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Abstract: Spatial and temporal variation in the free electron concentration in the ionosphere affects
SAR interferograms, in particular at low radar frequencies. In this work, the identification, estimation,
and compensation of ionospheric path delay phases in PALSAR-3 and NISAR-L interferograms
are discussed. Both of these L-band sensors simultaneously acquire SAR data in a main spectral
band and in an additional, spectrally separated, narrower second band to support the mitigation
of ionospheric path delays. The methods presented permit separating the dispersive and the non-
dispersive phase terms based on the double-difference interferogram between the two available
spectral bands and the differential interferogram of the main band. The applicability of the proposed
methods is demonstrated using PALSAR-3-like data that were simulated based on PALSAR-2 SM1
mode data.

Keywords: SAR; interferometry; ionospheric path delay; dispersive phase; non-dispersive phase;
split-spectrum; PALSAR-3; NISAR

1. Introduction

In 2024, JAXA and NASA plan to launch their L-band SAR instruments PALSAR-
3 [1] and NISAR-L [2]. PALSAR-3 is the successor of the successful Japanese L-band SAR
missions PALSAR (2006-2010) and PALSAR-2 (launch in 2014, operation still ongoing in
2024). NISAR-L is the L-band SAR element of the NASA-ISRO Synthetic Aperture Radar
Mission NISAR. Both missions plan to acquire large volumes of high-resolution data with
the expectation of advancing the use of satellite SAR remote sensing, and in particular
interferometric SAR applications.

SAR interferometry [3,4] has been successfully used for over 20 years to create numeri-
cal elevation models [5] and to map terrain displacement, including seismic motion [6,7],
volcano deformation [8], and motion of landslides [9-11] and ice [12-14]. The interfero-
metric phase not only contains information about ground geometry and displacement,
but also is influenced by changes in the troposphere and ionosphere [15]. Satellite-based
SAR systems are generally located at altitudes above 500 km, i.e., above a significant part
of the ionosphere. The interferometric SAR phase can be expressed as a sum of phase
components. These are the orbital phase, the topographic phase, the deformation phase,
and the differential tropospheric path delay phase. All of these are linearly dependent
on the radar frequency. The ionospheric phase shift (in radians), or ionospheric phase for
short, on the other hand, is dispersive and inversely proportional to the frequency [16]

471K
Qbiono = WATEC (1)

where ATEC is the difference between the Total Electron Content (TEC) values integrated
along the line-of-sight of the two radar acquisitions, and K = 40.31 m®s~2 is a constant, c is
the speed of light, and f is the radar center frequency. In this work on the identification
and mitigation of ionospheric effects, we do not call the dispersive phase, i.e., the phase
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term proportional to 1/f(, “ionosphere phase” or “ionospheric path delay phase”, as SAR
data focusing using imperfect parameters is another possible cause for dispersive phase.
Using a slightly wrong Doppler rate can result in an overall dispersive phase ramp.

The concept of the split-spectrum approach is to determine separate interferograms
for spectral sub-bands, permitting the separation of the dispersive and the non-dispersive
phase terms [16-25]. As compared to previous sensors, PALSAR-3 [1] and NISAR-L [2]
provide data in two separated spectral bands, a broader main spectral band, and a narrower
secondary spectral band. This is specifically to facilitate the estimation of the dispersive
phase component. In preparation of the ionosphere mitigation in PALSAR-3 and NISAR-L
data, the motivation of our work is to extend the mitigation techniques to SAR data with
two separate frequency bands and test them using 80 MHz bandwidth PALSAR-2 SM1
mode data filtered to simulate the dual-band data expected from PALSAR-3 and NISAR-L.

In Section 2, we first present the data used and then generalize the spectral diversity
method so that it can be applied for both the single-band and dual-band cases. Furthermore,
we also consider the method proposed in [26], namely, to express the dispersive and
non-dispersive phases as a linear combination of the main interferogram phase and the
double-difference interferogram phase, as this has significant advantages concerning the
robustness and accuracy of the method. In Section 3, some processing related aspects are
discussed, followed by a discussion of the results obtained using simulated PALSAR-3 data
and conclusions.

