionosphere. The original 
azimuth deformation measurement also contains the relative azimuth shift caused by 
ionosphere. Doing ionospheric correction is very important to get usable azimuth 
deformation measurements. 
The two-way phase delay of a SAR signal travelling through the ionosphere can be 
given by [12], [13], [21] 

 𝜙!"# = −
4𝜋𝐾
𝑐𝑓 𝑛!dℎ ≈ −

4𝜋𝐾
𝑐𝑓 ∙

1
cos 𝜑 ∙ TEC (9) 

where 𝐾=40.28 m3/s2, 𝑐 is the vacuum speed of light, 𝑓 is the range radar frequency, 
𝜑 is the look angle, TEC is the vertical total electron content, and 𝑛!dℎ is the total 
electron content along radar signal travelling path. The phase delay is inversely 
proportional to radar frequency, and therefore lower frequency signal, such as L-band 



signal, is more sensitive to ionosphere. For InSAR, the difference of the TEC when 
acquiring the master and slave signal causes an additional phase in the interferogram 

 𝜙!"#,! = 𝜙!"#,! − 𝜙!"#,! = −
4𝜋𝐾
𝑐𝑓 ∙

1
cos 𝜑 ∙ ΔTEC (10) 

where ΔTEC is the differential TEC. 

Unlike troposphere that is much lower, the ionosphere is much higher (~400 km) [12]. 
Therefore for a target on the ground, the spaceborne radar signal is more likely 
subjected to the ionospheric change within the azimuth synthetic aperture. According 
to equation (9), the linear component of the ionospheric change imposes an additional 
linear phase to the radar signal, and consequently moves the whole Doppler spectrum 
of the target. Supposing that the azimuth SAR signal is linear FM signal, the azimuth 
time corresponding to the Doppler spectrum shift is 

 𝜂!"# =
1
𝐾!

∙
1
2𝜋 ∙

∂𝜙!"#
∂𝜂  [𝑠] (11) 

where 𝜂 is the azimuth time. After focusing, the target is thus shifted from its original 
ground azimuth location by 

 𝑥!"# =
1
2 𝑣!𝜂!"# =

𝑣!
𝐾!

∙
1
4𝜋 ∙

∂𝜙!"#
∂𝜂  [𝑚] (12) 

Note the factor 1/2, which corresponds to the two-way SAR signal. The relative 
azimuth shift of an InSAR image pair is thus 

 𝑥!"#,! =
𝑣!
𝐾!

∙
1
4𝜋 ∙

∂𝜙!"#,!
∂𝜂 −

∂𝜙!"#,!
∂𝜂 =

𝑣!
𝐾!

∙
1
4𝜋 ∙

𝜕𝜙!"#,!
𝜕𝜂  [𝑚] (13) 

Both this relative azimuth shift and the azimuth deformation contribute to the 
deformation measured by MAI. If the differential ionospheric phase 𝜙!"#,! is known, 
the relative azimuth shift can be mitigated to get a more accurate azimuth deformation 
measurement. Conversely, the relative azimuth shift, derived by either cross 
correlation [22], [23] or split spectrum (MAI) [24], [25], has been used to estimate the 
differential ionospheric phase 𝜙!"#,! in regular InSAR interferograms. 

Estimating ionosphere using range split-spectrum method for InSAR was proposed in 
[15], [16] and well demonstrated in [18]. We apply this method to ScanSAR. Using 
this method, the differential ionospheric phase 𝜙!"#,!  to be removed from 
interferogram can be given by 

 𝜙!"#,! =
𝑓!𝑓!

𝑓!(𝑓!! − 𝑓!!)
𝜙!𝑓! − 𝜙!𝑓!  (14) 

where  𝑓! is the radar carrier frequency,  𝑓! is the center frequency of the lower band, 
𝑓! is the center frequency of the upper band, 𝜙! is the interferometric phase of the 
lower band, and 𝜙! is the interferometric phase of the upper band. The azimuth 
derivative of the resulting differential ionospheric phase 𝜙!"#,!  can be used to 
mitigate the relative azimuth shift caused by ionosphere. 

After getting the differential ionospheric phase 𝜙!"#,!, ionospheric correction can be 
performed on the MAI interferogram. According to equation (8) and equation (13), 
the relationship between the MAI phase 𝜙!"#  and the azimuth derivative of 
differential ionospheric phase 𝜕𝜙!"#,!/𝜕𝜂 is 



 𝜙!"# = −
𝑛𝑇!
2 ∙

𝜕𝜙!"#,!
𝜕𝜂  (15) 

This exact (No regression based on real data processing is required for estimating 
−𝑛𝑇!/2 in equation (15)) relationship is validated by our real data processing. Note 
this exact relationship is not varying in range. 

C. Error Analysis 
Two error sources can contribute to the error of the final azimuth deformation 
measurement. The first one is the phase noise in the MAI interferogram. According to 
equation (8), standard deviation of the azimuth deformation can be given by 

 𝜎! =
𝑣!

2𝜋𝑛𝐾!𝑇!
𝜎!!"# (16) 

where 𝜎!!"# is the phase standard deviation of the MAI interferogram, which can be 
given by 

 𝜎!!"# = 𝜎!!
! + 𝜎!!

