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A B S T R A C T

Azimuth or along-track (approximately north-south) motion is critical in constructing three-dimensional ground
motion with synthetic aperture radar (SAR) satellites orbiting the Earth in sun-synchronous polar orbit. The main
problem of measuring azimuth motion with short-wavelength SAR data is decorrelation. A fleet of newly
launched and upcoming long-wavelength L-band SAR satellites bring new opportunities for measuring azimuth
motion. However, azimuth motion measured with L-band SAR data often contains large azimuth shifts caused by
the Earth’s ionosphere. We outline the framework of separating the azimuth motion and ionospheric azimuth
shift from an analysis of the ionospheric effects on SAR images and SAR measurement precisions. We demon-
strate three methods, among which one is newly proposed, can separate the azimuth motion and ionospheric
azimuth shift with higher precisions. We evaluate the performances of the three methods by simulations using
parameters of several selected L-band SAR satellites. The results show that, at kilometer resolutions, the azimuth
motion measured by multiple-aperture SAR interferometry (MAI) can achieve centimeter precision, while the
ionospheric azimuth shifts can be estimated with decimeter precision. Based on these results, a strategy for
obtaining corrected azimuth motion is subsequently suggested, which achieves at least a first-order ionospheric
correction of the original higher resolution MAI result. The three methods were also compared by real data
processing examples. Furthermore, using real and simulated data of selected L-band SAR satellites, we present
the first L-band MAI time series analysis result that measures subtle ground motion, as illustrated by the example
of the postseismic deformation after the 2016 Kumamoto earthquakes in Japan. The performance is expected to
be further improved with future L-band SAR missions that have much higher duty cycles. Some geophysical
applications, in particular, those associated with the Earth’s tectonic processes, can thus benefit from the azimuth
motion measured by L-band SAR data.

1. Introduction

The three-dimensional ground motion vector can be completely
represented by any three orthogonal vectors. However, under the im-
aging geometry of current spaceborne synthetic aperture radar (SAR) in
sun-synchronous polar orbit, only one-dimensional measurement along
Line-of-Sight (LOS) is made by interferometric SAR (InSAR). Two nearly
orthogonal InSAR LOS measurements can be obtained by combining
data of ascending and descending orbits, or left- and right-side looking

directions. The missing component in completing the three-dimensional
motion is thus the azimuth or along-track motion that is approximately
in the north-south direction.

One of the trends of the technical development of SAR and InSAR is
increasing the angular diversity to support three-dimensional observa-
tions as in Global Navigation Satellite System (GNSS). Some future
missions are designed for this purpose, such as Harmony (López-Dekker
et al., 2019) and CHORUS (Gondi et al., 2023) currently under devel-
opment. Similar concepts as Harmony were also proposed for NISAR and
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ROSE-L (Lavalle et al., 2023). However, most SAR missions, especially
present ones, don’t have such angular diversity. For these regular SAR
missions, the azimuth angular diversity is limited by the SAR azimuth
beamwidth. The azimuth beamwidth is split into a forward and a
backward looks by multiple-aperture InSAR (MAI) to measure azimuth
motion (Bechor and Zebker, 2006). Another method for measuring az-
imuth motion is cross correlation (Michel et al., 1999; Gray et al., 2000).
Both MAI and cross correlation depend on coherence and are with much
lower precisions compared with InSAR. MAI is efficient and easy to
implement, and almost achieves Cramér-Rao Lower Bound (CRLB)
(Bamler and Eineder, 2005). It is therefore preferred in practice.
Compared with InSAR, the phase of the double-difference interferogram
in MAI has stronger decorrelation noise. Furthermore, the noise is
greatly amplified when converted to azimuth motion. Therefore,
coherence is a major limiting factor in applying MAI with data acquired
by SAR satellites operating at shorter wavelengths such as C-band.

Coherence is less of a problem for L-band SAR data. The pioneering
spaceborne SAR missions including Seasat, SIR-A, SIR-B and SIR-C/X-
SAR all worked at L-band, or at least carried an L-band radar. After
that, however, the Japan Aerospace Exploration Agency (JAXA) had
been the only space agency that operated L-band SAR satellites. Now we
are entering the L-band age again. Three new L-band missions SAOCOM-
1A/B, LuTan-1A/B and ALOS-4 are already in space. In the next few
years, a fleet of L-band missions will launch including NISAR, ROSE-L
and Tandem-L. The L-band SAR data from these missions can be
exploited to measure azimuth motion.

As in InSAR, the troposphere and ionosphere are the main error
sources in MAI as shown in Fig. 1. Sometimes there may also be residual
error caused by the baseline difference between the two looks used in
MAI (Jung et al., 2009). The troposphere is immediately above the
ground and the lowest layer of the Earth’s atmosphere. The height of the
troposphere varies from about 7 to 8 km at the poles to about 16 to 18
km at the equator (Reichle, 2023). Thus its variation is small within the
whole synthetic aperture or between the two looks in MAI. As the sep-
aration between the two looks becomes larger, however, the differential
tropospheric delay between the two looks cannot be ignored. For the co-
fliers mission concepts for NISAR and ROSE-L proposed in (Lavalle et al.,
2023), troposphere should be considered. On the other hand, this higher
sensitivity can be exploited to estimate tropospheric effect (Chen, 2004;
Hensley et al., 2011). For present and near future L-band missions
considered in this study, the separations between the two looks are not
large, and therefore tropospheric effects are not significant.

Unlike troposphere, ionosphere extends from 50 km to 1000 km above
the Earth’s surface. The electrons in the ionosphere, which affect the
propagation of electromagnetic waves, are normally with highest density
at an altitude between 300 and 450 km. The linear component of the
variations of the ionospheric total electron content (TEC) in azimuth im-
poses a linear phase on the azimuth radar phase history, and therefore
leads to an azimuth shift in MAI and cross correlation results that is often

too large to be ignored. Due to the ionospheric azimuth shift, L-band MAI
time series analysis results are rarely seen in the literatures. In Wortham,
2014, MAI results with large ionospheric azimuth shifts are discarded
before time series analysis. Some results of MAI time series analysis with
ionospheric corrections were reported in (Liang et al., 2021; Liang et al.,
2022). In (Mao et al., 2023), preliminary results are obtained.

In some cases, ionospheric azimuth shifts exhibit as “streaks” (Gray
et al., 2000), that are spatially fast changing. Therefore, some re-
searchers use a directional filter to remove them (Wegmüller et al.,
2007; Raucoules and deMichele, 2010; Hu et al., 2012). In fact, spatially
slow-changing shifts are more common (Liang et al., 2018), as can be
seen from the results in Section 4. Instead of using a correction method
that is based on the visual features of ionospheric azimuth shifts, the
physical mechanism of ionospheric effects can be analyzed to develop a
correction method. In particular, the dispersive nature of ionosphere has
long been exploited in GNSS, and recently was successfully used to
correct for InSAR ionospheric phase (Rosen et al., 2010; Brcic et al.,
2010; Gomba et al., 2016). It is further used to correct for ionospheric
azimuth shift (Liang and Fielding, 2017; Yamashita et al., 2022; Mao
et al., 2022), but with lower precision. This dispersive nature can be
used to correct for ionospheric azimuth shift.

In this paper, we evaluate the potentials of measuring azimuth mo-
tion with present and near future L-band SAR missions considering the
ionospheric azimuth shift. To this end,

1) We outline the framework for measuring azimuth motion with L-
band SAR data with a comprehensive analysis of the impacts of the
ionosphere.

2) Among all possibilities under this framework, we demonstrate three
methods are with higher precisions, with Method 3 as a newly pro-
posed one.

3) We evaluate the performances of the three methods by simulations
and real data examples for representative present and upcoming L-
band SAR satellites. Based on simulation results, we propose the
strategy to use high-resolution MAI processing with low-resolution
ionospheric azimuth shift correction to obtain azimuth motions.

