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Abstract— The utilization of global positioning system (GPS)
for 3-D ionospheric electron density reconstruction, i.e., com-
puterized ionospheric tomography (CIT), provides significant
importance in investigating the internal structure, variations,
and disturbances within the ionosphere. However, the ill-posed
problem caused by insufficient observational data or uneven
distribution will rely heavily on the selection of initial values,
which are typically derived from empirical models with low
precision. Aiming at this issue, this article uses the total electron
content (TEC) obtained by the spaceborne full-polarization
synthetic aperture radar (PolSAR) to correct the Empirical
Canadian High Arctic Ionospheric Model (E-CHAIM), thus
improving the authenticity of the initial value. This study makes
full use of the advantages of low-frequency full-PolSAR in
ionospheric sounding, including high precision and resolution,
as well as all-day and all-weather operation without a ground
receiver. Therefore, the precision of GPS-based tomography can
be enhanced, particularly for small-scale anomalies, and it is
also simple and easy to achieve. Numerical and measured exper-
iments using GPS, incoherent scatter radar (ISR), PolSAR, and
E-CHAIM data in Alaska demonstrate that the reconstruction
accuracy of the proposed CIT is significantly improved than
that of the tomography results using only empirical model.
In addition, the effects of POISAR system errors and voxel size on
CIT are analyzed to demonstrate the robustness of the method
proposed in this article.

Index Terms— Computerized ionospheric tomography (CIT),
electron density, full-polarization synthetic aperture radar (Pol-
SAR).

I. INTRODUCTION

HE ionosphere is a highly dynamic region of the upper
atmosphere that influences radio wave propagation. Mon-
itoring and research of the ionosphere are essential for
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applications such as navigation, space weather forecasting, and
high-frequency communication [1], [2]. However, obtaining
accurate ionospheric information on a global scale remains
an open challenge. With the development of low-frequency
spaceborne synthetic aperture radar (SAR) systems in recent
years [3], [4], [5], particularly since the launch of the phased
array L-band SAR on board the Advanced Land Observing
Satellite (ALOS PALSAR) [6], it has become a promising
technology of the ionospheric sounding. The ionosphere has
dispersive properties that can cause distortion of SAR echo
signals [7], [8], [9], such as destroying the reciprocity of the
full-polarization SAR (PolSAR) scattering matrix [10], [11],
thereby influencing the performance of SAR systems. How-
ever, similar to the global positioning system (GPS), although
the ionosphere is the main source of errors in GPS posi-
tioning measurement, the ionospheric information contained
in the echo makes it the most commonly used technology
for ionospheric sounding [12], [13], [14], [15]. Compared
with traditional ground-based ionospheric measurements, the
spaceborne SAR systems have the characteristics of high
resolution, all-time, and all-weather. By measuring the change
in the full-polarization SAR scattering matrix, high-quality
ionospheric information can be derived [16]. In addition, the
two-way propagation characteristic of SAR signals using the
same antenna for transmission and reception eliminates the
need for ground-based receiving stations, making it easier to
implement and providing a new technology for ionospheric
detection. According to the historical research progress, the
relevant studies include 2-D [i.e., Faraday rotation angle (FRA)
or total electron content (TEC)], 1-D (i.e., electron density
profile), and 3-D (i.e., tomographic imaging) measurements.
The FRA is caused by the rotation of the polarization plane
of an electromagnetic wave propagating through a plasma,
such as the ionosphere. The rotation angle is proportional to
the electron density, so the FRA and TEC values, which repre-
sent the 2-D ionospheric structure, can be calculated from the
full-PolSAR scattering matrix data. Through mechanisms [17],
[18], [19], [20], [21], FRA estimators [22], [23], [24], [25],
[26], simulations and actual measurements [16], [27], [28],
[29], [30], [31], a number of researchers have confirmed the
validity of this theory. On the basis of current SAR system
indicators, the Bickel and Bates’s estimator based on circular
polarization bases are the optimal [31] and serve as the
retrieval algorithm for this article. Pi et al. [28] demonstrated
that the high-resolution features of SAR combined with the
sub-kilometer to kilometer resolution of FRA (depending on
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the specific case) provide significant advantage for detecting
TEC enhancements associated with aurora activities, FRA or
TEC gradient in the midlatitude trough region, midlatitude
traveling ionospheric disturbances, and plasma bubbles at low
latitudes. Wang et al. [32] quantified the precision of TEC
inversion to be within 1ITECU (ITECU = 10'° ele/mz),
which is substantially higher than GPS precision. Even though
the aforementioned studies have verified and demonstrated
the benefits of using SAR in ionospheric sounding, it is not
possible to completely exploit the potential of full-PolSAR
by using SAR radar alone. To accomplish more precise and
efficient ionospheric detection, it is necessary to fully integrate
other sensors and models. In this field, Wang et al. [32] and
Zhu et al. [33] corrected the 1-D electron density profiles of
the ionosonde and IRI model, respectively, using PolSAR data
and demonstrated the potential for PoISAR integration with
other ionospheric data sources.