!  (17) 

where 𝜎!! and 𝜎!! are the phase standard deviations of the two bursts used to form 
MAI interferogram. Here, we have assumed the two burst interferograms are 
independent, which is the case for ScanSAR as the azimuth burst spectra do not 
overlap. The phase standard deviation of a spatially averaged interferogram is [1], 
[26] 

 𝜎! =
1
2𝑁

1− 𝛾!

𝛾  (18) 

where 𝛾 is the coherence, and 𝑁 is the number of resolution elements. 𝑁 should be 
large enough to make equation (18) valid. 

The other error source is the error of the azimuth derivative of the differential 
ionospheric phase. In the implementation, azimuth derivative can be performed by 
subtraction. It’s reasonable for us to assume the random noises of the two resolution 
elements are independent. Therefore, according to equation (13), the standard 
deviation of the relative azimuth shift calculated using azimuth derivative of the 
differential ionospheric phase is 

 𝜎!!"#,! =
𝑣!
𝐾!

∙
1
4𝜋 ∙

1
Δ𝜂 ∙ 𝜎!!"#,!,!!!

! + 𝜎!!"#,!,!
!  (19) 

where 𝑖 is the azimuth line number, Δ𝜂 is the azimuth time interval between two 
adjacent lines, and 𝜎!!"#,! is the standard deviation of the differential ionospheric 
phase 𝜙!"#,!, which can be given by 

 𝜎!!"#,! =
𝑓!𝑓!

𝑓!(𝑓!! − 𝑓!!)
𝑓!!𝜎!!

! + 𝑓!!𝜎!!
!  (20) 

where 𝜎!! and 𝜎!! are the phase standard deviations of the lower and upper band 
interferograms, which can be given by equation (18). 

We present the numerical results using parameters from the ALOS-2 ScanSAR data 
acquired over Nepal on Feb. 22, 2015. This is WBD mode (ScanSAR nominal 
[14MHz] mode Dual polarization) [27]. There are five subswaths, and we use 



parameters from subswath 3. When a range varying parameter is required, we use its 
value at the center of subswath 3. We assume the coherences of the two look 
interferograms are the same. The standard deviation of the azimuth deformation 𝜎! 
given by equation (16) is shown in Fig. 2. The number of looks of the ScanSAR 
system is about five. The maximum burst number difference 𝑛 is therefore four. We 
have used 𝑛 = 3 to calculate the results shown in Fig. 2. For real data processing, a 
realistic value of 𝑁 is 37 which is the one we use in our data processing. Note that the 
accuracy of the final result can be improved by averaging results of different 𝑛 values 
as the number of looks of the ScanSAR system is about five.  
If full aperture is used, the azimuth resolution of the differential ionospheric phase 
𝜙!"#,!  estimated by range split-spectrum method is full aperture length (Actual 
resolution may be better than this due to the antenna pattern and the weighting applied 
in the focusing). It is reasonable to average a large number of samples in the azimuth 
direction, which results in an azimuth sample size comparable to the azimuth 
resolution of 𝜙!"#,!. In the meantime, we also make the slant range sample size equal 
to azimuth sample size along the orbit. This leads to relatively large 𝑁. We then 
calculate the standard deviation of the relative azimuth shift 𝜎!!"#,! given in equation 
(19) according to different azimuth sample sizes (corresponding to different 𝑁 
values). The range split-spectrum scheme suggested in [1], [16] is used. We assume 
all the coherences involved are the same. The result is shown in Fig. 3, where we use 
fraction of full-aperture length to denote the resulting azimuth sample size. From Fig. 
3, we can see that mitigating the relative azimuth shift using the differential 
ionospheric phase estimated using the range split-spectrum method is possible for 
ALOS-2 ScanSAR data. 

D. Limitation 
From real data processing, we find the resolution of the relative azimuth shift 
measured by the MAI interferogram is actually better than that calculated from the 
differential ionospheric phase estimated using range split-spectrum method. 
Furthermore, filtering is usually required to reduce random noise. As noticed in [18], 
while filtering can reduce random noise to a very low level, it also causes bias 
especially in the low coherence areas where larger filtering window is required to get 
a smoother result. Considering these two factors, the relative azimuth shift calculated 
is a biased result if the relative azimuth shift appearing in the MAI interferogram 
varies quickly. 
Two solutions can be considered. First, if the coherence is high, we can reduce the 
azimuth aperture in the data processing of the range split-spectrum method to improve 
the resolution of the estimated differential ionospheric phase 𝜙!"#,!. For a multiple 
look ScanSAR system, we can use a number of looks that is smaller than the number 
of looks of the system. Second, we can choose an InSAR pair whose relative azimuth 
shift does not vary very quickly. This is possible with L-band data as temporal 
decorrelation is not as strong as other data acquired at shorter wavelengths, such as C-
band. Therefore, many more acquisitions are available for interferometry. This is 
indeed the case for ALOS-2 considering other factors affecting coherence such as 
baseline and burst overlap are well under control. 
 