2. Materials and Methods
2.1. Simulation of PALSAR-3 Single-Look Complex (SLC) Data with Two Spectral Bands Based on
PALSAR-2 SM1 Mode SLC Data

Using an interferometric pair of PALSAR-2 SM1 data over Osaka with a bandwidth of
80 MHz, we simulated PALSAR-3 data with the characteristics shown in Table 1. First, we
filtered the PALSAR-2 SM1 data with 28 MHz and 10 MHz bandpass filters at the low and
high ends of the available 80 MHz chirp bandwidth. Next, we moved the range spectra of
the filtered sub-bands to the center of the spectrum. This step corresponds to a change in
the center frequency of the data set and was realized by subtracting a phase ramp in the
range direction. This provided us one SLC per filtered sub-band, but still in the geometry
of the original 80 MHz SLC, which means with a signal bandwidth significantly smaller
than the sampling bandwidth. To increase the signal bandwidth to 80% of the sampling
bandwidth, we reduced the sampling bandwidth by resampling the data to a coarser range
resolution. The metadata are then also updated with the modified center frequency and
range sampling values. As a result, simulated SLCs were obtained that correspond to the
PALSAR-3 bands of 28 MHz and 10 MHz.

Table 1. Factors a, b, ¢, d, x, and z used in Equations (3)—(6) to calculate the dispersive and non-
dispersive phase components for different PALSAR-1, PALSAR-2, PALSAR-3, and NISAR-L modes.
The center frequencies used in the calculations are indicated.

Mode folGHz] f1 [GHz] fy[GHz]l a b c d x z
PALSAR-3 28 MHz 1.2330 1.2330 1.2910 11.38 —10.87 —-10.39 10.87 0.511 —10.87
NISAR L 20 MHz 1.2275 1.2275 1.2950 9.85 —9.34 —8.85 9.34 0.513 —9.34
NISAR L 40 MHz 1.2375 1.2375 1.2950 11.52 —11.01 —-10.52 11.01 0.511 —11.01
PALSAR-1 14 MHz 1.2700 1.2653 1.2747 68.24 —67.74 —67.74 68.24 0.500 —67.99
PALSAR-1 28 MHz 1.2700 1.2607 1.2793 34.28 —33.78 —33.78 34.28 0.500 —34.03
PALSAR-2 12 MHz 1.2365 1.2325 1.2405 78.17 —77.67 —77.67 78.17 0.500 —77.92
PALSAR-2 25 MHz 1.2700 1.2617 1.2783 38.50 —38.00 —38.00 38.50 0.500 —38.25
PALSAR-2 80 MHz 1.2575 1.2310 1.2840 12.12 —11.62 —11.62 12.12 0.500 —11.88

2.2. Adapting the Split-Spectrum Method to the PALSAR-3 and NISAR L-Band SAR Cases

In the split-spectrum approach, at least two separate spectral bands are used. We
name the corresponding center frequencies f;, for the lower- and fi higher-frequency band.
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In addition, we use a third frequency f for the center frequency of the main frequency
band; this is the frequency band of the interferometric analysis that is conducted after
the estimation and mitigation of the ionospheric phase. In the case of data with a single
frequency band, fy is typically the center frequency of the full frequency band. In the
case of data with two separate frequency bands, f is the frequency of the main (broader)
frequency band, which can be the lower- or higher-frequency band.

In our derivation, the interferogram phases at frequencies fy, f;, and fy are called
¢o, ¢1, and ¢y, and the related dispersive and non-dispersive components ¢;y,,5 0, Piono,Ls
Piono,Hr Pnd, 0, Pnd L, and ¢, . Considering the indirect and direct proportionality of the
dispersive and non-dispersive phase terms, we can write the following set of equations:

9170 = 47iono,0 + ¢nd,0
¢L = (Piono,O]J;g + 4’nd,0% ()
P = <Piono,o}% + %d,o%-

Equation (2) can be transformed to express the dispersive and non-dispersive phase
terms as linear combinations of ¢; and ¢p.