However, 3-D detection remains the ultimate objective of
ionospheric research, as it can help researchers better under-
stand the processes that drive ionospheric dynamics, such as
solar activity, Earth’s magnetic field and polar outflow that
are difficult to observe in 2-D. This is also important for
applications such as satellite communication and navigation.
The computerized ionospheric tomography (CIT) technology
is the key to achieving 3-D ionospheric distribution [34], [35],
[36]. The CIT system uses a technique called “radio tomogra-
phy” which is similar to the medical imaging technique called
computed tomography (CT) [34]. In CT, X-rays pass through
the body from different angles, and the data obtained is used to
create a 3-D image of the internal structure. Similarly, in CIT,
radio waves are transmitted from multiple GPS satellites, travel
through the ionosphere, and are received by a network of
ground-based receivers. The data gathered by the receivers
is then used to produce a 3-D image of the ionosphere, i.e.,
electron density distribution.

Nevertheless, the CIT itself has limitations, such as a limited
number of observation stations and viewing angles, resulting
in an ill-posed problem whose coefficient matrix is highly ill-
conditioned [37], [38]. In this case, some prior knowledge
needs to be incorporated to obtain a unique solution. The
most commonly used method is to directly introduce empirical
model parameters of the ionosphere as prior information
(i.e., initial values) to constrain the reconstruction algorithm,
and then use multiplicative algebraic reconstruction technique
(MART) or other improved methods for iterative solution
to obtain a stable electron density solution [39], [40], [41],
[42], [43]. However, as the empirical model can only reflect
the average variation characteristics of the ionosphere, large
errors may occur. Recently, Wang et al. [44] have successfully
corrected the initial values using the electron density values
observed by a combination of the PALSAR data and ionosonde
data, substantially enhancing the precision of tomographic
imaging. Unfortunately, this technique also has limitations:
first, it still requires support from ionosondes located on the
ground. After interpolation processing of the corrected initial
value, the anomaly in the reconstruction area may not be
accurately observed if there are few ionosondes. Increasing
the quantity of ionosondes will increase the cost. Second, the

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 62, 2024

observation time requirements are strict. The PALSAR and
ionosonde observation data must be collected at the same time
and location, and the GPS data observation time also needs to
be considered. Therefore, in order to reduce the difficulty of
implementing CIT caused by ionosonde, this article will use
PALSAR data to correct the Empirical Canadian High Arctic
Ionospheric Model (E-CHAIM) model to enhance the accuracy
of the iterative initial value. The advantages of this method
are: first, there is no longer a need to consider ionosonde,
which reduces one type of detection equipment and makes
tomography easier to implement; second, there is no need to
consider the matching of PALSAR and ionosonde time and
location, and only the observation time, location information,
and retrieval value of PALSAR need to be inputted into the
E-CHAIM model to complete initial value correction; then,
as the PALSAR and ECHAIM are not constrained by ground
receivers, CIT can theoretically be performed as long as
there are GPS receiver stations; finally, combined with the
high resolution of SAR, this method may detect small-scale
ionospheric anomalies.

The outline of this article is given as follows. In Section II,
the basics of ionospheric retrieval using PALSAR, corrections
of electron density using PALSAR and E-CHAIM, and CIT
proposed in this article are briefly introduced. In Section III,
by using the PALSAR full-pol data, the geomagnetic field
derived from the International Geomagnetic Reference Field
(IGRF) model, the ECHAIM model, and GPS data, simulation
and measured results show the feasibility of the proposed
technique. Finally, our conclusions are put in Section IV.

II. METHODOLOGY
A. FRA Estimator

The phenomenon of Faraday rotation occurs when polarized
electromagnetic waves propagate through a magnetic medium,
e.g., the ionosphere. It causes a rotation of the wave’s polariza-
tion plane, which is quantified by the FRA and can be defined
as [28]

2.365 x 10*B cos O3 TEC
= 2
where 2, B, and 6y are the FRA, magnitude of the ambient
magnetic field, and angle between the radio wave’s vector and
the magnetic field, respectively. The B cosfp corresponds to
the path’s mean value of B cosfp.

It can be seen that the FRA is a frequency-dependent phys-
ical quantity. In most SAR cases, f varies from fy — By / 2 to
fo+ Bo / 2, where fp and By are the carrier frequency and
bandwidth, respectively. Consequently, the variation of FRA
with f may affect the scattering matrix and the imaging
quality of each channel, thereby affecting the accuracy of FRA
estimator, i.e., polarization dispersion [46]. However, for the
PALSAR system, the relative bandwidth is not large, and the
current FRA estimators do not account for the influence of
polarization dispersion, i.e., the f is approximated as the fy.
In order to analyze the effect of SAR on the precision of CIT
as realistically as feasible, polarization dispersion will be taken
into account in this article.

Q

)

Authorized licensed use limited to: University of Electronic Science and Tech of China. Downloaded on February 25,2024 at 07:19:06 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: GPS-BASED IONOSPHERIC TOMOGRAPHY FROM THE COMBINATION OF POLSAR AND E-CHAIM

When FRA is considered, the measured scattering matrix
M can be expressed as

M, My, | | cosQ(f) sinQ(f) Shi Svn
th Mvv T - sin Q(f) cos Q(f) - Shv Suv
cos Q2(f) sinQ(f) ’
" | —sinQ(f) cos Q(f) &)

where S is the scattering matrix. The subscript & and v repre-
sent linear horizontal and vertical polarizations, respectively.
The FRA can therefore be derived from the above scattering
matrix or the corresponding covariance matrix [22], [23], [24],
[25], [26]. Among these FRA estimators for the PALSAR
system parameters, the measurement method based on the
circular polarization scattering matrix is the most commonly
used and optimal algorithm [22]. The CIT study in this article
also gives priority to using this estimator. For the scattering
matrix Z in circular basis, it can be converted by unitary matrix
of incident wave and scattered wave, i.e., [45]

