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Abstract

Synthetic Aperture Radar (SAR) systems are widely used for mapping natural scenarios and continuous terrain deforma-

tion monitoring. To facilitate correct mapping, any operational processor should effectively estimate and compensate for

spurious effects in the acquisitions. A major source of error, especially for systems operating at lower frequencies, is the

ionosphere, which biases the phase of the recorded signal. In this paper, we study the application of an ionosphere cor-

rection for the SAOCOM L-band system. In particular, we propose an alternative implementation of the split-spectrum

algorithm, ready to ingest already coregistered acquisitions. The entire processing chain was tested on a real stack of

SAOCOM acquisitions and cross-validated with Faraday-rotation results.

1 Introduction

Synthetic Aperture Radar (SAR) is a remote sensing tech-

nique used for numerous operational and experimental

platforms to map topography, continuously monitor terrain

deformation, retrieve information about natural scenarios,

and even 3D mapping. On top of the measured amplitude,

the phase of the recorded signal adds another dimensional-

ity to the data space in support of the aforementioned tasks.

In particular, SAR interferometry (InSAR) is operationally

used to perform fine-scale observations.

To correctly use the acquired data, a preliminary cali-

bration step must be performed to remove disturbances

[1]. InSAR techniques are especially sensitive to inaccu-

racies, making coregistration and phase compensation crit-

ical steps in the processing chain. The main sources of

errors originate from the estimated orbital positioning, tro-

pospheric delay, and the ionosphere [2]. The latter effect

is particularly relevant for low-frequency systems (L-band,

P-band).

Variations in the ionosphere’s Total Electron Content

(TEC) cause several distortions in a SAR image. First, an

additional delay is added to the propagation time, and an

undesired phase will appear in the InSAR measurements.

Furthermore, the ionosphere generates a rotation in the po-

larimetric channels, known as the Faraday Rotation [3].

Lastly, defocusing may occur due to distortion of the trans-

mitted pulse and variations of electron concentration along

the synthetic aperture.

Among the L-band platforms available today, SAOCOM

is a constellation of two SAR satellites launched by Ar-

gentina’s Space Agency (CONAE) in 2018 and 2020 [4].

Each sensor can operate in Stripmap and Terrain Observa-

tion with Progressive Scans (TOPS) modes and in differ-

ent polarimetric configurations: single, dual, and quad-pol.

Being an L-band system, SAOCOM acquisitions may be

strongly affected by the ionosphere, and processing must

account for it to deliver calibrated acquisitions to users.

This paper studies an operational ionospheric correction

tool for SAOCOM. In particular, we propose an alternative

implementation of the interferometric split-spectrum ap-

proach [2], designed to be integrated into a standard InSAR

processing chain. The processing takes as input already

coregistered acquisitions and performs split-spectrum by

introducing a proper phase compensation. The proposed

approach is cross-validated with ionosphere phase screens

estimated by the Faraday Rotation method, applying both

to real SAOCOM acquisitions.

2 Ionospheric Phase Screen

The ionosphere is the atmosphere’s upper layer, with a high

concentration of free electrons caused by solar radiation.

When an electromagnetic (EM) signal travels through the

ionosphere, it experiences delays, defocusing, and Faraday

Rotation due to circular birefringence [2, 5]. In focused

SAR acquisitions, range and azimuth defocusing can be

neglected or mitigated [6] and are not handled in this work.

The ionospheric signal (range) delay can be expressed as

[7]:

τi(f0 + f) =
2K

c(f0 + f)2
TEC (1)

where K = 40.28(m3/s2), TEC is the total electron con-

tent experienced by the signal through its propagation (to

be here intended as slant TEC), f0 is the central frequency,

and f is the base-band frequency. The total delay of the

signal is:

τ(f0 + f) = τtopo + τnd + τi(f0 + f) (2)

where τtopo is the part of the propagation time that can be

computed from the Digital Elevation Model (DEM), and
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τnd is the summation of all other non-dispersive effects

such as troposphere and position errors.

When considering an interferometric pair of images, the

difference in delays between master and slave Δτ = τs −
τm can be estimated and compensated by resampling the

slave [8]. Indeed, precise coregistration is crucial for ob-

taining high coherence.