III. From ALOS-2 Full-aperture ScanSAR Product to Burst-by-burst 
Interferometric Processing 



A. Extracting Bursts from ALOS-2 Full-aperture ScanSAR Product 
The ALOS-2 full-aperture ScanSAR product is focused using a stripmap focusing 
algorithm after filling burst gaps with zero echoes [11]. As a result, the focused image 
is a stripmap-like image, and individual bursts are no longer available. Furthermore, 
important parameters such as burst length, burst gap length and start times of raw 
bursts, are not available from the product either. These parameters are required as 
input before retrieving individual bursts from full-aperture product. We estimate these 
parameters using methods described in [28]. 

The burst signal of a target after focusing can be expressed as [20] 

 𝑠! 𝜂 = 𝑇!sinc 𝐾!𝑇!𝜂 ⋅ exp 𝑗𝜋𝐾!𝜂 𝜂 − 2𝜂!  (21) 

where 𝑇!  is the burst length, 𝜂 is the azimuth time, 𝜂!  is the offset between the 
target’s zero Doppler time and burst center, and 𝐾! (𝐾! > 0) is the azimuth FM rate. 
We have ignored the range of closest approach, the antenna pattern, the weighting 
applied in the focusing and the complex constant modeling the backscattering 
characteristic. The time-frequency plot of a multiple look ScanSAR system is shown 
in Fig. 4(a). For full-aperture image, signals from different bursts are superimposed. 
Supposing that we are going to extract burst 𝐵! as shown in Fig. 4 from full-aperture 
image, we determine the imaged area of burst 𝐵! (azimuth range between the two 
vertical dashed lines in Fig. 4) using the start time of raw burst 𝐵! and Doppler 
centroid frequency. Then the corresponding bulk of image, which also contains 
signals from other bursts (𝐵!-𝐵! and 𝐵!-𝐵!), is read into memory and multiplied by 

 𝑝 𝜂 = exp −𝑗𝜋𝐾! 𝜂 + 𝜂!""#$% !  (22) 

where 𝜂!""#$% is the offset between the center of 𝑝 𝜂  and the center of the focused 
burst to be extracted. Now the azimuth-varying spectrum of each burst is moved to a 
limited band as shown in Fig. 4(b). In Fig. 4(b), to make it clearer, we have assumed a 
much longer 𝑝 𝜂 , and other bursts involved (𝐵! -𝐵!  and 𝐵! -𝐵! ) are also fully 
multiplied by it. Depending on different 𝜂!""#$% values, the resulting azimuth signal of 
each burst can be baseband signal or non-baseband signal. In our implementation, we 
choose a 𝜂!"!"#$ value that moves the spectrum of burst 𝐵! to a baseband. We then use 
a bandpass filter to capture the spectrum of burst 𝐵! as shown in Fig. 4(c). Now the 
azimuth sampling rate is still PRF, which is much larger than azimuth burst 
bandwidth. Therefore, we downsample the filtered burst according to the desired 
oversampling ratio to reduce data volume. Finally, the downsampled burst is 
multiplied by the conjugate of equation (22), and the spectrum is moved back as 
shown in Fig. 4(d). Other bursts can be extracted exactly in the same way. 
In the above discussion, we have only extracted the targets that are fully imaged by a 
burst. Also, we have used full azimuth spectrum (corresponding to PRF), which is 
actually possible with ALOS-2 as full azimuth spectrum is kept during focusing. In 
practice, we usually use only a fraction (e.g. 90%) of the full azimuth spectrum to 
remove the darker samples with lower signal-to-noise ratio (SNR) on burst edges. For 
ALOS-2, the availability of full azimuth spectrum is a benefit of extracting bursts 
from full-aperture product as we can determine how much azimuth spectrum we want 
to use by ourselves. On the other hand, not all azimuth spectrum is kept in the burst-
by-burst product. 

In the extraction of bursts, an important problem is whether we should consider the 
aliasing effect after multiplying the image by equation (22). That is, whether we 



should consider the possibility that burst signals may overlap. We can understand this 
problem in this way. In Fig. 4(b), there are two dimensions: the azimuth dimension 
and the frequency dimension. In azimuth dimension, spectrum of different bursts may 
overlap (e.g. burst 𝐵! and 𝐵!). In frequency dimension, at each azimuth location, 
multiplying by equation (22) just moves the whole azimuth spectrum and relative 
locations of different burst spectra remain the same. In other words, different burst 
spectra never overlap in this dimension. For burst extraction, each target imaged by 
burst 𝐵! is extracted at its own azimuth location. In this case, azimuth dimension is 
fixed, and we only have to consider frequency dimension. Therefore, we never have 
to consider the problem that burst signals may overlap. However, in the estimation of 
burst parameters (e.g. burst length, burst gap length and start times of raw bursts), the 
problem should be properly considered, as many azimuth targets are involved, and 
azimuth dimension is not fixed [28]. 

An example of burst extraction is shown in Fig. 5.  
B. Removal of Azimuth Non-overlap Spectra 

Azimuth non-overlap spectra are caused by Doppler centroid frequency difference 
and burst misalignment. For this particular case, three methods are possible to remove 
azimuth non-overlap spectra. The first method is to filter the full-aperture image using 
a multi-band bandpass filter [28] before extracting bursts. The second method is to 
filter the extracted bursts using a bandpass filter as done in the regular burst-by-burst 
processing. 