B3] o

where the subscript / and r represent left- and right-circular
polarizations, respectively, and

, I (-5 1 D.i 1 (1 j)
Uy = — ), Uet=— 4
P2 (1 - J) c=nl1) @
where j = (=DY2. As discussed in [46], the
frequency-dependent FRA has no effect on co-polarization

channels, but it introduces extra time-domain phase errors in
cross-polarization channels

# _Q(fo)BS
T

Ignoring the constant term, (3) can be finally expressed as

&)

Ziy = Spn — Svv + 27 Sho
LT . .

Zir = (Spp + Suu) €Xp (JE — J2Q(fo) — J¢PD>
LT . .

Zy; = (Spn + Syy) €Xp (]5 + 72Q(fo) + J¢PD)

er = Svu - Shh + 2jShv-

(6)

The FRA based on circular basis can therefore be obtained
by

’ 1 * B(%
Q :—Zarg<er'Zrl) :Q(fo)(]+4f()2> (7)

The FRA at fj is then derived as

413

Q(fo) = m

®)

Thus, the slant TEC is further calculated according to (1)
and (8)

f2(fo)
2.365 - 104(B cosfp)

TECSAR = (9)
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Based on the single-layer model mapping function (SLM-
MF) [47] and satellite ground range geometry [48], the vertical
TEC at the height of ionospheric pierce point (IPP) is

Re+ H; .
Re + Hip) Sm((p)ﬂ
(10)

VTECgar = TECsar - cOS [arcsin(

where Re = 6368.137 km, Hi,, = 300km, H; = 691.65 km,
and ¢ = 21.5° represent the Earth’s radius, the height of IPP,
the height of PALSAR, and the off-nadir angle of the PAL-
SAR, respectively. Thus, according to the above parameters,
VTECsar = 0.92TECgsagr, without considering the curvature
of the Earth, VTECsar = 0.93TECgar.

In practice, a full-PolSAR system still contains residual
calibration errors and noise. Taking into consideration these
effects, the complete expression of (2) is

{M}Qh M;h} _ [1 52} ) {Mhh Mvh:| . {1 83]
Mi/lv MI/JU B 81 fl th Mvv 64 f2

Npp Ny
+{hl h]

th Nuv (11)

where §;, i = 1 ~ 4 are the crosstalk terms, f; and f, are
the channel imbalance terms and N, Ny, Npy, Ny, are the
additive noise in each channel.

B. E-CHAIM Model Correction Based on PALSAR

CIT is significantly influenced by the initial value selection.
The greater the difference between the initial value and the
true value, the greater the deviation of the tomographic results
from the actual situation. In most cases, iterative initial value
can be obtained from empirical ionospheric models such as
the International Reference Ionosphere (IRI) model [38], [42],
[43] or the E-CHAIM model [49], the latter of which is
more appropriate for high northern latitudes and is used in
this article. However, the empirical model relies on simplified
assumptions and parameterizations to represent the complex
and dynamic nature of the ionosphere. Consequently, it may
not accurately capture local or temporal variations, especially
during geomagnetic disturbances or unusual ionospheric con-
ditions.

As mentioned in Section II-A, since the full-PolSAR pro-
vides reliable VTEC values, we can use it to correct the
E-CHAIM model and obtain more precise initial information
about electron density [33]. The VTEC value obtained from
the E-CHAIM model can be expressed as

N
VTECE = » Ne(hy)Ah (12)
y=1
where the whole path is divided into N parts and
Hf - Hb
Ah=——, hy=Hy+ (y — D Ah. (13)

N

Ne(hy) is the electron density at h, and H, is the height at
the bottom of the ionosphere. When we obtain VTEC using
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full-PolSAR data, the electron density values obtained from
E-CHAIM model can be corrected by

VTECsar
VTECg

Since the electron density near the peak height accounts for
the major part of the whole path, (14) will make the correction
more noticeable near the peak. As discussed in [43] and [44],
the enhancement of the electron density value near the peak
is the key to enhancing the initial accuracy, which in turn
enhance the tomographic precision.

Ne'(h,) = Ne(h,) (14)

C. 3-D CIT Based on GPS, PALSAR, and E-CHAIM Model

As an inverse problem, the CIT reconstructs the unknown
electron density distribution of the ionosphere in a particular
region by measuring the TEC along the radio signal prop-
agation paths between a series of GPS satellites and ground
receivers. The received TEC can be expressed as the integrated
electron density along the propagation path s

TEC; = /Ne(r)ds = aix; (15)
K j=1

where TEC; represents the slant TEC obtained from the ith ray
(i =1, ..., m). The whole area of interest in the ionosphere
is divided into n grid voxels s in which the electron density is
constant. a;; represents the intercept of the ith ray in the jth
voxel (j =1, ..., n), and x; represents the electron density
value of the ionospheric voxel to be solved. These variables
can be represented in matrix form as follows:

dmxl :Amxn 'Xn><1 (16)

where d is an m-dimensional column vector composed of
TEC observation values, A is an m-by-n matrix consist-
ing of intercepts of rays in corresponding pixels, and X
is an n-dimensional column vector representing the elec-
tron density of the ionospheric space to be reconstructed.
In CIT, the MART is commonly used to solve the matrix
equation above [35], [37]. The modified electron density
values obtained by PALSAR and E-CHAIM are utilized as the
initial value X@ for iteration in MART. The iteration equation
is
Medii