Piono0 = apr + by witha = @71%2 and b = 7% (3)

' folfe = f2) folff — f1)

. fofL fofH
nd,0 = cpr +d the=————-andd = ———, 4
Pran = P T TR T - D @
or as a linear combination of ¢g and (¢g — ¢r):
Piono0 = X90 +2(¢ g — pr)with x =
(2-8)-0u-r0 5
And z = T fo
(2-1)-0u-r0

Pnd0 = (1= x)po — z(py — P1) (6)

with x and z as in Equation (5).

For data with a single spectral band, a quite common approach is to calculate spectral
bands for the highest and lowest third of the processed chirp spectrum. For specific
PALSAR-1 and PALSAR-2, PALSAR-3, and NISAR modes, the resulting scaling factors are
listed in Table 1. For PALSAR-1 and PALSAR-2 modes, center frequencies of specific data
we have access to are used. For PALSAR-3, the characteristics used were found in [1], and
those for NISAR-L in [2].

Factors a, b, c, and d are used to scale the phases of the differential interferograms in
the lower and upper spectral band. To perform phase scaling with a non-integer factor, it
is necessary for this phase to have already been unwrapped. As can be seen from Table 1,
factors a, b, c, and d are non-integer values that are significantly greater than 1. This is
problematic as it upscales phase noise and phase errors from the spatial filtering applied to
reduce noise and facilitate phase unwrapping.

Using Equations (3) and (4) requires scaling of the unwrapped phases with large
factors. Even small phase errors or noise effects of 0.1 radian will be scaled up, resulting
in significant phase errors. Assuming similar uncertainties for ¢y and ¢z and considering
that factors a, b are quite similar results in an ¢;,,, o uncertainty of about square root of
2 times a times the uncertainties for ¢; . Using Equations (5) and (6), instead, significantly
reduces the scaling of the uncertainties thanks to a much smaller factor x. Furthermore, the
double-difference interferogram scaled with factor z is easier to unwrap, which tends to
reduce its uncertainty. Therefore, using Equations (5) and (6), i.e., the approach based on
the main band interferogram phase and the double-difference interferogram between the
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lower and higher spectral bands is preferred, as it makes the ionosphere mitigation more
robust and accurate [26].

For new sensors with an additional secondary frequency band (PALSAR-3, NISAR-L),
the separation of the main and secondary frequency band is relatively large. The resulting
factors z between 9 and 12, used to scale the unwrapped differential interferometric phase,
are much smaller than in the case of a single frequency band, except for the 80 MHz
bandwidth PALSAR-2 SM1 mode data. The scaling of the split-spectrum double-difference
phase with factor z, which has comparable values to factors a and b, is less critical. The
phase is usually much smaller than a phase cycle, so that unwrapping becomes trivial.
Strong spatial filtering to perform the unwrapping is therefore not necessary.

In all the investigated cases, the scale factor for the phase of the differential interfero-
gram of the main band, x, has values very close to 0.5. The relative deviations of x from 0.5
are <3%, so replacing it with 0.50 results in scaling errors below 3%. Approximating x with
0.5 and multiplying both sides of Equation (5) by 2 results in

2¢i0no,0 = ¢o + 2Z(¢H - ¢L) (7)

In contrast to Equation (5), Equation (7) can also be applied to the complex-valued
differential interferogram phase ¢g, since no scaling of ¢y with a non-integer value is
necessary. This means that we can determine a complex-valued image for twice the
dispersive phase and only need to unwrap the double-differential interferogram, which
can be achieved by directly converting the complex values into phase values. On the one
hand, this complex-valued image makes it possible to qualitatively determine the extent of
the ionospheric effects. On the other hand, it can be unwrapped to quantify the relative
ionospheric phase delays. For pairs with small ionospheric effects, which should be the
vast majority of interferometric pairs, unwrapping 2¢;,,, 0 should not be too difficult. In
many cases, the phases will remain in the interval [—,7t], with respect to a reference near
the center of the image, or they will vary along an almost linear phase ramp.