For our implementation, we remove azimuth non-overlap spectra by adjusting burst 
parameters when extracting bursts according to Doppler centroid frequency difference 
and burst misalignment. To remove non-overlap spectrum caused by burst 
misalignment, we need to change burst length for both acquisitions and burst start 
times of the acquisition whose bursts are in front of the corresponding bursts of the 
other acquisition. Doppler centroid frequency difference reduces the full azimuth 
spectrum available for interferometry. Non-overlap spectrum caused by Doppler 
centroid frequency difference is actually not necessarily to be removed, as it is 
spectrum of targets in the non-overlap area of a burst pair. Removing azimuth non-
overlap spectra by adjusting burst parameters is a computationally efficient way as no 
extra computation is required. A comparison of burst interferograms generated using 
bursts without and with the removal of azimuth non-overlap spectra is shown in Fig. 
5. Compared with Fig. 5(c), there is less noise in Fig. 5(d), which indicates the 
successful removal of azimuth non-overlap spectra. 

C. Coregistration 
For the coregistration of burst-by-burst ScanSAR InSAR processing, the commonly 
accepted method is geometric coregistration [29] followed by a spectral diversity 
coregistration [4]. For ALOS-2, we find that even after geometric coregistration, there 
is still significant residual coregistration error which is probably caused by inaccurate 
geometry and recent strong ionosphere. In particular, the residual error may even 
cause complete loss of coherence, and therefore spectral diversity cannot be 
performed any more. 

To coregister the InSAR pair for regular InSAR processing, we first coregister the 
pair using geometric coregistration. The slave bursts are resampled according to the 
geometric coregistration offsets. The master bursts and coregistered slave bursts are 
used to form a pair of amplitude images, on which a cross-correlation coregistration is 



performed. Both range and azimuth coregistration offsets can be refined by 
polynomials fitted to the cross-correlation coregistration offsets. Now burst 
interferograms with good coherence can be formed, and spectral diversity can be done 
to further improve azimuth offsets. Using the final range and azimuth offsets, we 
resample slave bursts for the third time to form the final burst interferograms. The 
whole coregistration flow is shown in Fig. 6. 

Some changes can be made to this coregistration flow in order to measure azimuth 
deformation, which will be discussed in Section V. 

A comparison of interferograms processed using full-aperture approach and burst-by-
burst approach is shown in Fig. 7. The two results should be generally the same [30]. 
In the difference of the two interferograms shown in Fig. 7(c), there are some small 
areas with bigger differences. A possible reason for this is that these areas are mostly 
areas with very low amplitudes as shown in Fig. 7(d), and therefore the SNRs of these 
areas are very low. 

 
IV. Ionosphere Estimation for ScanSAR Interferometry 

We apply the range split-spectrum method [15], [16], [18] to ScanSAR to estimate the 
differential ionospheric phase 𝜙!"#,! in ScanSAR interferogram. In the generation of 
subband image, we need to be careful if the center frequency is moved back to zero. 
According to the property of Fourier Transform,  

 𝑔 𝑡 ⋅ exp 𝑗2𝜋𝑓!𝑡  ↔  𝐺(𝑓 − 𝑓!) (23) 

where 𝑡 is the time, 𝑓 is the frequency, 𝑓! is the amount of frequency to be shifted, 
𝑔 𝑡  is the original time-domain function, and 𝐺(𝑓 − 𝑓!) is the frequency domain 
function after frequency shifting. Suppose that the linear phase to be multiplied is 

 𝑙 𝑡 = 2𝜋𝑓!𝑡. (24) 

For ScanSAR, the range time 𝑡 in equation (24) should have the same origin for all 
subswaths to make the differential ionospheric phase estimates consistent for all 
subswaths. If there is a relative range time error 𝑡! between the subswaths of an 
acquisition as shown in Fig. 8, it will cause phase errors to subband interferograms 
and eventually propagate to the differential ionospheric phase 𝜙!"#,! in equation (14). 
Note that for the same relative range time error 𝑡!, the phase error caused to the lower 
and upper band interferograms are different as their center frequencies in equation 
(24) are different. Therefore, unlike the common phase unwrapping error of two 
subband interferograms that has a little effect [18], the different phase errors of the 
lower and upper band interferograms caused by the same 𝑡! can have a big effect in 
the resulting differential ionospheric phase. The total phase error caused will be 

 𝜙!"#,!;! =
4𝜋𝑓!!𝑓!!

𝑓!(𝑓!! − 𝑓!!)
𝑡! (25) 

We evaluate the relative accuracy requirement of range time for ALOS-2 WBD mode 
(wavelength: 0.242 m. nominal range bandwith: 14 MHz. actual range bandwith:	
11899999.8 Hz). If the range split-spectrum scheme suggested in [1], [16] is used and 
𝜙!"#,!;! ≤ 0.1 rad, this requires that the relative range time error is less than or equal 
to 2.88×10!! range sample. 