4) Using real and simulated data of representative present and up-
coming L-band SAR satellites, we present the first L-band MAI time
series analysis result that measures subtle ground motion, as illus-
trated by the example of the postseismic deformation after the 2016
Kumamoto earthquakes in Japan.

2. Separation of azimuth motion and ionospheric azimuth shift

2.1. The framework

Besides azimuth shift, ionosphere also causes other effects on SAR
data. All these effects may be exploited, providing a number of possi-
bilities for correcting for ionospheric azimuth shift. Here, we seek the
best methods among the different possibilities.

To help understand the ionospheric effects on SAR data, we analyze
and summarize them in Appendix A. The study of ionospheric effects on
SAR has benefited from the experiences and practices of GNSS. Appen-
dix A also helps to understand the common problems in SAR and GNSS
that are caused by the ionosphere.

Appendix A summarizes four ionospheric effects represented by Eqs.
(A.14) to (A.17). Other ionospheric effects, such as defocusing, are not
considered here since they can hardly be modeled and used. For a pair of
images used in InSAR, the four quantities become the differences between
the two images accordingly. All four ionospheric effects depend on TEC,
and vary with radar center frequency. This dispersive nature of the
ionosphere can be exploited to separate the desired measurement and
ΔTEC, which has been demonstrated in GNSS and recent advances in
correcting for ionospheric effects in InSAR. ΔTEC measured by one
quantity may also be used to mitigate the ionospheric effects in other
quantities.Fig. 1. The tropospheric and ionospheric effects in MAI.
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In range, the phase advance and range shift in Eqs. (A.14) and (A.15)
are actually the same quantity with opposite signs if both are expressed
in meters. This quantity can be measured by InSAR or cross correlation.
Coherent cross correlation is more precise than incoherent cross corre-
lation, and can achieve the CRLB (Bamler and Eineder, 2005). The
approximate form of InSAR phase noise of a multiple-looked interfero-
gram is given by (Rodriguez and Martin, 1992)

σϕInSAR =
1̅̅̅
̅̅̅̅

2N
√

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − γ2

√

γ
(1)

where γ is the coherence, and N is the number of resolution elements. N
should be large enough to make Eq. (1) valid. The precision achieved by
coherent cross correlation in resolution elements is given by (Bamler,
2000)

σcc =

̅̅̅̅̅̅̅
3
2N

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − γ2

√

πγ
(2)

The precision ratio of InSAR and coherent cross correlation mea-
surements is thus

rinsar− cc =
λ
4πσϕInSAR

ρrσcc
=

λ
4

̅̅̅
3

√
ρr

(3)

where ρr is the range resolution. Eq. (3) shows that rinsar− cc is much
smaller than 1 for current SAR systems, and therefore InSAR is better in
precision than coherent cross correlation as demonstrated in practice.

In azimuth, the azimuth shift in Eq. (A.16) can be measured by MAI
or cross correlation. MAI is less precise than, but very close to coherent
cross correlation. MAI is more precise than incoherent cross correlation
(Bamler and Eineder, 2005). Considering the difficulties in implement-
ing coherent cross correlation, e.g., removing the phase pattern in the
matching window, and its efficiency, MAI is still superior in estimating
azimuth shift.

The last ionospheric effect that can be exploited is the Faraday
rotation in Eq. (A.17). However, Faraday rotation loses sensitivity to
TEC near equator where ionospheric effect is strongest, as it depends on
the angle between the Earth’s magnetic field and the electromagnetic
wave propagation θ (Wright et al., 2003; Le Vine and Abraham, 2002).
Besides, estimating Faraday rotation requires fully polarimetric data
(Freeman, 2004; Rogers and Quegan, 2014). The estimation is subject to
system distortions, such as crosstalk and channel imbalance (Quegan
and Lomas, 2015). Present and upcoming satellite L-band SAR systems
either don’t have the capability of acquiring fully polarimetric data, or
have limited quota for fully polarimetric data in their data acquisition
plans. Therefore, estimating ΔTEC from Faraday rotation effect is not a
good candidate for our purpose.

To conclude, phase measurements implemented by InSAR or MAI are
better suited for estimating ΔTEC. The phase arising from ΔTEC is the
dispersive component of the measurements. The measurements also
contain ground motions and other components that do not depend on
radar frequency, and therefore are not dispersive. As in GNSS, multiple
frequency measurements can be made to estimate ΔTEC and ground
motion by making use of the dispersive nature of ionosphere. Specif-
ically, three possible methods can be considered

• Method 1: Perform MAI processing. Estimate the ionospheric azi-
muth shift using ΔTEC or ionospheric phase estimated by the
dispersive nature in InSAR processing, and remove it from the MAI
result.

• Method 2: Perform MAI processing. Estimate the ionospheric azi-
muth shift using the dispersive nature in MAI, and remove it from the
MAI result.

• Method 3: Use the dispersive nature in MAI to directly obtain the
ionospheric-free azimuth motion directly.

2.2. Implementation of the methods

Following the already established conventions, we call the two
subbands backward and forward looks in azimuth, and lower and upper
bands in range.

In InSAR, the non-dispersive phase is caused by the range differences
between the two acquisitions as a result of topography Δrtopography,
troposphere Δrtroposphere and ground motion Δrmotion, while the disper-
sive component is caused by the difference in the total electron content
along radar LOS ΔTEC in the ionosphere

ϕInSAR = ϕInSAR,non− disp +ϕInSAR,ion

=
4πf0
c

(
Δrtopography +Δrtroposphere +Δrmotion

)
−
4πK2

cf0
ΔTEC (4)

If converted to distance by multiplying by c/4πf0, (4) is given by

c
4πf0

ϕInSAR = Δr =
(
Δrtopography + Δrtroposphere + Δrmotion

)
−
K2

f20
ΔTEC (5)

Using the dispersive nature of the ionosphere as in GPS, the range
split-spectrum method (Rosen et al., 2010; Brcic et al., 2010; Gomba
et al., 2016; Liang and Fielding, 2017), or dual-frequency/wavelength
method, uses two different wavelengths or center frequencies to esti-
mate the phase contribution from ionosphere. In this method, a SAR
image has two copies including a lower and an upper band images, each
with a different center frequency. Currently, the lower and upper band
images are generated by bandpass filtering the full range spectrum of a
SAR image. Some operation modes of future L-band SAR systems, such
as NISAR and ALOS-4, are designed to have a main and a side bands, and
therefore naturally acquire two images of different center frequencies
simultaneously. The InSAR phases of the lower and upper band images
can be derived from Eq. (4)
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ϕInSAR,l =
fl
f0

ϕInSAR,non− disp +
f0
fl

ϕInSAR,ion

ϕInSAR,u =
fu
f0

ϕInSAR,non− disp +
f0
fu

ϕInSAR,ion

(6)

where fl and fu are the center frequencies of the lower and upper bands.
The non-dispersive and dispersive components of the InSAR phase are
then given by (Rosen et al., 2010; Brcic et al., 2010; Gomba et al., 2016;
Liang and Fielding, 2017)
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ϕInSAR,non− disp =
f0

f2u − f2l

(
fuϕInSAR,u − ϕlfInSAR,l

)

ϕInSAR,ion =
flfu

f0
(
f2u − f2l

)
(
fuϕInSAR,l − flϕInSAR,u

)
.

(7)

Multiplying by c/4πf0 gives the results in distance units
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

c
4πf0

ϕInSAR,non− disp = Δrnon− disp =
c

4π
(
f2u − f2l

)
(
fuϕInSAR,u − ϕlfInSAR,l

)

c
4πf0

ϕInSAR,ion = Δrion =
cflfu

4πf20
(
f2u − f2l

)
(
fuϕInSAR,l − flϕInSAR,u

)
.