A complex-valued image of twice the non-dispersive phase can be calculated by
subtracting twice the dispersive phase from twice the interferogram phase. Inserting twice
the dispersive phase as expressed in Equation (7) results in

Z(Pnon—dispersive,o = 2¢ — 2¢iono,0 = Po — 2z(¢pn — (PL) (8)

This means a complex version of twice the non-dispersive phase, or the “ionosphere-
corrected” interferogram, can be generated without the need for phase unwrapping of the
complex-valued differential interferogram ¢.

The main non-dispersive phase terms are deformation phase and tropospheric path
delay phase, considering that orbital and topographic phase terms are usually modeled
and subtracted. In addition, there are error terms and phase noise.

Very often, and especially in L-band, the spatial variation of the non-dispersive phase
is rather small. In cases with strong ionospheric phase effects, unwrapping the double
non-dispersive phase can be much easier than unwrapping the original interferogram. An
example where the dispersive phase is significantly larger than the non-dispersive phase
is presented below. Cases with strong non-dispersive phases occur at displacements of
more than one decimeter, caused for example by earthquakes, ice movements, and rapid
landslides, and subsidence.

In the following sections, we call the method based on Equation (5) Method 1 (M1).
The dispersive phase of the main frequency band is calculated based on the unwrapped
split-spectrum double-difference phase and the unwrapped phase of the differential in-
terferogram. The great advantage of M1 is that the unwrapped phase is only scaled by a
small factor of about 0.5, which greatly reduces the quality requirements regarding filtering.
M1 does not require an approximation and uses exact scaling factors. The non-dispersive
phase of the main frequency band is then either calculated using Equation (6), which
provides directly the unwrapped non-dispersive phase, or the unwrapped dispersive phase
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is subtracted from the complex-valued differential interferogram of the main band to obtain
the complex-valued “ionosphere-corrected” differential interferogram.

The methods based on Equations (7) and (8) are called Methods 2 and 3 (M2, M3). The
obvious advantage of M2 and M3 is that complex-valued images of twice the dispersive
phase (M2) and twice the non-dispersive phase (M3) can be calculated, whereby only
the split-spectrum double-difference phase has to be unwrapped. As already mentioned,
this step is straightforward. Provided that the double dispersive phase or the double
non-dispersive phase can be unwrapped, scaling is also possible to obtain the unwrapped
dispersive and non-dispersive phases. It is helpful that often either the double dispersive
phase or the double non-dispersive phase have only small values and are therefore easy to
unwrap. As M2 and M3 use the same phase terms, we typically apply both methods.

2.3. Processing-Related Aspects
2.3.1. Band-Pass Filtering

When using SLC data in a single frequency band, band-pass filtering along the range
spectrum axis, e.g., considering the lowest and highest third of the processed bandwidth,
is applied to obtain two sub-band SLCs in a lower and higher spectral bands. Here, in
the case of simulated PALSAR-3 or NISAR-L data, we consider SLC data sets that are
already provided in two bands, a main band with a typically broader range bandwidth
(e.g., 28 MHz in the case of PALSAR-3) and a secondary narrower band (10 MHz in the
PALSAR-3 case). Consequently, no band-pass filtering is necessary in the mitigation of the
dispersive phase.

2.3.2. Effects of the SLC Co-Registration on the Interferogram

Gradients in the dispersive path delay along the synthetic aperture lead to azimuthal
position deviations [27], which can be up to several SLC pixels for L-band images (see
example below). If using a co-registration method that is either based exclusively on the
orbit data, the SAR processing parameters, and a digital elevation model (DEM), or a
method that is based on range and azimuth offset polynomials of low order, which are
determined with the aid of matching techniques, an appropriate co-registration is obtained
overall. However, local effects caused by the dispersion path delay gradients are not
compensated. Registration errors larger than one pixel lead to a significant reduction in
coherence. In addition, we have found that registration errors can also significantly affect
the interferogram phase, as demonstrated by the example presented in Section 4.