We choose to move the center frequency to zero after range filtering in order to use 
our original InSAR processor in range split-spectrum method without any changes. 
The subswath range starting time of ALOS-2 product is far from meeting the relative 
accuracy requirement of range time. To solve the problem, we first coregister the 
subswaths using amplitude images to do a correction, which removes the majority of 
relative range time error. We then compensate for the relative phase error of subswath 
interferograms caused by the remaining relative range time error using the phase 
difference in the overlap area between adjacent subswaths. When mosaicking 
consecutive frames, similar problem exists. The same solution can also be applied to 
this case. A comparison of the different estimates of the differential ionospheric phase 
after filtering is shown in Fig. 9. 
The estimated differential ionospheric phase and its azimuth derivative can be used to 
correct the InSAR and MAI interferograms, respectively. Here, we present 
ionospheric correction examples for ALOS-2 ScanSAR interferometry. Fig. 10 shows 
the ionospheric correction result for April 25, 2015 Mw7.8 Nepal earthquake. For this 
InSAR pair, the frame numbers of the data we have are slightly different. In addition, 
incomplete bursts on image edges are not extracted. These make the resulting 
interferogram smaller in azimuth. The same InSAR pair and several other pairs were 
processed by E. O. Lindsey et al. [31] and us shortly after the earthquake, but without 
appropriate ionospheric correction. Fig. 11 shows the ionospheric correction result for 
September 16, 2015 Mw8.3 Chile earthquake. For this result, we processed three 
consecutive frames, and the total covered area is about 360 × 810 km2 
(range×azimuth). The original interferogram shows strong differential ionospheric 
phase in a large scale. The corrected interferogram is compared with Sentinel-1A 
TOPS interferogram of the same area processed by us. To compare the two results, 
the Sentinel-1A interferogram is filtered, unwrapped and scaled according to the ratio 
of ALOS-2 and Sentinel-1A wavelengths. 

 
V. Measuring Azimuth Deformation 

A. MAI Interferogram Formation 
For the purpose of measuring azimuth deformation, the coregistration flow presented 
in section III-C needs some changes. In the azimuth direction, the offset between the 
InSAR pair can be expressed as 

 𝑥 = 𝑥!"# + 𝑥!"#,! + 𝑥!"# (26) 

where 𝑥!"# is the offset caused by azimuth deformation of the ground, 𝑥!"#,! is the 
relative azimuth shift caused by ionosphere, and 𝑥!"#  is the offset caused by 
geometric difference. All of these offsets contribute to the azimuth deformation 
measured by MAI. For the coregistration, the first step is still geometric coregistration 
without any change. This step removes the spatially varying part of 𝑥!"# and leaves 
only the constant part of 𝑥!"#. After this step, the offset between the InSAR pair is 

 𝑥 = 𝑥!"# + 𝑥!"#,! + 𝑥!"#,!"#$% (27) 

where 𝑥!"#,!"#$% is the remaining constant part of 𝑥!"#. According to our experience, 
𝑥!"#,!"#$% can be  bigger than one sample in both range and azimuth (1/PRF). While 
the azimuth 𝑥!"#,!"#$%  may not cause significant coherence loss as the azimuth 
resolution is much coarser, the range  𝑥!"#,!"#$% may lead to complete decorrelation.  



The next step is cross-correlation coregistration. This step is mainly for recovering 
coherence. As in section III-C, a polynomial can be fitted to the range cross-
correlation coregistration offsets to remove the majority of the remaining range mis-
registration. In azimuth, a linear or higher order polynomial fitted to the azimuth 
cross-correlation coregistration offsets is not appropriate, as the resulting spatially 
varying signatures will be mixed with those of 𝑥!"#,!. This will cause problems in the 
following steps. Instead, we should take the average of the azimuth cross-correlation 
coregistration offsets, and use it to refine the azimuth offset. After this step, azimuth 
offset is 

 𝑥 = 𝑥!"# + 𝑥!"#,! + 𝑥!"#,!"#$% − 𝑥!!,!"#$% = 𝑥!"# + 𝑥!"#,! + 𝑥!"#$% (28) 

where 𝑥!!,!"#$% is the average of the azimuth cross-correlation coregistration offsets, 
and 𝑥!"#$% = 𝑥!"#,!"#$% − 𝑥!!,!"#$% which is a constant. 

Now burst interferograms with high coherence can be formed. For ALOS-2 WBD 
mode, the number of looks is about five. Thus, we can form five continuous 
interferograms using the burst interferograms. Each interferogram represents a look. 
The time span between adjacent looks is 𝑇! . Now four MAI interferograms, with 
different 𝑛  values as shown in equation (8), can be formed using the five 
interferograms. This is done for each subswath. For each look, the subswath MAI 
interferograms are mosaicked to form the whole swath MAI interferograms. In the 
mosaicking, while 𝑥!"# + 𝑥!"#,! is consistent for different subswaths in equation (28), 
𝑥!"#$%  is not necessarily the same (For ALOS-2, 𝑥!"#  is different for different 
subswaths. 𝑥!!,!"#$% is also different for different subswaths, as it is obtained from 
cross-correlation of amplitude images of each subswath.). The azimuth offset 
difference between adjacent subswaths is thus a constant and can be given by 

 𝑥! = 𝑥!"#$%,! − 𝑥!"#$%,!!! (29) 

where 𝑠 and 𝑠 + 1 indicate the subswath numbers. We then adjust the phase of one of 
the subswath MAI interferograms using the average value of the phase difference in 
the overlap area between the adjacent subswaths. After mosaicking, for each whole 
swath MAI interferogram, the azimuth offset can be given by 

 𝑥 = 𝑥!"# + 𝑥!"#,! + 𝑥!"#$%,!"# (30) 

where 𝑥!"#$%,!"#  is the 𝑥!"#$%  of the whole swath after adjustment, and is still a 
constant. Each whole swath MAI interferogram is filtered by the adaptive power-
spectrum filter [32] to suppress random noise caused by decorrelation. The filtered 
interferograms are then unwrapped by snaphu [33]. 