(8)

In (Wegmüller et al., 2018), Eq. (7) was reformulated to make the
method more robust.

The estimated ionospheric phase can be used to estimated the azi-
muth shift introduced by ionosphere in MAI (Liang and Fielding, 2017).
By using Eqs. (A.11) and (A.12), the result is

Δaion =
vg

4πKa

∂ΔϕInSAR,ion

∂η =
λR0vg

8πv2r cos3θr,c
∂ΔϕInSAR,ion

∂η (9)

In multiple-aperture InSAR (MAI), the non-dispersive component is
caused by azimuth ground motion, while the dispersive component is
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caused by the difference of the linear change of total electron content
along radar LOS within the synthetic aperture between the two acqui-
sitions ΔTEC. Here we have neglected the tropospheric and orbit dif-
ferences (Jung et al., 2009) between the two azimuth looks, which is
also non-dispersive. The basic MAI equation for measuring azimuth
motion Δamotion is given by (Liang and Fielding, 2017)

ϕMAI = −
2π

(
fDC,f − fDC,b

)

vg
Δamotion (10)

Considering also the dispersive component

ϕMAI = ϕMAI,non− disp +ϕMAI,ion = −
2π

(
fDC,f − fDC,b

)

vg
(Δamotion +Δaion)

(11)

where fDC,f and fDC,b are the Doppler centroid frequencies of the forward
and backward looks, and Δaion is the difference of the azimuth shifts
caused by ionosphere between the two acquisitions.

Δaion is given by Eq. (A.16). Hence, Eq. (11) can be written as

ϕMAI = ϕMAI,non− disp +ϕMAI,ion

= −
2π

(
fDC,f − fDC,b

)

vg
Δamotion +

1
f20

⋅
π
(
fDC,f − fDC,b

)
R0

v2r cos3θr,c
⋅K2⋅

∂ΔTEC
∂η

(12)

Multiplying by − vg/2π
(
fDC,f − fDC,b

)
gives the result in distance units

−
vg

2π
(
fDC,f − fDC,b

)ϕMAI = Δa = Δamotion −
1
f20

⋅
R0vg

2v2r cos3θr,c
⋅K2⋅

∂ΔTEC
∂η (13)

This result is similar, in form, to Eq. (5). The main difference is that
phase and distance conversion depends on f0 in InSAR, but does not in
MAI. This results in some differences in the final solutions for non-
dispersive and dispersive phases between MAI and InSAR.

As in InSAR, the non-dispersive component and dispersive compo-
nent can also be estimated by the dual-frequency method, e.g. Mao et al.,
2022. Then the lower band and upper band images are created and their
MAI phases are

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ϕMAI,l = ϕMAI,non− disp +
f20
f2l

ϕMAI,ion

ϕMAI,u = ϕMAI,non− disp +
f20
f2u

ϕMAI,ion

(14)

Inverting Eq. (14), the non-dispersive and dispersive phases are obtained
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ϕMAI,non− disp =
f2l ϕMAI,l − f2u ϕMAI,u

f2l − f2u

ϕMAI,ion =
f2u f2l

f20
(
f2l − f2u

)
(
ϕMAI,u − ϕMAI,l

)
(15)

In distance units, the corresponding azimuth motion and ionospheric
shift difference between the two acquisitions are
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Δamotion = −
vg

2π
(
fDC,f − fDC,b

)
f2l ϕMAI,l − f2u ϕMAI,u

f2l − f2u

Δaion = −
vg

2π
(
fDC,f − fDC,b

)
f2u f2l

f20
(
f2l − f2u

)
(
ϕMAI,u − ϕMAI,l

)
(16)

From these analyses, the three methods for obtaining an ionospheric-
free MAI result can be implemented as follows

• Method 1: Perform MAI processing using Eq. (11). Estimate the
ionospheric azimuth shift using ionospheric phase estimated in
InSAR processing as in Eq. (9), and remove it from the MAI result.

• Method 2: Perform MAI processing using Eq. (11). Estimate the
ionospheric azimuth shift using lower and upper band MAI results as
in the second equation of Eq. (16), and remove it from theMAI result.

• Method 3: Use lower and upper band MAI results to compute azi-
muth motion directly as in the first equation of Eq. (16).

As in the ionospheric phase estimation in InSAR shown in Eqs. (7)
and (8), the results in Eq. (16) are very noisy. Directly computing azi-
muth motion using the first equation of Eq. (16) would lose the fine
details in the MAI results. The workflows of the three methods are
presented in Fig. 2.

Fig. 2. The workflows of the three methods for measuring azimuth motion. For operation modes with a side band such as ALOS-4 28 + 10 MHz mode, azimuth
bandpass filtering is applied to the main band (and the side band for methods 2 and 3), and the range bandpass filtering is no longer required. In this case, the full
band MAI result is either the lower or upper band MAI result. In Methods 2 and 3, the order of range and azimuth bandpass filtering can be switched, or they can be
combined as a 2-D bandpass filtering.
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2.3. Precision of the methods

The forward and backward looks in MAI are independent, since the
azimuth spectra of the two looks do not overlap. The standard deviation
of MAI phase is then

σϕMAI =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2

ϕf
+ σ2

ϕb

√
(17)

where σϕf and σϕb are the phase standard deviation of the forward and
backward looks, respectively, and can be given by Eq. (1). The precision
of the MAI measurement is

σΔamotion =
vg

2π
(
fDC,f − fDC,b

)σϕMAI (18)

In InSAR, the lower and upper band interferograms used to estimate
ionospheric phase are also independent. According to Eq. (7), the
standard deviation of the estimated ionospheric phase is then

σϕInSAR,ion =
flfu

f0
(
f2u − f2l

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

f2uσ2
ϕl
+ f2l σ2

ϕu

√

(19)

Using Eq. (9), the standard deviation of the estimated ionospheric azi-
muth shift is

σΔaion =
vg

4πKa

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2

ϕInSAR,ion,i+1
+ σ2

ϕInSAR,ion,i

√

Δη (20)

where σϕInSAR,ion,i and σϕInSAR,ion,i+1 are the standard deviations of the two
pixels used to compute the derivative in discrete form.

In the dual-frequency method for MAI, the standard deviations of the
estimated azimuth motion and ionospheric azimuth shift difference can
be derived using Eq. (16)
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

σΔamotion = −
vg

2π
(
fDC,f − fDC,b

)
1

f2l − f2u

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

f4l σ2
ϕMAI,l

+ f4uσ2
ϕMAI,u

√

σΔaion = −
vg

2π
(
fDC,f − fDC,b

)
f2u f2l

f20
(
f2l − f2u

)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2

ϕMAI,u
+ σ2

ϕMAI,l

√ (21)

where σϕMAI,l and σϕMAI,u are the phase standard deviations of the lower
and upper band MAI interferograms, respectively.

In the above analysis, note that f0 becomes the center frequency of
the main range band, either fl or fu, for operation modes with a side band
as mentioned in the later sections.

2.4. Time series analysis

Time series analysis techniques can be used to track the temporal
evolution of the azimuth motions. The time series analysis techniques
established in regular InSAR processing can be employed, but different
options are available.

For Methods 1 and 2, the time series analysis can be performed
separately for azimuth motion and ionospheric azimuth shift, leading to
time series of azimuth motion and ionospheric azimuth shift. Alterna-
tively, the pair-wise ionospheric azimuth shift can be removed from the
pair-wise azimuth motion first, and then the time series analysis can be
performed on the corrected azimuth motions. A more advanced option
would be the joint time series analysis of both azimuth motion and
ionospheric azimuth shift. For Method 3, time series can be performed
directly on the ionospheric-free azimuth motions.