While misregistration can be solved, dedicated InSAR

processing is required to separate ionospheric from non-

dispersive components in the signal’s phase. The interfer-

ometric phase difference can be expressed as:

Δφ(f0 + f) =

− (2π(f0 + f)Δτnd − 2π(f0 + f)Δτi(f0 + f))
(3)

where f0 is the central frequency of the common band be-

tween master and slave, and the difference in the signs of

the last components is due to the dispersive nature of the

ionosphere. The expression in (3) considers that the known

topographic delay Δτtopo was compensated during prepro-

cessing.

3 Split Spectrum

From Equations (1) and (3), it can be deduced that the signs

of the group delay and the phase delay are opposites in

the case of the ionosphere. Thus, the ionospheric phase

screen can be distinguished and measured by obtaining two

sub-bands, each centered around a different frequency. The

dispersive phase can then be computed by [9]:

Δφ̂iono =
fLfH

f0(f2
H − f2

L)

(
fHΔφ̂L − fLΔφ̂H

)
(4)

being Δφ̂L, Δφ̂H the interferometric phases (3) of the two

sub-bands centered around fL = f0+fl and fH = f0+fh,

respectively. Considering the demodulated signal, fl and

fh are the frequencies of the low and high sub-bands.

Note that the split-spectrum method cannot be applied to a

single image since, in the general case, the phase of the tar-

get randomly changes between the bands. Thus, an InSAR

approach is utilized, eliminating the phase contributions re-

lated to the specific target:

Δφ̂L/H = ∠E

[
sL/H ·m∗L/H

]
(5)

where mL/H and sL/H are the master and slave signals for

the relevant band, and the expected value is computed by

averaging over a moving window.

3.1 Compensating the Effect of Coregistra-
tion

The spectra of the demodulated and focused master (M )

and slave (S) signals, are:

M(f) =A(f)

S(f) =A(f)e−j2πf0(Δτtopo+Δτnd−Δτi(f0))

· e−j2πf(Δτtopo+Δτnd+Δτi(f0+f))

(6)

where A(f) is the observed spectrum of the scene after de-

modulation. The slave has two additional exponentials: the

first is the interferometric phase, while the second defines

the shift between the images. Without loss of generality,

since we are looking at differential contributions, all the

phase terms were assigned to the slave data.

State-of-the-art works about the split spectrum algorithm

generate the two sub-bands from the focused data [2, 10].

Next, each band is demodulated and resampled separately,

and the topographic phase is removed. Note that the resam-

pling does not change the measured phase. Following such

a scheme, the slave’s sub-band centered around fL can be

expressed as:

SL,c(f) = AL(f)e
jΔφ(fL)

AL(f) = A(f) · rect
(
f − fl
B

)
(7)

where the same holds for the band centered around fH , and

the explicit definition of Δφ is given in (3). B is the sub-

band width, and the notation [.]L,c indicates that filtering

was performed before coregistration. Finally, the interfer-

ometric phases between master and slave bands Δφ(fL)
and Δφ(fH) can be directly used for the estimation of the

ionospheric phase screen (4).

In our case, the dispersive phase estimation must comply

with a standard preprocessing chain, highlighted in blue in

Fig.1. Thus, sub-bands must be obtained from images that

are already coregistered and phase-compensated. In this

section, we derive the interferometric phase of the bands

generated after coregistration and suggest a method to ad-

just them for the correct split spectrum implementation.

The resampling shifts τ̂ are obtained directly from the data

by performing incoherent speckle tracking [11] between

master and slave. The estimated shifts are measured af-

ter common-band filtering, so both spectra are centered

around f0:

Δ̂τcoreg(f0) = Δτ(f0) + Δτerr (8)

Where Δτerr is the coregistration error. The shifts in (8)

are applied to the slave, and the known topographic phase

2πf0τtopo is removed. The described steps conclude a

standard InSAR processing procedure. At this point, two

bands are extracted and demodulated, so the phase of each

band can be obtained by combining (2), (3) and (8):

Sc,L(f) =

AL(f)e
jΔφ(f0)ej2πf(Δτi(f0)−Δτi(fL))+j2πfΔτerr

(9)

Observing (7) and (9), it is clear that the band obtained af-

ter coregistration cannot be directly used for the ionosphere

estimation. However, the bias can be resolved by applying

to each look the following phase term:

φd(f) = −2πf(Δτ̂coreg −Δτtopo)

= −2πf(Δτnd +Δτi(f0) + Δτerr)
(10)

The correction phase can be computed directly from the

estimated shifts and the known topographic pattern. The
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Figure 1 Proposed ionospheric phase screen estimation.

compensated band will be:

Sc,L(f) · ejφd(fL)

= AL(f)e
jΔφ(f0)e−j2πf(Δτnd−Δτi(fL))

≈ AL(f)e
Δφ(fL)

(11)

Thus, we can generate the sub-bands after coregistration

and apply the phase correction introduced in (10). The re-

sult is equivalent to the alternative approach, known from

the literature, where bands are generated prior to coregis-

tration (see (7)).

3.2 Operational processing
The complete block scheme of the proposed ionosphere

phase screen estimation tool is reported in Fig.1. The pre-

processing part (marked in blue) is a standard routine that

outputs coregistered acquisitions, including nominal ge-

ometry compensation from an external DEM. The core of

the ionospheric processing (marked in orange) is the split

spectrum algorithm modified to account for already resam-

pled acquisitions as explained in Section 3.1. The steps are

described in the following.

After generating two sub-bands, each occupying one-third

of the entire spectrum [2], interferograms between the mas-

ter and the slave are computed. The phase bias caused

by the coregistration is then removed from each interfero-

gram, according to (10). Both data are unwrapped and used

as input for the split spectrum equation (4). The result at

this stage is noisy, and additional smoothing is performed

by bivariate splines, using coherence values as weights.

Validation of the proposed implementation is provided in

Section. 5.

4 Faraday Rotation

As discussed in Section 1, the ionosphere rotates the po-

larization plane of a SAR signal. Faraday Rotation can be

measured and converted into an ionospheric phase screen

from single acquisitions when quad-polarization is avail-

able. We use this approach as a cross-validation for our

split-spectrum implementation.

Figure 2 An example of a geocoded acquisition intensity

image of the data. The scene is located in north Canada.

Given four polarimetric channels [Yvv, Yvh, Yhv, Yhh], the

Faraday rotation angle can be measured by [12]:

Ω =
1

4
∠
[
Y2,1Y

∗
1,2

]

Y1,2 =
Yhh − iYhv + iYvh + Yvv

2

Y2,1 =
Yhh + iYhv − iYvh + Yvv

2

(12)

where ∗ stands for the complex conjugate.

To convert the rotation angle expressed in (12) into a dis-

persive phase screen, one can utilize the following relation:

φfarad
iono =

4πf0 ·m
e ·B|| Ω (13)

being m and e the mass and the charge of an electron, re-

spectively. B|| is the component of the magnetic field in

the direction of the line of sight (LOS).

Faraday rotation is an absolute measure, i.e., it requires

only one image. To compare the results to the split-

spectrum based solution, the differential between a master

and a slave is computed:

Δφfarad
iono = φfarad

iono,S − φfarad
iono,M (14)

While the conversion of Faraday rotation to phase is

straightforward, it requires some care, as accurate infor-

mation about ionospheric height and magnetic field are

needed. First, the magnetic field was retrieved from the

International Geomagnetic Reference Field (IGRF) model

[13] and was interpolated at the corresponding piercing

point (see Fig.3). The ionosphere is usually modeled as

a thin layer at a given height. The precise height changes

over time and position and was retrieved from the Interna-

tional Reference Ionosphere [14].

5 Experimental Results

Validation of the proposed split-spectrum implementation

(Fig.1) is done with real SAOCOM-1A acquisitions col-

lected over North Canada (Fig.2). The used polarimetric

channel is HH and the resolution of the data is 6m in az-

imuth and 6m in slant-range. It has to be remarked that fo-

cusing our analysis at higher latitudes is important to allow
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Figure 3 Geometry of ionosphere estimation: the acquired scene in yellow, ionosphere piercing area in orange, and the

position of the satellite during acquisition is in red.

Figure 4 SAOCOM interferograms: original phases (top) and compensated phases after removal of ionospheric phase

screen (bottom). The interferograms were computed with a local window of 25m × 22m in range and azimuth, respec-

tively.

Table 1 SAOCOM acquisition used for testing the opera-

tional tool for ionospheric phase screen estimation.