B. Phase Correction of the MAI Interferograms 

To remove the phase caused by 𝑥!"#,! and 𝑥!"#$%,!"# from the MAI interferogram, we 
mask out the area with azimuth deformation of the ground 𝑥!"#. In the remaining area, 
the azimuth offset is thus 

 𝑥 = 𝑥!"#,! + 𝑥!"#$%,!"# (31) 

With the azimuth derivative of the differential ionospheric phase 𝜕𝜙!"#,!/𝜕𝜂 
available from section IV, two methods can be used to correct for the phase caused by 
𝑥!"#,! and 𝑥!"#$%,!"#. The first method is to convert 𝜕𝜙!"#,!/𝜕𝜂 to MAI interferogram 
phase 𝜙!"#;!"#,! using equation (15), and subtract it from the MAI interferogram. The 



remaining phase of the MAI interferogram is mainly caused by 𝑥!"#$%,!"#. We then 
take the average of the remaining phase, which is denoted as 𝜙!"#;!"#$%,!"#. 𝜙!"#;!"#,! 
and 𝜙!"#;!"#$%,!"# are removed from the original MAI interferogram without mask to 
get the corrected MAI interferogram. As the second method, we can do a simple 
linear polynomial fit between 𝜕𝜙!"#,!/𝜕𝜂  and the phase 𝜙!"#  of the MAI 
interferogram using all available samples, as they are linearly proportional and their 
relationship is not range or azimuth variant. To correct for the phase caused by 𝑥!"#,! 
and 𝑥!"#$%,!"#, the following phase is removed from the original MAI interferogram 
without mask 

 𝜙!"# = 𝑎
𝜕𝜙!"#,!
𝜕𝜂 + 𝑏 (32) 

where 𝑎 and 𝑏 are the coefficients of the polynomial, and 𝑎 represents the relationship 
given by equation (15) and  𝑏  represents the phase caused by 𝑥!"#$%,!"# . Phase 
correction is done for each MAI interferogram. 
C. Azimuth Deformation 

Now theoretically each MAI interferogram only contains phase caused by azimuth 
deformation of the ground. The phase of each MAI interferogram is converted to 
azimuth deformation according to equation (8). The final azimuth deformation is the 
weighting average of all deformations. 

All the methods are implemented as additions to ISCE [34]. 
 

VI. Results 
In the previous sections, two pairs of ALOS-2 WBD mode data are used: the Nepal 
pair acquired on Feb. 22, 2015 and May 3, 2015, and the Chile pair acquired on Jul. 
30, 2015 and Sep. 24, 2015.  In this section, we take the Nepal pair as an example to 
demonstrate azimuth deformation measurement. For this pair, we find anomaly in 
subswath 2. But subswaths 3, 4 and 5 are enough for covering the azimuth 
deformation caused by April 25, 2015 Mw7.8 Nepal earthquake. Therefore, the three 
subswaths are processed. 

The MAI interferograms without phase correction are presented in Fig. 12. As we can 
see from this figure, the MAI phase is more and more obvious as the time span of the 
two look interferograms used to form the MAI interferogram becomes bigger. The 
phase caused by the azimuth deformation of Nepal earthquake is very clear. In the 
meantime, the phase caused by 𝑥!"#,! and 𝑥!"#$%,!"# as given in equation (30) is also 
very strong. 

The azimuth derivative of the differential ionospheric phase estimated using range 
split-spectrum method is shown in Fig. 13. Each of the two methods mentioned in 
Section V-B can be used to correct the phase of the MAI Interferograms. Before 
doing this, we first validate the exact relationship between the MAI phase 𝜙!"# and 
the azimuth derivative of differential ionospheric phase 𝜕𝜙!"#,!/𝜕𝜂 given by equation 
(15). This is a critical validation of the systematic analysis of Section II. The 
coefficient −𝑛𝑇!/2 in equation (15) should be equal to the polynomial coefficient 𝑎 
in equation (32). −𝑛𝑇!/2 is calculated using the relating parameters, while 𝑎  is 
estimated in polynomial fitting. The results are given in Table I. From this table, we 



can see that the two values are very close to each other. The difference is mainly 
caused by the bias in 𝜕𝜙!"#,!/𝜕𝜂, which affects the coefficients of the polynomial. 