In any option, an error model for the time series analysis is helpful in
suppressing the noise level of the resulting time series, considering the
fact that the random noises in the measurements are much larger than
those in InSAR measurements. Spatial filtering can also be used to
suppress the random noises in the azimuth motion and ionospheric

azimuth shift. Stronger filtering may be applied to ionospheric azimuth
shift as it has lower precision compared to azimuth motion as shown in
Sections 2.3 and 3. Note that the strong filtering of ionospheric azimuth
shift does not cause the loss of the fine details of the azimuth motion
measurements. Further study can investigate whether the spatial
filtering should be carried out before or after the time series analysis.

3. Evaluation of the precision of azimuth measurements of
selected L-band missions

3.1. Overview of spaceborne L-band SAR missions

Spaceborne L-band SAR missions started from the first civil Earth
observing SAR satellite Seasat launched in 1978. Subsequent Shuttle
Imaging Radar (SIR) series all carry L-band SAR instruments including
SIR-A in 1981, SIR-B in 1984, and two SIR-C/X-SAR missions in 1994.
Since 1992, continuous L-band SAR satellite observations were made by
JAXA’s L-band missions including JERS-1 (1992–1998), ALOS
(2006–2011) and ALOS-2 (2014–).

Over the years, X-band and C-band comprise the main sources of SAR
data. Now L-band missions are growing rapidly. Three new missions are
already in space including the Argentine space agency CONAE’s
SAOCOM-1A and SAOCOM-1B launched on October 8, 2018 and August
30, 2020, the Chinese bistatic L-band SAR satellites LuTan-1A and
LuTan-1B launched on January 26, and February 27, 2022, and JAXA’s
ALOS-4 launched on July 1, 2024. Looking ahead, the NASA-ISRO
NISAR mission is planned to launch in the near future. Other future L-
band SAR satellite missions include European Space Agency (ESA)’s
ROSE-L and German Aerospace Center (DLR)’s Tandem-L. With these
missions, we are entering the golden age of L-band SAR.

Early L-band spaceborne SAR missions operated in the basic single
polarization stripmap mode. ScanSAR and spotlight modes, as well as
quad-pol mode, were then demonstrated by SIR-C/X-SAR (Freeman
et al., 2019). Following L-band SAR satellites including ALOS, ALOS-2,
SAOCOM and LuTan-1 all have the capability to operate in ScanSAR
or TOPS mode to cover wide swaths with lower azimuth resolutions, but
still mainly operate in the stripmap mode except ALOS-2 that uses
ScanSAR mode as its default operation mode. ROSE-L is designed to
operate in one-look ScanSAR mode, but recently a two-look ScanSAR
mode was proposed that can benefit azimuth motion measurement
(Perna et al., 2024). Next generation L-band SAR satellites, such as
NISAR, employ digital beamforming (DBF), sometimes along with
reflector antennas, to provide stripmap-like images with both high res-
olution and wide swath.

3.2. Precision of azimuth measurements of selected L-band missions

The noises in both azimuth motion and ionospheric measurements
are strong. High-resolution SAR data are helpful in suppressing the
noises, in which case a larger number of looks can be applied. In addi-
tion, frequent data acquisition is required for systematic and long-term
motion measurement. Therefore, we evaluate the performance of some
selected operation modes from current and upcoming SAR satellites. The
parameters of these operation modes are shown in Table 1. Some of
these operation modes have a wide swath, e.g. the NISAR 20 + 5 MHz
mode. Since the time window for receiving the echo is long to cover the
wide swath, and the same antenna should also be used to transmit signal,
there are gaps in the radar echoes. By dithering the PRF, known as
staggered SAR (Villano et al., 2014), the gaps can be distributed over the
scene. Its impact on InSAR is not significant (Zebker, 2021) and is not
considered here. The three stripmap modes of ALOS-2 and ALOS-4 have
similar system parameters, except that ALOS-4 can image wide swaths
by using DBF, and has a side band for ionospheric correction in its 28 +

10 MHz mode. Therefore, the ALOS-2 84 MHz and ALOS-4 42 MHz
modes in Table 1 can represent the corresponding acquisition modes of
both ALOS-2 and ALOS-4. LuTan-1 has five stripmap modes, one
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ScanSAR modes and three experimental modes, among which one
stripmap mode called Strip 1 was recently selected to systematically
acquire data. Thus Strip 1 mode is evaluated in this paper. The Strip 1
mode can image different swaths by changing antenna elevation angles.
The average processed azimuth bandwidth of different elevation angles
is close to that of ALOS-2 84 MHz mode. Considering their range
bandwidths are also the same, the performances of ALOS-2 84 MHz
mode and LuTan-1 should be the same, and therefore we use one result
to represent both ALOS-2 84 MHz mode and LuTan-1 in the following
evaluations.

The standard deviations of azimuth motion and ionospheric azimuth
shift are computed at kilometer resolutions in order to get usable results.
The standard deviations of the azimuth motion computed using Eq. (18)
for different operation modes are shown in Fig. 3. These results show
that centimeter precision can be achieved if there is only random noise
due to decorrelation in the MAI interferograms. The standard deviations
of the ionospheric azimuth shift computed using Eq. (20) inMethod 1 for

different operation modes are shown in Fig. 4. Their counterparts
computed using Eq. (21) inMethod 2 are shown in Fig. 5. The two results
do not differ much, both achieving decimeter precision. For higher
resolution and lower coherence results, Method 2 is more precise. On the
other extreme, Method 1 is better. Fig. 6 shows the standard deviations
of the azimuth motion, free of ionosphere, computed using Eq. (21) in
Method 3 for different operation modes. These results are very close to
those in Fig. 5.

As a general conclusion, at kilometer resolutions, the azimuth mo-
tion measured by MAI can achieve centimeter precision, while the
ionospheric azimuth shifts, as well as the ionospheric-free azimuth
motion estimated by Method 3, can be estimated with decimeter
precision.

3.3. A processing strategy for methods 1 and 2

For Methods 1 and 2, the standard deviations show that, at same

Table 1
System parameters of selected operation modes of current and upcoming L-band SAR satellites analyzed in this study. Note that range and azimuth resolutions are
resolutions on ground and computed using parameters that can vary depending on satellite positions, incidence angles etc. Range resolution variations due to varying
incidence angle may be significant. Range resolution is computed at an incidence angle of 40 degrees, which is also used in the simulation. ALOS-4 azimuth bandwidths
are from the corresponding ALOS-2 modes. The azimuth bandwidth and azimuth resolution are approximated values for LuTan-1.

Mode ALOS-2 84 MHz ALOS-4 28 + 10 MHz ALOS-4 42 MHz LuTan-1 80 MHz NISAR 20 + 5 MHz NISAR 40 + 5 MHz

Altitude [km] ~628 ~628 ~628 ~607 ~740 ~740
Revisit Time [days] 14 14 14 4 12 12
Center Frequency [MHz] 1257.50 1236.50/1294.50 1236.50 1260.00 1229.00/1293.50 1239.00/1293.50
Wavelength [cm] 23.84 24.25/23.16 24.25 23.79 24.39/23.18 24.20/23.18
Operation Mode Stripmap Stripmap Stripmap Stripmap SweepSAR SweepSAR
Swath Width [km] 50 200 100/200 50 240 240
Range Bandwidth [MHz] 79.40 28 + 10 (total: 77) 42 80.00 20 + 5 (total: 77) 40 + 5 (total: 77)
Azimuth Bandwidth [Hz] 2395.48 1355.93 1671.27 2395.48 1100.00 1100.00
Range Resolution [m] ~2.94 ~8.33/23.32 ~5.55 ~2.91 ~11.66/46.64 ~5.83/46.64
Azimuth Resolution [m] ~2.89 ~5.10 ~4.14 ~2.88 ~6.09 ~6.09

Fig. 3. The standard deviations of the azimuth motion computed using MAI for different operation modes.
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Fig. 4. The standard deviations of the ionospheric azimuth shift computed using Method 1 for different operation modes.