Our co-registration procedure, which also includes a consideration of local effects,
comprises a first step based on the orbit, the SAR parameters, and a DEM, and a second
step in which the remaining local offsets are determined using matching techniques. Taking
into account the quality of the determined offsets and their spatial consistency, the offset
field is conditioned. Outliers are removed and the offset field is interpolated in areas with
poor coverage and then slightly spatially filtered. The resulting offset field is then used to
refine the co-registration.

An iteration of this procedure or the use of the split-beam double-difference phase may
not be successful in the case of strong ionospheric gradients. Different parts of the azimuth
spectrum of the SLC are affected by different parts of the ionosphere (as the relevant layer
is located at a height of almost 300 km above ground and is not on or near the ground).

Applying the co-registration with the offset field refinement results in a much-reduced
split-beam interferogram (SBI) phase. But in areas with really high gradients, there may
still be a non-zero SBI phase and further refining the co-registration will also not fully
correct this.

Conducting the same co-registration procedure with offset field refinements per az-
imuth sub-band and combining then the co-registered azimuth sub-band SLCs again into
one full-band SLC results in an SBI with significant non-zero “ionosphere-like” phase streaks.
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2.3.3. Interferogram Filtering and Unwrapping

Multi-looking and spatial filtering are used to reduce phase noise in interferograms
and to support the necessary phase unwrapping step. Spatial filtering also allows the
phase signal to be interpolated for small gaps, e.g., in areas with low coherence. Spatial
filtering methods exist for both complex-valued and real-valued data sets. A commonly
used method for filtering complex-valued interferograms is the Goldstein-Werner filter [28].
We use a modified version of it, which is available in the Gamma software [29]. We usually
filter unwrapped phase images with a moving window filter with different filter sizes and
weighting functions. For spatial phase unwrapping, we use a minimum cost flow (MCF)
algorithm [30], where the interferometric coherence is taken into account in the calculation
of the cost function [29].

It is also possible to iterate the phase unwrapping procedure, e.g., for interferograms
with very large phase signals. An initial solution is generated using a stronger filter.
It is important that the unwrapped phase does not show any phase jumps. This first
solution is then subtracted from the original interferogram. The resulting complex-valued
interferogram has less phase variation than the original interferogram. By repeating the
filtering, unwrapping, and subtracting, the phase variation in the remaining complex-
valued interferogram can be further reduced. As soon as the phase variation remains
within the interval (—,7), the complex-valued interferogram can be converted directly
into a real-valued phase image. The unwrapped phase is then obtained by summing up
the components from the individual iteration steps.

3. Results Using Simulated PALSAR-3 Data over Osaka

Using an interferometric pair of PALSAR-2 SM1 data over Osaka, with 80 MHz band-
width, we simulated PALSAR-3 data with the characteristics as indicated in Table 1. Two
subsequent scenes were concatenated to obtain a better spatial coverage of the ionospheric
distortions present. The concatenation was performed after the range band-pass filtering.

For the main band SLCs, we conducted an ionosphere check for the single SLC by
determining the offset field between azimuth sub-band images (Figure 1). Pixel-level
azimuth offsets clearly identified the scene acquired on 20160601 as significantly affected
by ionospheric effects.

| o
o o
]

azimuth offset in SLC pixels

(a) 20150225 (b) 20160601

Figure 1. Azimuth offsets (in SLC pixels) between azimuth sub-band images for the first and last
third of the azimuth spectrum. The pixel-level offsets observed for the acquisition on 20160601 are a
clear indication for ionospheric effects (dispersive path delay phase gradients along the synthetic
aperture causing positional effects).