Wt _ gk [ et
X =Xkl —
J J <Xk,a,->

where X;kﬂ) and X’; are the electron density of the jth
voxel at iteration k+ 1 and k, respectively. (o) denotes the
inner product. ||a;; H represents the summation of the ith path
in the ionosphere, and the relaxation factor is A 0.8.
Therefore, combining Sections II-A and II-B, the experiment
procedure of the CIT proposed in this article, which is based
on GPS, PALSAR, and ECHAIM models, can be summarized
as follows.

a7

1) Determine the reconstruction area and time, and dis-
cretize the area in the latitude, longitude, and altitude
directions, i.e., voxel division.
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2) Based on GPS data in.h5 format [50], read the coor-
dinates of GPS satellites and ground receiving stations
within the reconstruction area and time, which are used
to calculate the length of the intercepts of all valid rays
in each voxel, i.e., matrix A.

Using the E-CHAIM model to generate the electron
density values of each voxel in the reconstruction area
and time as the true values x; reai, and then using (15) to
obtain the TEC; value of each ray, which is the matrix d.
Using the “ceos_leader” and “workreport” files in each
PALSAR scene within the reconstruction area, we get
a set of PALSAR satellite coordinates, off-nadir angle,
and ground observation area center point coordinates,
and then calculate the corresponding IPPs’ coordinates.
According to (10), the simulated PALSAR data is
processed using the true values acquired in the previous
step to determine the IPP’s VTEC. Another distinct
time is selected from the E-CHAIM model, the output
of electron density is regarded as the initial value.
Corrections are then made to the electron density in the
altitude direction voxels corresponding to the IPPs. The
corrected electron density is processed by 2-D quadratic
polynomial interpolation at different altitudes, and the
corrected initial value for 3-D iteration is then obtained.
The corrected initial values are used as input to solve
the tomography based on (17), the number of iterations
is 10.

3)

4)

5)

III. 3-D CIT NUMERICAL EXPERIMENT

The ionospheric tomography imaging technique can be
implemented with the voxel-based model method. Neverthe-
less, as discussed in Section II, this method requires high
accuracy of the initial values and it is not enough to rely
only on empirical model. This article utilizes the VTEC values
derived from the full-polarization PALSAR data to correct the
model data, thereby enhancing the authenticity of the initial
values. Based on simulation and measured data described in
Section II-C, this section will demonstrate the algorithm’s
superiority in both the quiet and disturbed cases. In addition,
the effects of system errors and different voxel resolutions on
CIT are studied.

A. CIT Experiments Under Quiet Condition

Through simulations, this section aims to demonstrate that
the proposed CIT method (i.e., GPS-PALSAR-ECHAIM)
can produce more accurate reconstruction results than the
traditional method (i.e., GPS-ECHAIM).

As shown in Fig. 1, we first establish the reconstruction
location in Alaska according to the CIT processing procedure,
within a latitude range of 59.5° N to 64.5° N and a longitude
range of 1454° W to 150.4° W, at an altitude ranging
from 100 to 600 km. The corresponding voxel scale sets are
0.5°, 0.5°, and 10 km, respectively. This results in a total of
10 x 10 x 50 voxels, as shown by the dashed lines in Fig. 1,
which represent the division of the longitude and latitude
voxel sizes. Next, the reconstruction time is set as 16:00 UT
on May 10, 2011. 32 ground receiver coordinates are then
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Fig. 1.  Geographic relationship of 32 GPS receivers and 63 IPPs of
full-polarization PALSAR data.

extracted from the GPS data (in.h5 format) within the recon-
struction area, as indicated by the red pentagrams in Fig. 1.
In order to verify the performance of the proposed method
at different time resolutions, two time resolutions of 10 and
30 min are selected for verification based on ionospheric
characteristics [51], [52]. Therefore, the GPS coordinates
corresponding to all rays within 5 and 15 min before and after
the reconstruction time (i.e., between 15:56 and 16:05 UT on
May 10, 2011 and between 15:46 and 16:15 UT on May 10,
2011) are read to calculate the coefficient matrix A. During
these two specified time period, 5247 and 15 705 effective
rays are obtained from the GPS data, respectively. On the
basis of the reconstruction area, time, and voxel parameters,
the E-CHAIM model can be utilized to derive the assumed
true spatial distribution of electron density, after which the
synthetic TEC values d are calculated using (15). Another
time, i.e., 15:30 UT on May 10, 2011 is chosen for E-CHAIM
to generate the initial value. This initial value correction will
be performed on the 63 scenes of fully polarized PALSAR
data in this case. As shown by the blue squares in Fig. 1,
the coordinates of 63 IPPs can be calculated using the coor-
dinates of the scene center points (workreport file) and the
SAR satellite coordinates (ceos_leader file). The symmetric
treatment of the cross-polarized channels assumes an ideal
scattering matrix without system errors [26]. By incorporating
the real electron density values obtained in the previous step
and the geomagnetic field of the IGRF into this ideal condition,
the scattering matrix of (2) is obtained. Equation (10) can
therefore be used to obtain VTECgar, which is the retrieval
VTEC in the altitude direction of the voxel where the IPP is
located. It should be noted that if a voxel has two or more
IPPs, the average VTEC value of both or all IPPs should be
taken. Finally, the electron density at 15:30 on May 10, 2011 is
selected as the initial value to be corrected. By using (14), the
1-D electron density profiles corresponding to the locations
of 63 IPPs are corrected. Then, a horizontal 2-D interpolation
process is performed at each altitude, resulting in the corrected
3-D initial electron density values.