After phase correction, the MAI interferograms are shown in Fig. 14. Most of the 
phase caused by 𝑥!"#,!  and 𝑥!"#$%,!"#  is removed from each MAI interferogram. 
However, there are still residuals. As discussed in Section II-D, this is mainly caused 
by the bias in 𝜕𝜙!"#,!/𝜕𝜂. This is actually the major error, which outweighs the 
random error. It is difficult to quantitatively assess the error caused by the bias. 
The final azimuth deformation is shown in Fig. 15(a). The maximum deformation 
caused by Nepal earthquake is up to 2.6 m. To validate this result, we estimate the 
azimuth deformation by incoherent cross correlation using a pair of high resolution 
RADARSAT-2 images. The azimuth ground pixel size of the Radarsat-2 images is 
about 2.50 m. The images cover half of the deformation area. The result of incoherent 
cross correlation is shown in Fig. 15 (b). This result has been used in the modeling of 
this earthquake [35]. The difference between the two results is shown in Fig. 15 (c). 
We can see from this figure that there is no big difference between the two results. 
We also wrap the final azimuth deformation and put it on optical image to show the 
deformation area, which is shown in Fig. 16. Because of the shallow (roughly 5°) dip 
and depth greater than 10 km of the Main Himalayan Thrust (MHT) that slipped 
during the Gorkha Earthquake [35], the northward motion of the footwall block below 
the fault is not visible at the surface. Therefore, all the deformation measured in Fig. 
16 is positive, which is very different from the range deformation measured using 
regular InSAR. 

 
VII. Conclusion 

We show the possibility of measuring azimuth deformation with L-band ALOS-2 
ScanSAR interferometry. In the theoretical analysis, how MAI and spectral diversity 
correspond to each other is clearly explained. The exact relationship between the MAI 
phase and the azimuth derivative of differential ionospheric phase is given and 
subsequently validated by real data processing. Error analysis shows that mitigating 
the relative azimuth shift using the differential ionospheric phase estimated using the 
range split-spectrum method is possible for ALOS-2 ScanSAR data. The major 
limitation is the bias in the relative azimuth shift calculated from the estimated 
differential ionospheric phase. 
In the implementation, we show that it is possible to process ALOS-2 full-aperture 
ScanSAR product using a burst-by-burst interferometric processing approach. The 
range split-spectrum method is successfully applied to ScanSAR to estimate the 
differential ionospheric phase in ScanSAR interferogram, and the azimuth derivative 
of the estimated differential ionospheric phase can be used to mitigate the relative 
azimuth shift caused by ionosphere in the MAI interferogram. By properly processing 
the data, it is possible to separate the phase caused by azimuth deformation of the 
ground from the phase of the MAI interferogram consisting of phases caused by 
azimuth deformation of the ground, relative azimuth shift caused by ionosphere, and 
geometric difference. 
There is no big difference between the interferograms processed by full-aperture 
approach and burst-by-burst approach. Experience with processing a large amount of 
data shows that the recent interferograms are strongly affect by ionosphere, and 
examples of strong large-scale differential ionospheric phase appearing in ALOS-2 



ScanSAR interferogram are shown in this paper. The large-scale azimuth deformation 
caused by Nepal earthquake is measured by ALOS-2 ScanSAR Interferometry, and 
the result is in agreement with azimuth deformation measured by incoherent cross 
correlation using a pair of high resolution RADARSAT-2 images. Our result shows 
that the maximum azimuth deformation caused by Nepal earthquake is up to 2.7 m. 
These also provide implications for the NASA’s NISAR mission and future NASA 
spaceborne SAR missions. 
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Fig. 1. (a) and (b) are stripmap and ScanSAR MAI geometries for a target in the slant 
range plane, respectively. (a) Stripmap. (b) 2-subswath 3-look ScanSAR system. The 
gray triangles represent the sweeping ranges of the radar line of sight with respect to 
the target on the ground. 𝜃!",! and	𝜃!",!	are the actual squint angles along the orbit 
corresponding to the Doppler centroid frequencies of forward and backward looks, 
respectively. 𝜃!,! and	𝜃!,!	are the squint angles on the ground corresponding to 𝜃!",! 
and	𝜃!",!, respectively. The azimuth movement of the target on the ground is 𝑥, and 
the movement observed by forward look is 𝑥!. 𝑣! is the actual satellite velocity along 
the orbit, and 𝑣! is the velocity of the beam footprint on the ground. (c) and (d) are 
stripmap and ScanSAR MAI spectra for multiple targets. (c) Stripmap. (d) 2-subswath 
3-look ScanSAR system. The look spectra of (c) and (d) correspond to the look 
geometries in (a) and (b). 𝑊! and 𝑊! are the bandwidths of forward and backward 
looks in stripmap mode, 𝑊! is the burst bandwidth in ScanSAR mode, and Δ𝑓 is the 
frequency separation between the two looks. 

 

 
Fig. 2. The standard deviation of the azimuth deformation 𝜎! given by equation (16) 
for ALOS-2 WBD mode. 
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Fig. 3. The standard deviation of the relative azimuth shift 𝜎!!"#,! given in equation 
(19) for ALOS-2 WBD mode. Fraction of full-aperture length is used to denote the 
resulting azimuth sample size of the relative azimuth shift calculated using azimuth 
derivative of the differential ionospheric phase.  