Fig. 5. The standard deviations of the ionospheric azimuth shift computed using Method 2 for different operation modes.
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resolutions, the estimated ionospheric azimuth shifts are with lower
precisions compare with azimuth motion measured by MAI. In real data
processing, a smaller number of looks can be applied to azimuth motion
to retain fine motion details. On the other hand, the ionospheric azimuth
shift can be processed with a larger number of looks or strongly filtered
in order to match the precision of azimuth motion. This results in a first-
order lower-resolution ionospheric correction. As a result, spatially fast-
changing components of the ionospheric azimuth shift cannot be cor-
rected as shown in Section 4.

Note that correcting high-resolution InSAR measurements with low-
resolution data is also a fact in tropospheric correction. In corrections
with global atmospheric models, the mostly used ERA-5 data have a
spatial resolution of 0.25◦ or about 27.6 km at equator.

4. Demonstration of azimuth motion measurement capability
with real data

Sections 2 and 3 provide theoretical and simulation results of
measuring measuring azimuth motion with selected L-band SAR satel-
lites. In this section, we demonstrate azimuth motion measurement
capability with real data acquired by ALOS-2, as well as data of other
selected L-band missions simulated using ALOS-2 data.

4.1. Data

The frequency band from 1215 to 1300 MHz is allocated for L-band
spaceborne active sensors operating in the Earth exploration-satellite
(active) and space research (active) services by the International Tele-
communications Union (https://www.itu.int/dms_pubrec/itu-r/rec/rs/
R-REC-RS.577-7-200902-I!!PDF-E.pdf). Additional national restrictions
may also apply, making the available frequency band even smaller

(Spencer and Ulaby, 2016) as shown in Table 1. Currently, the most
abundant L-band satellite SAR data are acquired by JAXA’s ALOS-2
satellite. Its ultra-fine stripmap mode has a range bandwidth of 79.40
MHz (nominal bandwidth 84 MHz) as shown in Table 1. It spans almost
the entire frequency band allocated for L-band spaceborne SAR. It also
has a very large azimuth bandwidth. While it is not the default operation
mode of ALOS-2, many data were acquired in Japan. These character-
istics make it an ideal candidate for carrying out experiments and
simulating data of other missions, considering there are not yet enough
data acquired by other missions for time series analysis.

The ALOS-2 data used in this study cover the 2016 Kumamoto
earthquakes in Japan including an Mw 6.2 foreshock and an Mw 6.0
foreshock on April 14 and an Mw 7.0 mainshock on April 15 (UTC). A
total of 43 images were acquired on descending track 23 at local time
12:18 PM from September 7, 2015 to March 2, 2020. Two frames
including 2950 and 2960 are processed to cover the whole deformation
area. To simulate data of other operation modes or satellites, the ALOS-2
84 MHz data are bandpass filtered in both range and azimuth to get the
range and azimuth bands of these modes or satellites. This also applies to
the side band, if any. Fig. 7 shows an example of simulating NISAR 20 +

5 MHz data. Note that there is an artifact in the range spectrum of the
data, likely due to the removal of Radio Frequency Interference (RFI)
before or in the focusing of the data. Therefore, the positions of the main
and side bands of the NISAR 20 + 5 MHz mode are switched in order to
avoid its impacts.

4.2. Processing

The SLCs of the two frames are first mosaicked, which requires the
offsets between the two frames. The offsets cannot be computed using
near range and azimuth starting time of the data because sometimes

Fig. 6. The standard deviations of the azimuth motion, free of ionosphere, computed using Method 3 for different operation modes.
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they are not precise enough. Instead, the offsets between the two frames
are estimated by cross correlation with data of the overlap area. These
are the same data but focused in different frames. Theoretically the
coherence between the overlap-area data of different frames is 1, and
there is no error in the estimated offsets since cross correlation depends
on coherence. The second frame is then resampled to align with the first
one. The phase difference between the two frames is also removed.

After the SLCs are mosaicked, we follow the workflows in Fig. 2 for
the rest of the processing. The mosaicked ALOS-2 SLCs are filtered in
azimuth and/or in range, depending on the operation mode in Table 1,
to get the range and azimuth subband images required to implement the
methods introduced in Section 2. For operation modes with a side band
such as ALOS-4 28 + 10 MHz mode, azimuth bandpass filtering is
applied to the main band (and the side band for methods 2 and 3), and
the range bandpass filtering is no longer required. In this case, the full
band MAI result is either the lower or upper bandMAI result. If a band of
an operation mode is to be split in either range or azimuth direction, it is
evenly divided by three as this scheme achieves CRLB (Bamler and
Eineder, 2005). This is repeated for each acquisition mode in Table 1. To
coregister the SLCs, the geometric offsets are first computed between
each secondary date and reference date April 18, 2016. The secondary
SLCs are resampled using the geometric offsets. Then, in each direction,
a residual constant offset is estimated between the reference SLC and
each resampled secondary SLC using cross correlation. Finally, each
secondary SLC is resampled using both geometric offsets and the resid-
ual constant offsets to match the reference SLC.

The decorrelation is very strong in this area, with a mean coherence
of only 0.22. For the MAI processing in the three methods shown in
Fig. 2, we use a smaller number of looks and filter the multilooked in-
terferograms, instead of using a large number of looks. The number of
looks is 64 × 96 (range × azimuth), resulting a pixel size of 142.42 ×

204.73 m2 on the ground. In full band MAI processing shown in Fig. 2,
MAI interferograms are filtered by the Goldstein-Werner filter
(Goldstein and Werner, 1998) with a filter strength 1.0, a window size
128 and a step size 32. The MAI interferograms are unwrapped by the
statistical-cost network-flow algorithm (Chen and Zebker, 2001). In
Method 2, the computed ionospheric azimuth shift is filtered by an
iterative Gaussian filter.

For the dual-frequency method shown in the lower part of Method 1
in Fig. 2 (Rosen et al., 2010; Brcic et al., 2010; Gomba et al., 2016), the
data are processed with same number of looks as in MAI processing. In
using Eq. (9) to compute ionospheric azimuth shift, a larger azimuth
time interval ∂η would lead to a more precise result, but with lower
resolution. We use an interval of 40 lines, ~8.2 km on the ground. Note
that the azimuth resolution of the estimated ionospheric phase is the
same as SAR aperture length. Due to the antenna pattern, the actual
azimuth resolution is a little smaller than radar aperture length. The
interval is thus not a large value since it is much smaller than the
aperture length, which is about 28.9 km on the ground for the ALOS-2
84 MHz mode in Table 1. The computed ionospheric azimuth shift is
then filtered by the same iterative Gaussian filter used in Method 2.

4.3. Single pair results

In Methods 1 and 2, the resolution of the computed ionospheric az-
imuth shift is only a little smaller than aperture length. Moreover, the
computed ionospheric azimuth shift is spatially filtered. Therefore, it
cannot be used to remove ionospheric azimuth shift that is spatially fast-
changing. Fortunately, in most cases, ionospheric azimuth shift is slow-
changing as opposed to the streaks. Using Method 1, Fig. 8 shows an
example of successful correction result for a pair of ALOS-2 84 MHz
acquisitions. The correctedMAI result reveals a deformation pattern that
is consistent with that of InSAR interferogram shown in Fig. 8 (d). Also
using Method 1, the ionospheric azimuth shift is not well removed for
the case shown in Fig. 9, since there are fast-changing components that
cannot be removed by the method.

Figure 10 compares the azimuth deformations of the same event
measured by the three methods using the same data as in Fig. 8. The
results of Methods 1 and 2 are almost the same. Clearly, Methods 1 and 2
are superior by making use of the strategy that computes high-resolution
MAI and corrects it with low-resolution ionospheric azimuth shift. In
this case, the true ionospheric azimuth shift is slow-changing, and
therefore this trick works. With Method 3, however, we are only able to
get a low-resolution MAI result regardless of the spatial changing rate of
the ionospheric azimuth shift.