5205714

In accordance with the aforementioned parameters, Fig. 2
demonstrates the 3-D CIT results using traditional (GPS and
E-CHAIM) and proposed (GPS, PALSAR, and E-CHAIM)
techniques, respectively. The true distribution is shown in
Fig. 2(a). The reconstruction accuracy can be evaluated
with the average deviation (AD) and root-mean-square error
(RMSE), which are defined as

AD = mean|xj,rea1 — xj,cn|

2
RMSE — \/Z?_] (xj.real - xj,CIT)
n

where x;crr is the electron density value of CIT result.
In this experiment, the AD and RMSE between the initial
value provided only by E-CHAIM and the true value are
1.17 x 10" ¢l /m? and 1.46 x 10'" el /m3, respectively. After
SAR correction, the AD decreases to 6.68 x 10° el /m? and the
RMSE decreases to 7.42 x 10° el /m?, indicating a significant
improvement in the accuracy of the initial value. As shown in
Figs. 2(b) and 3(a), after reconstruction with 10 min GPS data,
the AD and RMSE of the CIT using only the empirical model
as the initial value are 6.71 x 10° el /m* and 9.87 x 10° el /m?,
respectively. Consistent with Fig. 2(b) but using 30-min GPS
data, Figs. 2(c) and 3(b) show the reconstructions with an
AD of 4.86 x 10° el/m3 and an RMSE with 7.46 x 10° el/m3.
Figs. 2(d) and 3(c) show the reconstruction using 10-min GPS
data based on the proposed method, which the AD and RMSE
are 5.52 x 10% el /m® and 6.54 x 10° el /m?, respectively, indi-
cating a more accurate representation of the true distribution.
By using 30-min GPS data based on the proposed method,
Figs. 2(e) and 3(d) demonstrate the reconstruction results with
an AD of 4.06 x 10° el /m? and an RMSE of 5.16 x 10? el /m?.
It can be seen that compared with the empirical model, the
reconstruction using 10-min GPS data results in a 17.73%
decrease in the AD and a 33.74% decrease in the RMSE
after SAR correction. Similarly, when utilizing 30 min of GPS
data, there is a decrease of 16.46% in the AD and 30.83% in
the RMSE. This suggests that under different time resolution
conditions, utilizing PALSAR to improve the authenticity of
the initial model is a viable method for improving the accuracy
of tomographic imaging. In addition, it makes full use of
the two-way propagation characteristics of SAR, eliminating
the need for ground-based receiving stations and making its
implementation simpler.

(18)

B. CIT Experiments Under Disturbed Condition

Occasional ionospheric disturbances occur under the influ-
ence of factors such as the sun, geomagnetism, earthquake,
and atmosphere. In this section, relevant experiments are
conducted to validate the algorithm’s ability to reconstruct
small-scale ionospheric disturbance.

Based on Fig. 2(a), an ionospheric disturbance is added in
the range of approximately 62.5° N to 64.5° N, 147° W to 149°
W, 220- 300 km, as shown in Fig. 4(a), and it is assumed
to be the true value of electron density. Other parameters
are in accordance with Fig. 2. Compared to Fig. 2, the AD
and RMSE between the initial value provided by E-CHAIM
and the actual value have increased to 1.38 x 10'” el /m? and
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Fig. 2.

3-D CIT reconstructions without system errors. (a) True electron density distribution. (b) and (c) CIT reconstruction result based on GPS and

E-CHAIM model with 10 and 30 min, respectively. (d) and (e) CIT reconstruction result based on GPS, PALSAR, and E-CHAIM model with 10 and 30 min,

respectively.

2.01 x 10'%el/m?, respectively. By using the 10-min GPS
data, the CIT’s AD and RMSE only using the E-CHAIM
model are 9.44 x 10°el/m* and 1.67 x 10'"el/m?, which
is shown in Figs. 4(b) and 5(a). Consistent with Fig. 4(b) but
using 30-min GPS data, the reconstructed AD and RMSE in
Figs. 4(c) and 5(b) are 6.85x10” el /m* and 1.32x 10'% el /m?,
respectively. The initial value corrected by PALSAR is still
more accurate than the E-CHAIM alone, with an AD of
9.82x10° el/m3 and an RMSE of 1.47x10'° el/m3. As shown
in Figs. 4(d) and 5(c), after the proposed CIT using 10-min
GPS data, the AD and RMSE are the 8.02 x 10° el/m* and
1.23 x 10" el/m?, respectively. Similarly, when using the

30-min GPS data, the AD decreases to 5.84 x 10° el /m* and
RMSE decreases to 1.04x10'" el /m?. Obviously, the proposed
method can still increase accuracy compared to the traditional
method in the case of disturbance. After reconstruction using
10-min GPS data, the AD of proposed method decreases by
15.04% and the RMSE decreases by 26.51%. Similarly, the
reconstruction using 30-min GPS data showed that AD and
RMSE decrease by 14.74% and 20.97%, respectively. It should
be noted that the key to improving the accuracy of tomography
is that there are enough effective rays passing through the
disturbed area, and as many vertical grid points as possible
in the area are corrected by the PALSAR data, that is, the
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Fig. 3. Deviations of CIT of Fig. 2. (a) and (b) Deviations between the true
distribution and reconstructions based on GPS and E-CHAIM with 10 and
30 min, respectively. (c) and (d) Deviations between the true distribution and
reconstructions based on GPS, PALSAR, and E-CHAIM with 10 and 30 min,
respectively.

number of IPPs in the disturbed area is sufficient. Otherwise,
the proposed method may not be effective.