For interferometric processing, we used the earlier scene, i.e., the one without strong
ionospheric effects, as the geometric reference. For comparison, we carried out the co-
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registration with and without an offset field refinement. The resulting differential inter-
ferograms are quite different (Figure 2). Differential interferograms calculated for smaller
azimuth sub-bands look quite similar to the differential interferogram obtained with the
co-registration with an offset field refinement. But the location of the strong phase gra-
dients, which correspond to the location of the dispersive path delay gradients, differs
depending on the squint angle of the selected azimuth sub-band, as the ionospheric effects
occur at a significant height (e.g., 300 km) above the ground surface. Summing up, the
azimuth sub-band differential interferogram phases partially cancels the really strong phase
gradients. In the case of co-registration with offset field refinement, the application of the
offset field correction “corrects” the azimuth sub-band differential interferometric phases
approximately to the differential interferometric phase in the zero Doppler geometry. The
split-beam interferograms (SBI) calculated for the co-registered SLCs confirm this: only
in the case of co-registration without offset field refinement does the SBI show strong
phase differences (Figure 3). Besides the different phases, an important difference is the
significantly higher coherence obtained with the offset field refinement co-registration.

unw. diff. phase [radian], cyclic

@ (b)

Figure 2. Differential interferograms without (a) and with (b) offset field refinement in the co-
registration step.

SBI phase [radian], cyclic

(@ (b)

Figure 3. Split-beam interferometric phase obtained for the SLCs co-registered without (a) and with
(b) offset field refinement.
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Using the SLCs co-registered with an offset field refinement, we then carried out
dispersive phase mitigation. Using Method 1, the unwrapped differential interferogram
phase for the main band and the unwrapped double-difference interferogram phase are
used (Figure 4). Notice that the phases in the double-difference interferogram are all within
the same phase cycle—so unwrapping was trivial. Applying Equation (3) with the scaling
factors x and z as listed in Table 1, the dispersive path delay was calculated. Figure 5 shows
the PALSAR-3 main band differential interferogram, the estimated dispersive path delay
phase and the resulting non-dispersive phase.

S
u

|
©
6]

o
unw. diff. phase [radian]
o
o
double diff. phase [radian]

r—10

(a) (b)

Figure 4. Unwrapped differential interferogram phase for the 28 MHz band data (a) and unwrapped
double-difference interferogram phase (b).

| o
(e
unw. diff. phase [radian], cyclic

|
N

(@) (b) (©)

Figure 5. Differential interferogram phase for the 28 MHz band (a), estimated dispersive path delay
phase (b), and non-dispersive or ionosphere-corrected phase (c).

Then, we also applied methods M2 and M3. Twice the dispersive path delay phase
(Figure 6 left, M2) and twice the non-dispersive phase (Figure 6 right, M3) could be
calculated without phase unwrapping, except for the trivial unwrapping of the double-
difference interferogram phase.
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[

| o
-
unw. diff. phase [radian], cyclic

|
N

-3

@) (b)

Figure 6. Phase of complex-valued images showing twice the dispersive path delay phase derived

using M2 (a) and twice the non-dispersive phase derived using M3 (b), both calculated without
phase unwrapping.

All three mitigation methods (M1, M2, M3) clearly indicate that the dominant, spatially
varying part of the differential interferometric phase corresponds to ionospheric path delay.
Considering, the azimuth offset fields (between the two scenes, but also between azimuth
sub-bands of a single scene) and SBI tell us that the ionospheric effects are mainly present
in the scene acquired on 20160601.

4. Discussion

Checking the simulated PALSAR-3 data for ionospheric effects worked well for the
three different methods applied. The calculation of the azimuth offset field between two
azimuth sub-bands of a single SLC is a robust process that can be easily automated. An
important advantage of this method is that it permits identifying ionospheric distortions in
a single SLC. Considering the azimuth offsets of the co-registration offset field refinement
also permitted identifying the presence of significant ionospheric effect. This method
involves both the reference and the second scene. Consequently, it is not clear which of the
two scenes (or both) is affected by ionospheric distortions. Calculating the co-registration
refinement offset field is also suited to assess the quality of the co-registration, and it can
also be automated easily. More difficult to automate is the conditioning of the refinement
offset field (rejecting outliers, spatial filtering, and interpolation) needed to actually refine
the co-registration. Using the split-beam interferogram is more delicate. If the SLC co-
registration is carried out without offset-field refinement, the SBI phase clearly indicates the
presence of ionospheric anomalies. But, if the co-registration is carried out with an offset
field refinement the SBI phase is significantly reduced and does not indicate the presence
of ionospheric anomalies with the same clarity.