Fig. 7. Spectra of ALOS-2 84 MHz and NISAR 20 + 5 MHz modes. ALOS-2 data acquired on April 18, 2016 are used to compute the spectra. (a) Range spectrum. (b)
Azimuth spectrum. Note that for range spectrum, we have switched the positions of the main and side bands of the NISAR 20 + 5 MHz mode to avoid the impact of
the artifact in the original ALOS-2 84 MHz range spectrum, that is likely caused by the removal of radio frequency interference. Note also that weighting is not
applied in the NISAR 20 + 5 MHz spectra.

C. Liang et al. Remote Sensing of Environment 315 (2024) 114426 

9 



4.4. Time series results

By using Methods 1 and 2 and the strategy in Section 3.3, we can get
a high-resolution MAI result with a first-order ionospheric azimuth shift
correction. In addition, as the results of Methods 1 and 2 are almost the
same as examined in Section 4.3, here we present the results processed
by Method 1.

We aim to measure the small postseismic deformation after the 2016
Kumamoto earthquakes using the post-earthquake acquisitions. Among
the acquisitions, those containing spatially fast-changing ionospheric
azimuth shifts are discarded, leaving 32 acquisitions from April 18, 2016
to March 2, 2020. These remaining acquisitions are used to form all 496
MAI pairs, among which 64 bad pairs are discarded. For each pair, we
perform both MAI processing and ionospheric azimuth shift processing.
The estimated ionospheric azimuth shift is then removed from the MAI
result. Finally, we perform a simple least-squares estimation of azimuth
deformations of individual dates using the corrected MAI results, and
estimate a linear deformation rate.

Figure 11 shows the individual MAI correction results. The pairs are

formed between reference date April 18, 2016 and each secondary date.
After the correction, the postseismic deformation, along with the
possible secular deformation, gradually show up in the individual MAI
results as the time span increases. The deformation pattern is similar to
that of coseismic deformation shown in Fig. 8.

Geocoded postseimic deformation velocity from MAI time series
analysis for ALOS-2 84 MHz mode is shown in Fig. 12. The original MAI
velocity field is strongly affected by spatially slow-changing ionosphere.
After correction, it agrees with GPS velocities. Although both post-
seismic and secular deformations contribute to the velocity, postseismic
deformation should be the main cause. Therefore, the velocity field is
clearly delineated by the coseismic surface rupture, and agrees with the
coseismic InSAR interferogram. However, we also observe clear dis-
crepancies between the MAI and GPS results in the area inside the
dashed circle. The difference is correlated with the topography of this
area. We are not sure of the cause. We doubt it might be related to
troposphere, or residual topographic contribution (Jung et al., 2009).
We currently don’t have an effective method to remove it.

Results of other satellites are shown in Figs. 13–16. These results are

Fig. 8. Correcting MAI result for ionospheric azimuth shift by Method 1. The data were acquired in ALOS-2 84 MHz mode on March 7 and April 18, 2016,
respectively. The ionospheric azimuth shift is largely removed since it’s spatially slow-changing. The MAI interferograms are not filtered in the processing.

Fig. 9. Correcting MAI result for ionospheric azimuth shift by Method 1. The data were acquired in ALOS-2 84 MHz mode on March 7 and May 2, 2016, respectively.
The ionospheric azimuth shift is not well removed since there are spatially fast-changing components in it. The MAI interferograms are not filtered in the processing.
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Fig. 10. MAI results computed by different methods, with ionospheric azimuth shift corrected or free of ionospheric azimuth shift. The data used are the same as
those in Fig. 8. The MAI interferograms are not filtered in the processing.

Fig. 11. Correcting for ionospheric azimuth shift in individual MAI results. (a) Original MAI. (b) Ionospheric azimuth shift. (c) Corrected MAI. As the time span
increases, the postseismic and secular deformations show up in the corrected MAI results, which are in agreement with the coseismic deformation shown in Fig. 7.
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processed with exactly the same parameters. Some have much higher
noise level due to lower resolution and thus fewer number of looks
available in multiple looking, but all results agree with GPS
measurements.

In Fig. 17, we further present the deformation time series, measured
by ALOS-2 84 MHz data used in Fig. 12, at GPS Station J466 referenced
to Station J707. Results from other stations and measured by other
datasets are similar. The result is still not precise enough to track the
temporal evolution of the deformation. However, there is still possibility

to do this in high coherence areas with temporally dense data from
future missions, such as NISAR.

4.5. Discussion

The mean coherence of the area in the case study is only 0.22.
Because of this, stronger filtering is required to get a usable result. Most
areas would have a coherence higher than this area. Therefore, the
filtering strength can be relaxed, and the result is expected to be better.

Fig. 12. Azimuth deformation velocity after the 2016 Kumamoto earthquakes in Japan from MAI time series analysis with ALOS-2 84 MHz data. GPS stations are
represented by circles. The colors inside the circles represent the GPS velocities projected into radar azimuth directions. The thick line in each panel is surface rupture
identified from the InSAR coseismic interferogram. The stars denote the epicenters of the foreshocks and mainshock. This result also represents that of LunTan-1 since
the key system parameters are nearly the same for the two satellites.
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The average acquisition frequency of the data is about 39 days per
acquisition. The performance of some of the future missions would be
much better. For example, NISAR has a revisit time of 12 days. The
average duty cycle of the NISAR L-band radar is at least 50 %, enabling it
to acquire data every time it passes a land area. The results shown in

Figs. 15 and 16 would be greatly improved with real NISAR data.
Combining data from both ascending and descending tracks will further
double the acquisition frequency and improve the MAI time series.
Another potential improvement is using both NISAR’s L-band and S-
band data to obtain a more precise ionospheric azimuth shift estimate. In

Fig. 13. Azimuth deformation velocity after the 2016 Kumamoto earthquakes in Japan from MAI time series analysis with simulated ALOS-4 28 + 10 MHz data. GPS
stations are represented by circles. The colors inside the circles represent the GPS velocities projected into radar azimuth directions. The thick line in each panel is
surface rupture identified from the InSAR coseismic interferogram. The stars denote the epicenters of the foreshocks and mainshock.

Fig. 14. Azimuth deformation velocity after the 2016 Kumamoto earthquakes in Japan from MAI time series analysis with simulated ALOS-4 42 MHz data. GPS
stations are represented by circles. The colors inside the circles represent the GPS velocities projected into radar azimuth directions. The thick line in each panel is
surface rupture identified from the InSAR coseismic interferogram. The stars denote the epicenters of the foreshocks and mainshock.
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Fig. 15. Azimuth deformation velocity after the 2016 Kumamoto earthquakes in Japan from MAI time series analysis with simulated NISAR 20 + 5 MHz data. GPS
stations are represented by circles. The colors inside the circles represent the GPS velocities projected into radar azimuth directions. The thick line in each panel is
surface rupture identified from the InSAR coseismic interferogram. The stars denote the epicenters of the foreshocks and mainshock. Note that a much better result is
expected with real NISAR data considering NISAR’s high duty cycle.

Fig. 16. Azimuth deformation velocity after the 2016 Kumamoto earthquakes in Japan from MAI time series analysis with simulated NISAR 40 + 5 MHz data. GPS
stations are represented by circles. The colors inside the circles represent the GPS velocities projected into radar azimuth directions. The thick line in each panel is
surface rupture identified from the InSAR coseismic interferogram. The stars denote the epicenters of the foreshocks and mainshock. Note that a much better result is
expected with real NISAR data considering NISAR’s high duty cycle.
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a proposed observation plan, ROSE-L and Sentinel-1 can provide C-band
and L-band data with an acquisition time difference of up to one minute
by flying closely, also providing opportunities of improved estimate. For
ALOS-4, Japan will be imaged by the 84 MHz stripmap mode 20 times
per year on both descending and ascending tracks according to the
current version of Basic Observation Scenario (BOS) (JAXA, n.d). 50 %
of the global land areas will be imaged by the 28+ 10MHzmode 9 times
per year on ascending tracks.