5205714

C. CIT Accuracy Under the Condition of System Errors

In practice, after PALSAR system calibration, there are still
residual system errors, including noise, channel phase imbal-
ance, channel amplitude imbalance, and crosstalk, and the
complete scattering matrix form is shown in (11). Therefore,
in order to make the proposed method more realistic, this
section analyzes the influence of each system error on the
accuracy of the tomography imaging.

When the noise is considered, (11) changes to

MY, = Sy cos? Q(f) — Sy sin® Q(f) + N
MDY, = Spy — (Spn + Sup) sin Q(f) cos Q(f) + N
MY = Spy + (Spn + Syp) sin Q(f) cos Qf) + Ny

MY = 8,,cos® Q(f) — S sin® Q(f) + Nyy. (19)

Assuming that the power of noise in each channel is the
same, and the signal-to-noise ratio (SNR) is defined as [26]

(S l*) + (IShwl*) + (1Sunl*) + (1Suul*)
4| N *) '

Incorporating the FRA and different levels of noise into the
scattering matrix to generate the scattering matrix form of (19),
we then perform the processing of (8), (10), and CIT with the
parameters consistent with Figs. 2 and 4. Figs. 6(a) and 7(a)
illustrate the AD and RMSE of CIT with SNR under two time
resolutions, and 100 Monte Carlo simulations are performed
on each SNR parameter. Overall, the accuracy increases with
the increase of SNR, but it is relatively stable. Similarly,
when only the channel imbalance and crosstalk are considered,
respectively, the scattering matrix is

SNR = (20)

My = Sy cos> Q(f) — Sy sin? ()
MY, = f'[Sho = (Sun + Sw) sin Q(f) cos (/)]
thv = f"[Shv + (S + Suw) sin Q(f) cos Q(f)]

MY, = Sy cos* Qf) — S sin> 2(f)) @1
and
M}, = My + 8' My + 8' My, + 8> M,
M2, =8 My + 8* My + My, + 8'M,,
ME = 8 My, + My, + 8* My, + 8'M,,
M2, = 52 My, + 8 Myy + 8 Moy + My, 22)

For convenience, f' = fi = f, and ' =8, =8, = 83 = 44
are assumed. Similarly, Figs. 6(b)—(d) and 7(b)—(d), respec-
tively, show the CIT accuracy with the changes in channel
phase imbalance, amplitude imbalance, and crosstalk. These
three system errors vary from 1° to 5°, 0.5-1 dB, and —45 to
—25 dB [16], respectively. From the results, it is evident that
the PALSAR system errors have good robustness for CIT, with
a maximum difference of about only 0.2 x 10? el /m? between
the worst and best conditions. This is due to the fact that,
unlike other FRA estimators, Bickel and Bates’ estimator is
insensitive to system errors and can generally retrieve optimal
FRA or TEC values. Other FRA estimators perform poorly in
some cases.
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Fig. 4. 3-D CIT reconstructions with disturbance. (a) True electron density distribution. (b) and (c) CIT reconstruction result based on GPS and E-CHAIM
model with 10 and 30 min, respectively. (d) and (e) CIT reconstruction result based on GPS, PALSAR, and E-CHAIM model with 10 and 30 min, respectively.

For example, when the true FRA is approximately equal
to nmw /4, Freeman’s second estimator will cause a large
deviation due to the dominant role of noise [31], and Chen
and Quegan’s [25] fourth to sixth estimators will fail in areas
where the reflection symmetry assumptions are satisfied, such
as forest area.

D. Effects of Voxel Resolution on CIT

The construction of the voxel model is also an important
component of CIT. It provides the basis for establishing and
calculating subsequent tomographic equations. The chosen

voxel size will unavoidably affect the CIT’s quality and pre-
cision. Therefore, this section explores the effect of different
voxel sizes on the CIT accuracy. Compared to the extensive
research on inversion algorithms, voxel construction in CIT
has received relatively little attention.