Date Normal baseline

1 13/09/2021 403m

2 30/09/2021 72m

4 14/10/2021 0m

4 31/10/2021 611m

comparison with the Faraday rotation correction method

since the latter has reduced sensitivity close to the magnetic

Equator [12]. The geometry of the acquisition is shown in

Fig.3. The ionospheric piercing area was computed from

the satellite orbits and the ionosphere’s height during the

relevant period, which was 240km.

The dates and normal baselines of the four acquisitions

used in the present analysis are reported in table 1, where

the master acquisition is identified as the one with a zero

baseline. The three original interferograms generated with

respect to the common master are shown in Fig.4, with a

local averaging window of 25 m× 22 m in slant-range and

azimuth. Clear phase trends are visible; however, it is not

possible to determine apriori if the patterns are due to iono-

sphere or other non-dispersive effects such as troposphere

or positioning errors.

The estimation of the ionospheric phase screen was per-

formed as described in Fig.1. Due to the strong noise am-

plification consequent to the split-spectrum method [2] and

the slow varying nature of the ionosphere, a large window

was used for estimating the phase of each sub-band, i.e.,

100m × 88m in slant range and azimuth, respectively. The

raw dispersive phase, resulting from (4), is shown in the

top part of Fig.5. A clear phase gradient is visible in all

three images, mainly along azimuth. However, the phase is

still very noisy and cannot be applied as is to the original

interferograms. The bottom part of Fig.5 shows the result-

ing phase screens after smoothing with bivariate splines.

The compensated phases are provided in the bottom of

Fig.4. It is clear that some other non-dispersive effects are

present in the first two interferograms, possibly due to tro-

posphere or coregistration errors. The last phase pattern in

the time series is much flatter, with slight variations along

range.
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Figure 5 Estimated Ionospheric phase screen by the proposed processing chain. Raw phase screens (top) show a clear

variation but are very noisy. The smoothed screens (bottom) can be compensated from the original interferograms.

Figure 6 Validation of the proposed split-spectrum approach by the Faraday rotation based method. Top: ionospheric

phase screens obtained by converting the measured Faraday rotation to phase. Bottom: azimuth profile of the estimated

phase screens for both methods.

To validate the obtained results, we performed a parallel

estimation of the dispersive phase screen using the Fara-

day rotation method, as described in Section 4. The same

averaging window was used as for the split-spectrum ap-

proach. The corresponding ionospheric phase is shown in

Fig.6. Top panels report estimated phase screens, where

trends similar to those computed by split-spectrum pro-

cessing appear. For a better comparison between the two

approaches, azimuth profiles were extracted by averaging

along the range direction. As shown in the bottom panels

of Fig.6, a strong agreement between profiles is obtained

in all three cases, validating the proposed technique.

6 Conclusions

In this work, we propose an alternative implementation

of the split-spectrum algorithm targeted for an operational

SAOCOM InSAR processor. The solution is adapted to

take as input already coregistered data by introducing a

proper phase compensation. This way, the entire chain

can be executed after standard InSAR pre-processing pro-

cedures.

Cross-validation of the proposed ionospheric phase screen

estimation and compensation is done by comparing the

results with a Faraday rotation estimation. The compari-

son was possible due to the availability of full-polarimetric
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SAOCOM data by converting the estimated rotation angle

into an ionospheric phase screen. The results obtained with

this method agree well with the phase screens estimated by

the split-spectrum proposed scheme.

Split-spectrum and Faraday rotation are both well-

validated methods for measuring the TEC experienced dur-

ing SAR acquisitions. Although Faraday rotation is able to

provide information from one image, it was not the focus

of this study because its sensitivity highly depends on the

direction of the magnetic field; indeed, it cannot be ap-

plied in equatorial regions. Moreover, the conversion of

the Faraday rotation into phase requires precise knowledge

about the true conditions of the magnetic field and iono-

spheric 3-D structure, both of which were retrieved from

external sources. Hence, a split-spectrum based approach

was considered here, and Faraday rotation was used as a

cross-validation tool.

Further analysis should be carried out to examine the bias

introduced by large interferometric baselines, as described

in [2]. Moreover, the evaluation of additional test sites is

programmed, gaining from the ability of the method to op-

erate on existing interferometric stacks without any repro-

cessing.
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