The resolution of the azimuth measurement is on the order of kilo-
meters, but is still better than that of GPS network as can be seen from
Figs. 12–16. Note that Japan is one of the areas that have densest GPS
networks in the world. In many applications, the deformation signals are
downsampled, often at kilometer resolutions, before used in the
geophysical models to save computation (Lohman and Simons, 2001). The
azimuth measurements are particularly useful for large faults where de-
formations are dominated by north-south components, such as the San
Andreas Fault in the US, the Main Himalayan Thrust (Wang and Shen,
2020), and the East Anatolian Fault in Türkiye (Weiss et al., 2020).
Measuring glacier motion is another potential application. Since many
glaciers move fast, further study is required to evaluate the impacts of the

ionosphere, and develop robust techniques to estimate ionospheric effects.

5. Conclusions

We have outlined the framework of separating the azimuth motion
and ionospheric azimuth shift. We have demonstrated three methods are
with highest precisions. Evaluation of the performance of several
selected L-band SAR satellites show that, at kilometer resolutions, the
azimuth motion measured by MAI can achieve centimeter precision,
while the ionospheric azimuth shifts can be estimated with decimeter
precision. Based on the evaluation results, we have suggested a strategy
for processing azimuth motion and ionospheric azimuth shift. We have
presented the time series analysis results of corrected azimuth motions
that measure the postseismic deformation of the 2016 Kumamoto
earthquakes in Japan. The time series results are expected to be much
improved by future missions that have high duty cycles and routinely
acquire data on both descending and ascending tracks. Therefore,
measuring azimuth motion with future L-band missions would provide a
useful azimuth component, even for measuring slow ground motions,
which is beneficial to a number of geophysical applications, in partic-
ular, those associated with the Earth’s tectonic processes.
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Appendix A. The dispersive nature of the Earth’s ionosphere and its effect on SAR imaging

The mechanisms of ionospheric effects on SAR data are already known. Here we explain these mechanisms through our own derivations so that
these effects can be presented in a consistent manner and ready for use in further analysis. In particular, we also address their connections to

Fig. 17. Azimuth deformation time series at GPS station J466 measured with
ALOS-2 84 MHz data.
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ionospheric effects on GNSS signals.
Electromagnetic waves propagating in a medium are described by the Maxwell’s equations and the constitutive equations. In the Earth’s iono-

sphere, free electrons experience collisions and forces from the electromagnetic field of the waves and the Earth’s magnetic field, which satisfies the
Lorentz force equation. Ions, on the other hand, can be neglected, as they can hardly be moved by these forces at high frequencies, e.g. microwave
frequencies, because they are much more massive than electrons. From these equations and with some assumptions, the complex refractive index of
the ionosphere was derived by Appleton (Appleton, 1927; Appleton, 1932), Hartree (Hartree, 1931), Lassen (Lassen, 1927) and Goldstein (Goldstein,
1928). The commonly used form along with its derivation can be found in (Ratcliffe, 1959; Yeh and Liu, 1972; Budden, 1985; Davies, 1990)

n2 =
(
np − iχ

)2
= 1 −

X

1 − iZ −
Y2
T

2(1− X− iZ) ±

[
Y4
T

4(1− X− iZ)2
+ Y2

L

]1/2 (A.1)

where i =
̅̅̅̅̅̅̅
− 1

√
, X = (ωN/ω)2 = Ne2/ε0mω2, Y = ωH/ω = |e|B/mω, YL = Ycosθ, YT = Ysinθ, and Z = v/ω. In these variables, ω = 2πf and f is the

electromagnetic wave frequency (hertz, Hz), ωN = 2πfN and fN is the plasma frequency (hertz, Hz), ωH = 2πfH and fH is the electron gyrofrequency
(hertz, Hz),N is the electron number density (per meter3, m–3), e is the charge on an electron (coulomb, C), ε0 is the permittivity of free space (farad/m,
F/m),m is the rest mass of an electron (kilogram, kg), B is the Earth’s magnetic flux density (teslas, T), θ is the angle between the Earth’s magnetic field
and the electromagnetic wave propagation, and v is the collision frequency (per second, s− 1). The± sign means the electromagnetic wave travelling in
the ionosphere in the presence of the Earth’s magnetic field is split into two characteristic waves whose polarizations do not change as they travel. The
equation is called Appleton, Appleton-Hartree or Appleton-Lassen equation or formula. We refer to it as Appleton-Hartree equation hereafter.

The real part of the complex refractive index np is the phase refractive index, and the imaginary part χ is the absorption index. The phase of the
wave travels at a speed known as phase speed vp = c/np, where c is the speed of light in vacuum. The envelope of the wave travels at a speed known as
group speed vg. Similar to phase refractive index np, a group refractive index can be defined ng = c/vg. The phase and group refractive indices are
related by the modified Rayleigh equation (Ratcliffe, 1959; Yeh and Liu, 1972; Budden, 1985; Davies, 1990; Hofmann-Wellenhof et al., 2001)

ng = np + f
dnp
df

(A.2)

A medium in which the phase speed varies with wave frequency f is said to be dispersive. For a dispersive medium, it’s clear from Eq. (A.2) that the
phase and group speeds are different. Dispersion happens when sunlight strikes a dispersive prism, and we see the colors of the rainbow in the prism,
because the angle of refraction of each frequency component in the sunlight is related to its phase speed according to Snell’s law.

The complete form of refractive index is complex. Collision is usually neglected, so n ≈ np. Various further approximations have been made for
practical use (Budden, 1985). Both SAR and GNSS operates in the microwave region of the electromagnetic spectrum. Some of the theoretical and
technical development about ionosphere in SAR benefited from the theories and practices in GPS. In GPS, using different methods, the Appleton-
Hartree equation is simplified as (Budden, 1985; Leitinger, 1974; Ajayi et al., 1980; Hartmann and Leitinger, 1984; Brunner and Gu, 1991; Bassiri
and Hajj, 1993; Hernández-Pajares, 2010; Datta-Barua et al., 2008; Petrie et al., 2011; Moore and Morton, 2011)

np = 1 −
1
2
X±

1
2
XYcosθ −

1
8
X2 −

1
4
XY2( 1+ cos2θ

)
(A.3)

Some authors neglect the last one or two terms. Substituting Eq. (A.3) into Eq. (A.2), the group refractive index is obtained

ng = 1+
1
2
X∓ XYcosθ+

3
8
X2 +

3
4
XY2( 1+ cos2θ

)
(A.4)

Substituting X = (ωN/ω)
2
= Ne2/ε0mω2, Y = ωH/ω = |e|B/mω, and ω = 2πf into Eqs. (A.3) and (A.4), the phase and group refractive indices become

np = 1 −
Ne2

2ε0mω2 ±
N|e3|Bcosθ
2ε0m2ω3 −

N2e4

8ε20m2ω4 −
Ne4B2

4ε0m3ω4

(
1+ cos2θ

)
= 1 −

Ne2

8π2ε0m
1
f2

±
N|e3|Bcosθ
16π3ε0m2

1
f3

−

[
N2e4

128π4ε20m2 +
Ne4B2

64π4ε0m3

(
1+ cos2θ

)
]
1
f4

= 1 − K2N
1
f2

±K3NBcosθ
1
f3

−
[
K4,1N2 +K4,2NB2( 1+ cos2θ

) ] 1
f4

(A.5)

ng = 1+
Ne2

8π2ε0m
1
f2

∓
N|e3|Bcosθ
8π3ε0m2

1
f3

+

[
3N2e4

128π4ε20m2 +
3Ne4B2

64π4ε0m3

(
1+ cos2θ

)
]
1
f4

= 1+Kg,2N
1
f2

∓ Kg,3NBcosθ
1
f3

+
[
Kg,4,1N2 +Kg,4,2NB2( 1+ cos2θ

) ] 1
f4

= 1+K2N
1
f2

∓ 2K3NBcosθ
1
f3

+
[
3K4,1N2 +3K4,2NB2( 1+ cos2θ

) ] 1
f4

(A.6)