The results (AD and RMSE) of 11 groups that have dif-
ferent voxel numbers (i.e., voxel resolution) are presented in
Tables I-IV, the other parameters of CIT are the same as
Figs. 2 and 4. The results include the voxel number, AD,
RMSE, and the change rate before and after tomography (i.e.,
the ratio of tomography results to initial value). A lower
rate of change indicates a greater tomographic effect. From
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the results, the fewer the voxel numbers, the smaller the
change. This may indicate a more significant tomographic
effect, but it does not necessarily mean a higher quality of
tomographic imaging. This is due to the fact that accuracy
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TABLE I
AVERAGE DEVIATION OF DIFFERENT VOXEL SIZES WITH 10 MIN

Voxel numbers AD\?;hi;:ﬁal AD of CIT Change rate
(latxlonxalt ) (el ) (el/m’) (%)
2x2x10 6.85x10° 1.52x10° 222
2x2x25 6.51x10° 1.60x10° 24.6
2x2x50 6.41x10° 1.71x10° 26.6
3x3x50 6.50x10° 2.78x10° 42.7
4x4x50 6.58x10° 3.64x10° 55.3
5%5%50 6.62x10° 4.44x10° 67.2
10x10x50 6.68x10° 5.52x10° 83.0
20%20x50 6.72x10° 6.34x10° 94.1
205050 6.76x10° 6.46x10° 95.6
20x50%25 6.83x10° 6.45x10° 94.5
20x50x10 7.10x10° 6.51x10’ 91.7

TABLE II
AD OF DIFFERENT VOXEL SI1ZES WITH 30 MIN

Voxel numbers AD\?afhi::tial AD of CIT Change rate
(latxlonxalt) (el/m3 ) (el/m3 ) (%)
2x2x10 6.85x10° 0.26x10° 3.8
2x2x25 6.51x10° 0.20x10’ 3.1
2x2x50 6.41x10° 0.18x10° 28
3x3x50 6.50x10° 0.70x10° 10.8
4x4x50 6.58x10° 1.41x10° 21.4
5%x5%50 6.62x10° 2.52x10° 38.1
10x10x50 6.68x10° 4.56x10° 68.3
20%20x50 6.72x10° 5.38x10° 79.6
20x50x50 6.76x10° 5.92x10° 87.6
20%50%25 6.83x10° 6.01x10° 87.9
20x50x10 7.10x10° 6.17x10° 86.9

and voxel resolution are two distinct evaluation criteria for
CIT, and only when both are high is the tomographic image
quality improved. Even though the resolution improves as the
number of voxel increases, this inevitably leads to a rise in
the number of unknowns in the tomographic equation, which
affects the equation’s stability. In conditions where the number
of rays remains constant, increasing the voxel number may
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TABLE III
RMSE OF DIFFERENT VOXEL SI1ZES WITH 10 MIN

Voxel numbers RMS\}::a?]feinitial RMSE of CIT Change rate
(latxlonxalt ) Celfm ) (el/m*) (%)
2x2x10 7.01x10° 1.53x10° 21.8
2x2x%25 6.99x10° 1.76x10° 252
2x2x50 6.93x10° 1.77x10° 25.5
3x3x50 7.15x10° 2.71x10° 37.9
4x4x50 7.23x10° 3.88x10° 53.7
5x5x50 7.29x10° 471x10° 64.6
10x10x50 7.42x10° 6.54x10° 88.1
20x20%50 7.48x10° 7.12x10° 95.2
20x50x 50 7.49x10° 7.23x10° 96.5
20x50%25 7.53x10° 7.24x10° 96.2
20x50x10 7.58x10° 7.16x10° 94.5

TABLE IV

RMSE OF DIFFERENT VOXEL SI1ZES WITH 30 MIN

RMSE of initial

Voxel numbers value RMSE of CIT Change rate
(lat xlonxalt ) (el/m3 ) (el/m3 ) (%)
2x2x10 7.01x10° 0.67x10° 9.6
2x2x25 6.99x10° 0.51x10° 7.3
2x2x50 6.93x10° 0.39x10° 5.8
3x3x50 7.15x10° 1.10x10° 15.4
4x4x50 7.23x10° 2.26x10° 312
5x5%50 7.29x10° 3.03x10° 41.6
10x10x50 7.42x10° 5.69x10° 76.7
20x20x50 7.48x10° 6.26x10° 83.7
20x50%50 7.49%10° 6.64x10° 88.7
20x50x25 7.53x10° 6.69x10° 88.8
20x50x10 7.58x10° 6.71x10° 88.5

actually decrease the accuracy of tomographic imaging. This
is consistent with the conclusion of [53]. Although reducing
the voxel resolution will allow more rays to pass through each
voxel, thereby improving the CIT accuracy, it also means that
the area corresponding to each voxel will be enlarged, and the
electron density value in the voxel is generally assumed to be
a constant, that is, the same value is used to represent the true
electron density distribution of a larger area. However, the true
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Fig. 8. Geographic relationship of GPS receiver, PALSAR-2, and ISR.

electron density is a spatially variable region. As illustrated in
Fig. 2(a), even adjacent electron density is not identical. This
distinction is most evident in the region of the F2 layer with
the highest electron density. Consequently, a decrease in voxel
resolution will increase the ambiguity of representing the true
distribution with corresponding values. In turn, this impacts
the quality of CIT from another perspective.

Consequently, the first stage of CIT is to evaluate the voxel
resolution and change rate. According to the tables, the effect
of different vertical resolutions on the rate of change is not
significant. However, when the numbers of horizontal voxels
change from 10x 10 to 2 x 2, there is a noticeable improvement
in the rate of change, whereas the rate of change does not
change considerably when the number of horizontal voxels
exceeds 10 x 10.

Since the horizontal range of the reconstructed region in this
article is 5° x 5°, the optimal horizontal resolution for voxel
sizes of 10 x 10 to 2 x 2 is 0.5° x 0.5° to 2.5° x 2.5°. This
also confirms why the majority of GPS-based tomographic
imaging utilizes voxel sizes within this range [38], [39], [40],
[41], [42], [43].