 

 
Fig. 4. Extracting bursts from full-aperture ScanSAR product. (a) Spectrum of full-
aperture image. Burst 𝐵! is to be extracted. The azimuth range between the two 
vertical dashed lines are used in the extraction, and spectra of bursts 𝐵!-𝐵! and 𝐵!-𝐵! 
are involved in the extraction. Targets not fully imaged by burst 𝐵! are abandoned, 
and full azimuth spectrum (PRF) is used in the extraction. (b) Spectrum of full-
aperture image multiplied by equation (22). Spectra of bursts 𝐵! -𝐵!  and 𝐵! -𝐵! 
outside of the two vertical dashed lines are also shown as multiplied by equation (22) 
to make it clearer. (c) Bandpass filtering to extract burst 𝐵!. (d) Moving the spectrum 
of extracted burst 𝐵! back. In (b), (c) and (d), spectrum of original full-aperture image 
is also plotted in light green as reference. 
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Fig. 5. (a) Full-aperture image from subswath 5 acquired on Feb. 22, 2015. (b) 
Extracted bursts. (c) and (d) are burst interferograms corresponding to the rectangle 
area. (c) Azimuth non-overlap spectra not removed. (d) Azimuth non-overlap spectra 
removed. The other image of the InSAR pair was acquired on May 3, 2015. Burst 
overlap: 74.7%. 
 

 
Fig. 6. Coregistration flow of ALOS-2 ScanSAR InSAR pair for regular burst-by-
burst InSAR processing. 
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Fig. 7. A comparison of interferograms processed using burst-by-burst and full-
aperture approaches. (a) Interferogram processed using burst-by-burst approach. (b) 
Interferogram processed using full-aperture approach. (c) Difference of the two 
interferograms. (d) Amplitude image of master from burst-by-burst processing. Data: 
subswath 5, Feb. 22, 2015 and May 3, 2015. 
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Fig. 8. The error propagation process for a relative range time error 𝑡! between the 
subswaths of an acquisition.  
 

 
Fig. 9. A comparison of the different estimates of the differential ionospheric phase 
after filtering. (a) Moving center frequency to zero in the generation of subswath 
subband images using only subswath range starting time. (b) Moving center 
frequency to zero in the generation of subswath subband images using corrected 
subswath range starting time by subswath coregistration. (c) Relative phase error of 
subswath interferograms of (b) is further corrected. The relative phase errors between 
subswath interferograms of (a) are big, which leads to the two groups of dense fringes 
in (a) after filtering. Data acquired on Feb. 22, 2015 and May 3, 2015. 
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Fig. 10. Ionospheric correction result of ALOS-2 ScanSAR interferogram for April 
25, 2015 Mw7.8 Nepal earthquake. (a) Original interferogram. (b) Estimated 
differential ionospheric phase. (c) Corrected interferogram. Data acquired on Feb. 22, 
2015 and May 3, 2015. 

 

 
Fig. 11. Ionospheric correction result of ALOS-2 ScanSAR interferogram for 
September 16, 2015 Mw8.3 Chile earthquake. (a) Original interferogram. (b) 
Estimated differential ionospheric phase. (c) Corrected interferogram. (d) C-band 
Sentinel-1A TOPS interferogram after filtering, phase unwrapping and scaled 
according to the ratio of ALOS-2 and Sentinel-1A wavelengths. ALOS-2 ScanSAR 
data acquired on Jul. 30, 2015 and Sep. 24, 2015. Sentinel-1A TOPS data acquired on 
Aug. 24, 2015 and Sep. 17, 2015. Background image copyright Google Earth. 
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Fig. 12. MAI interferograms without phase correction. The time spans of the two look 
interferograms used to form MAI interferogram are (a) 𝑇! . (b) 2𝑇! . (c) 3𝑇! . (d) 4𝑇! . 
 

 
Fig. 13. The azimuth derivative of the differential ionospheric phase estimated using 
range split-spectrum method. 
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Fig. 14. MAI interferograms with phase correction. The time spans of the two look 
interferograms used to form MAI interferogram are (a) 𝑇! . (b) 2𝑇! . (c) 3𝑇! . (d) 4𝑇! . 

Fig. 15. Azimuth deformation of Nepal earthquake. (a) Result of ALOS-2 ScanSAR 
interferometry. (b) Result of incoherent cross correlation using a pair of high 
resolution Radarsat-2 images. (c) Difference. 
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Fig. 16. Azimuth deformation of Nepal earthquake measured by ALOS-2 ScanSAR 
interferometry. Background image copyright Google Earth. 

Table I Validation Results of the Exact Relationship between the MAI Phase 𝜙!"# 
and the Azimuth Derivative of Differential Ionospheric Phase 𝜕𝜙!"#,!/𝜕𝜂 Given by 
Equation (15). MAI interferograms 1-4 are the ones shown in Fig. 12 (a)-(d). −𝑛𝑇!/2 
is the coefficient in equation (15), and 𝑎 is the polynomial coefficient in equation 
(32). 

MAI interferogram −𝑛𝑇!/2 [s] 𝑎 [s] 
1 -0.392 -0.429 
2 -0.784 -0.826 
3 -1.176 -1.198 
4 -1.568 -1.510 

(m)

0 0.1 0.2 0.3 0.4 0.5