The constants K1, K2, K4,1 and K4,2 can be computed using the values of e, m and ε0
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K2 =
e2

8π2ε0m
= 40.31 m3/s2

K3 =
|e3|

16π3ε0m2 = 1.13× 1012 Am3/skg

K4,1 =
e4

128π4ε20m2 = 812.38 m6/s4

K4,2 =
e4

64π4ε0m3 = 1.58× 1022 A2m3/kg2

(A.7)

In some literatures (e.g., Meyer, 2011), K2 = 40.28 m3/s2, likely due to the use of different e, m and ε0 values.
The phase of the electromagnetic wave is computed by the integration of phase refractive index along the propagation path. For vacuum, np = ng =

1. Assuming the straight path and bended path due to refraction connecting the phase centers of the transmitting and receiving antennas are l0 and l,
respectively, the one-way phase delay in meters is thus given by

rp =
∫

npdl −
∫

dl0 ≈
∫

(
np − 1

)
dl0 =

∫ {

− K2N
1
f2

±K3NBcosθ
1
f3

−
[
K4,1N2 +K4,2NB2( 1+ cos2θ

) ] 1
f4

}

dl0

= −
K2

f2

∫

Ndl0 ±
K3

f3

∫

NBcosθdl0 −
K4,1

f4

∫

N2dl0 −
K4,2

f4

∫

NB2( 1+ cos2θ
)
dl0 ≈ −

K2

f2

∫

Ndl0 = −
K2

f2
TEC (A.8)

where TEC is the total electron content (TEC) along propagation path. In the first approximation, the bending of the propagation path is ignored. The
second approximation ignores the high order terms of the electromagnetic wave frequency f . The last line in Eq. (A.8) is the form that is mostly used in
SAR analysis. This form accounts for more than 99.9 % of the total ionospheric delays (Hernández-Pajares, 2010). In GPS, this is also the mostly used
form, but high order terms were also considered in recent years (e.g., Bassiri and Hajj, 1993; Hernández-Pajares, 2010; Datta-Barua et al., 2008).

Similarly, the one-way group delay in meters is given by

rg =
∫

ngdl −
∫

dl0 ≈
∫

(
ng − 1

)
dl0 =

∫ {

K2N
1
f2

∓ 2K3NBcosθ
1
f3

+
[
3K4,1N2 +3K4,2NB2( 1+ cos2θ

) ] 1
f4

}

dl0

=
K2

f2

∫

Ndl0 ∓
2K3

f3

∫

NBcosθdl0 +
3K4,1

f4

∫

N2dl0 +
3K4,2

f4

∫

NB2( 1+ cos2θ
)
dl0 ≈

K2

f2

∫

Ndl0 =
K2

f2
TEC (A.9)

The signs of Eqs. (A.8) and (A.9) show that the phase delay rp is an advance, while the group delay rg is a delay. In these approximated forms, they are
equal in absolute value, but with opposite signs. Therefore, the phase travels faster, but the envelope travels slower, than the speed of light in vacuum.

When the electromagnetic wave propagation is not perpendicular to the Earth’s magnetic field (θ ∕= 90◦ ), the two characteristic waves become a
left-handed elliptically polarized wave (ordinary wave, upper sign in Eqs. (A.1) to (A.6)) and a right-handed elliptically polarized wave (extraordinary
wave, lower sign in Eqs. (A.1) to (A.6)), respectively. The phase difference between the two polarizations, using Eq. (A.8), leads to the Faraday
rotation. The one-way Faraday rotation, in meters following the previous convention, can be given by (Davies, 1990)

rf =
1
2
(
rp,+ − rp,−

)
=
1
2
2K3

f3

∫

NBcosθdl0 ≈
K3

f3
Bcosθ

∫

Ndl0 =
K3

f3
TECBcosθ (A.10)

A constant geomagnetic field B is assumed for the approximation in Eq. (A.10). The GPS signal is predominantly right-handed circularly polarized,
and therefore many authors in the GPS field use the lower sign and think GPS signal is not subject to Faraday rotation. Others argue that the GPS signal
still propagates through the ionosphere as ordinary and extraordinary waves, so both of them should be considered (Moore and Morton, 2011).

The linear change of the phase advance corresponds to the group delay in range. In azimuth, the linear change within the synthetic aperture leads
to an azimuth pixel shift. High-order terms of the phase advance leads to defocusing in the SAR images in both directions. The one-way azimuth shift in
meters is (Liang and Fielding, 2017)

ag =
vg

4πKa

∂
(

rp2πf
c

)

∂η =
vg

4πKa

(

−
2πK2

cf

)
∂TEC

∂η = −
vg

2cfKa
K2

∂TEC
∂η (A.11)

where η is the azimuth time, vg is the velocity of the zero Doppler line along the Earth’s surface, and Ka (Ka > 0) is the azimuth frequency modulation
(FM) rate, and is given by (Cumming and Wong, 2005)

Ka =
2v2r cos3θr,c

λR0
(A.12)

where vr is the effective radar velocity, λ is the radar wavelength, θr,c is the squint angle in the rectilinear geometry, and R0 is the range of closest
approach. Substituting Eq. (A.12) into Eq. (A.11), the one-way azimuth shift in meters is given by

ag = −
1
f2

⋅
vgR0

4v2r cos3θr,c
⋅K2⋅

∂TEC
∂η (A.13)

For future reference, the ionospheric effects in SAR are summarized here. The quantities are evaluated at the radar center frequency f = f0. The
two-way phase advance in radians is
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ϕion = rp
4πf
c

⃒
⃒
⃒
⃒
f=f0

= −
4πK2

cf0
TEC (A.14)

The two-way range shift in meters is

rion = 2rg
⃒
⃒
f=f0

=
2K2

f20
TEC (A.15)

The two-way azimuth shift in meters is

aion = 2ag
⃒
⃒
f=f0

= −
vg

cf0Ka
K2

∂TEC
∂η = −

1
f20

⋅
vgR0

2v2r cos3θr,c
⋅K2⋅

∂TEC
∂η (A.16)

The one-way Faraday rotation in radians is

Ωion = rf
2πf
c

⃒
⃒
⃒
⃒
f=f0

=
2πK3

cf20
TECBcosθ (A.17)

Spatial inhomogeneity of the ionosphere leads to the variations of these effects over an image, while temporal variations of the ionosphere lead to the
differences of these effects between images acquired at different times. An InSAR pair consists of two acquisitions, and therefore the variables in Eqs.
(A.14) to (A.16) ϕion, rion, aion and TEC should be replaced with Δϕion, Δrion, Δaion and ΔTEC, respectively. In these equations, K2 = 40.31 m3/s2, K3 =

1.13× 1012 Am3/skg, TEC is the total electron content along propagation path, B is the Earth’s magnetic flux density, θ is the angle between the
Earth’s magnetic field and the electromagnetic wave propagation, c is the speed of light in vacuum, f0 is radar center frequency, vg is the velocity of the
zero Doppler line along the Earth’s surface, Ka (Ka > 0) is the azimuth frequency modulation rate, vr is the effective radar velocity, θr,c is the squint
angle in the rectilinear geometry, R0 is the range of closest approach, and η is the azimuth time.
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