E. Verification Using Measured Data

In this section, we utilize a set of incoherent scatter radar
(ISR) data near the Poker Flat, Alaska, PALSAR-2 data, E-
CHAIM model, and GPS data with 10- and 30-min resolutions
for experimental verification.

As shown in Fig. 8, the reconstruction area is established
within a latitude range of 61° N-66° N and a longitude range
of 145.4° W-150.4° W, at an altitude ranging from 100 to
600 km. The green hexagon represents the location of the ISR
(147.47° W,65.13° N). The electron density profile obtained by
ISR is used as the true value for comparison, and is obtained
at 22:20 UT, on August 29, 2014. The blue square nearby is
the PALSAR-2 observation point, and its observation time is
almost identical to the ISR, at 22:24 UT, on August 29, 2014.
Different from the simulation data, there is currently only one
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Fig. 9. CIT results at the position of ISR with (a) 10 and (b) 30 min.

PALSAR-2 measured data that meets the CIT requirements,
so a reasonable assumption needs to be made, that is, the
ionosphere is relatively quiet during the PALSAR observation,
and the ionospheric distribution in the reconstruction area can
be considered the same as that at the PALSAR-2 observation
point. In this case, the vertical TEC retrieved by PALSAR-2 is
11.4 TECU, and the ISR retrieval is 12.2 TECU, indicating that
the PALSAR measured data can reflect the real ionospheric
conditions. By using the TEC values obtained from PALSAR-
2 and (14), the initial electron density values obtained from
the E-CHAIM model within the reconstruction area can be
uniformly corrected to obtain the corrected initial values for
iteration. The red pentagrams in Fig. 8 are the ground GPS
receiving stations. The GPS data obtained are consistent with
the ISR and PALSAR-2 in time [50]. Two time resolutions
between 22:16 and 22:25 UT on August 29, 2014 (i.e., 10 min)
and between 22:06 and 22:35 UT on August 29, 2014 (i.e.,
30 min) are selected. In the third step of CIT, the measured
TEC; value of each ray (i.e., the matrix d) can be read from
the GPS data (los_20140829.001.h5 file). Other parameters
and CIT process are the same as the simulations.

Fig. 9 shows the comparison between the electron den-
sity profile obtained by the ISR and the results based on
the GPS-ECHAIM and GPS-ECHAIM-PALSAR algorithms.
Fig. 9(a) and (b) are the comparison results of the elec-
tron density profiles with 10-and 30-min time resolutions,

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 62, 2024

respectively. In Fig. 9(a), the AD and RMSE between the
reconstruction results of the model (i.e., ECHAIM-GPS) and
the true value (i.e., ISR) are the 2.46 x 100 el/m3 and
2.91 x 10'%el/m3, respectively. On the other hand, for the
proposed method (i.e., GPS-ECHAIM-PALSAR), the AD and
RMSE between the reconstruction and the true value are
2.14 x 10'° el/m3 and 2.31 x 10'° el/m3, respectively. This
represents an improvement of 13.01% and 20.62% compared
to the accuracy of the model alone. Similarly, in Fig. 9(b),
the AD and RMSE between the reconstruction results of the
model alone and the true value are 2.29 x 10'"el/m* and
2.74 x 10'° el/ m?, respectively, while the AD and RMSE
between the reconstruction results of the proposed method and
the true value are 2.05 x 10!° el/m3 and 2.19 x 10° el/m3,
respectively, with accuracy 10.48% and 20.1% higher than
that of the model alone, respectively. It can be seen that the
proposed method, which incorporates PALSAR data correction
into the initial value, achieves better overall similarity to the
ISR results, demonstrating an enhancement in the accuracy of
tomographic imaging.

IV. SUMMARY AND CONCLUSION

The CIT is currently the main technique used for 3-D
reconstruction of the ionospheric structure. Starting from the
perspective of initial values, this article modifies the E-=CHAIM
model with fully polarized PALSAR data to derive initial value
distributions that are closer to the actual conditions, thereby
improving the tomographic precision. Numerical experiments
show that the AD and RMSE decrease by at least 16%
and 30%, respectively, using the corrected initial values for
tomography during the quiet ionosphere at two different time
resolutions. During period of disturbance, the AD and RMSE
decreased by at least 14% and 20%, respectively. Further-
more, the measured data verification in Alaska shows that
the AD and RMSE of the proposed method decrease by at
least 10% and 20%, respectively, compared with the model
method only, which verifies the effectiveness of the proposed
method. In addition, this study has evaluated the effect of
different PALSAR system errors on tomographic imaging.
The results indicate that the algorithm proposed in this article
exhibits good robustness against system errors. The effects of
different voxel resolutions on CIT are then analyzed. In order
to improve the quality of tomographic imaging, the results
demonstrate that in addition to optimizing the algorithm, voxel
division should be carefully considered.

In general, due to the combination of all-day, all-weather,
and two-way propagation characteristics of satellite SAR, the
CIT proposed in this article, which combines full-polarized
PALSAR and empirical model data, has obvious advantages
in feasibility, robustness, and easy implementation, and effec-
tively improve the tomography accuracy. In the future, the
improvement of the CIT efficiency of the variable grid scale
and the verification by using more measured data need to be
studied.
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