Mitigating the ionospheric effects worked well for the simulated PALSAR-3 data
used. Method 1 worked well as we were able to unwrap the differential interferometric
phase. In Methods 2 and 3, the complex images for the double dispersive and the double
non-dispersive phase could easily be obtained as no unwrapping was required except for
the direct conversion of the complex values of the double-difference interferogram to phase
values. In cases with extreme ionospheric distortions, the double-difference phases may
reach levels outside (—m,m). In this case, it would be necessary to either unwrap the phase
or the level of the values can be reduced by selecting two sub-bands with a reduced spectral
separation. In the PALSAR-3 case, this could be achieved by generating two sub-bands of
the 28 MHz bandwidth SLC.
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Both Methods 2 and 3 should typically be applied. Sometimes, as in the example
shown, the ionospheric phase is the dominant phase term. So, unwrapping twice the
ionospheric phase will be more challenging than unwrapping the original differential
interferogram. Twice the non-dispersive phase, on the other hand, is smoother and clearly
simpler to unwrap than the original differential interferogram. In other cases with only
small ionospheric distortions, it is exactly the opposite. Twice the dispersive phase will be
smoother and therefore more easily unwrapped than the original differential interferogram,
that may include substantial displacement phase.

The results obtained for simulated NISAR-L data correspond closely to those obtained
for the simulated PALSAR-3 data and are therefore not shown.

5. Conclusions

The upcoming PALSAR-3 and NISAR-L both offer SAR acquisitions in a main fre-
quency band complemented with a narrower secondary frequency band to support the
mitigation of ionospheric path delay effects. In preparation of the ionosphere mitigation in
PALSAR-3 and NISAR-L data we generalized the mitigation techniques so that they can be
applied to data with a single or with two separate frequency bands. Using PALSAR-2 SM1
data with an 80 MHz bandwidth, we simulated PALSAR-3 and NISAR-L SLC data and
tested the procedures to identify and mitigate ionospheric path delay effects.

Checking whether ionospheric distortions affect the data can be achieved either for a
single SLC or for an interferometric pair. For the investigated data, the presence or absence
of significant ionospheric effects, i.e., path delay phase effects and positional effects as
a function of the azimuth spectral band, could reliably be identified for the individual
SLCs by determining positional offsets between azimuth sub-band images generated using
band-pass filtering. The presence of ionospheric distortions could also be identified by
calculating the split-beam interferogram, but only if the SLC of the second date was co-
registered to the reference scene without offset field refinement. When applying an offset
field refinement in the co-registration, the split-beam interferogram does not clearly show
the presence of an ionospheric effects, but azimuth offsets at the SLC pixel level in the
refinement offset field clearly indicate the presence of ionospheric effects.

To minimize processing complexity, mitigation method M1 uses the unwrapped phase
of the main band differential interferogram and of the double-difference interferogram.
The challenging part in the processing is the phase unwrapping step for the differential
interferogram. Keeping the scaling factor for this term low, around 0.5, limits the scaling-up
of spatial filtering effects and unwrapping errors. Unwrapping the phase of the double-
difference interferogram could be performed by directly converting the complex values to
phases, as the values were clearly within [—,7].

Furthermore, M2 and M3 were successfully used to obtain complex-valued inter-
ferograms with the phase corresponding to twice the dispersive phase and twice the
non-dispersive phase. The spatial variation of the complex-valued interferogram corre-
sponding to twice the non-dispersive phase was quite smooth, without high gradients
(as for the dispersive phase), so unwrapping it is less challenging. The complex-valued
interferogram corresponding to twice the dispersive phase clearly confirms the presence of
strong ionospheric effects.
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