
IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022 6631

Evaluation of Ionospheric Delay for Moon-Based
Repeat-Pass InSAR Based on International

Reference Ionosphere Model
Kai Wu , Huadong Guo , Member, IEEE, Guang Liu , Member, IEEE, Wenjin Wu, Yixing Ding ,

and Guoqiang Chen

Abstract—Moon-based synthetic aperture radar (SAR) offers
unprecedented temporal and spatial coverage. Its repeat-pass in-
terferometry is expected to play a substantial role in earth science
because of its large-scale, long-term, near 24.8 h revisit period, and
stable earth observation ability. However, it faces a greater chal-
lenge when the signal passes through the ionosphere compared with
the low Earth orbit (LEO) satellite. In this study, we constructed
a total electron content (hereafter referred to as TEC) calculation
model for the propagation path of a moon-based SAR signal based
on International reference ionosphere model and moon-based SAR
interferometry (InSAR) geometry. Subsequently, the ionospheric
delay at various carrier frequencies was quantitatively evaluated
under different time baseline types. The results show that the
interferometric phase space gradient caused by ionospheric can
reach ten times that of LEO SAR satellites with superposition
of diurnal and seasonal ionospheric variations. In addition, this
problem in the observation area with a large incident angle is
more severe, which limits the effective swath width of moon-based
repeat-pass InSAR. The ionospheric delay effects can be avoided to
some extent by selecting the interference combination at nighttime
or approaching the solar altitude angle. To highlight the large-scale
ground deformation information in most cases and give full play to
the long-term and stable observation advantages of the moon-based
platform, accurate ionospheric correction or compensation must be
considered.

Index Terms—Imaging geometry, ionospheric effect, Inter-
national reference ionosphere (IRI) model, large-scale observation
application, moon-based platform, repeat-pass InSAR, signal
propagation path, time baseline.

I. INTRODUCTION

IN THE solar-terrestrial system, the flowing electrons and
ions in the ionosphere generally have considerable effects

on refraction, scattering, and polarization plane rotation when
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radio waves pass through [1]. Synthetic aperture radar (SAR)
technology mainly uses low-frequency electromagnetic wave
signals to facilitate Earth observation, and ionospheric effects
are particularly significant. Ionospheric delay is one of the
most important effects, and comprehensive consideration of this
factor is essential in the development of both SAR imaging and
SAR interferometry [2].

Artificial satellite InSAR is a space technology that extracts
phase information from the complex radar data of a SAR sensor.
In recent years, this technology has made substantial contri-
butions in effectively determining the digital elevation model
and accurately capturing large-area deformation [3], [4]. It has
been successfully applied in seismic deformation measurements,
land subsidence, volcanic monitoring, and landslide monitoring
[5], [6], [7], [8], [9]. However, for some scientific phenomena
on a global scale, the low Earth orbit (LEO) SAR platform
is restricted by small swaths and long revisit periods [10],
[11], [12]. A new platform with a higher orbit is expected to
overcome these limitations, and the global change observation
lunar based SAR was proposed by Guo to explore the possibility
of a moon-based platform [13]. Some studies on observation
geometry have shown that moon-based SAR has unprecedented
spatial-temporal coverage, and the development of this technol-
ogy will bring great potential for global change observation and
geoscience cognition [14], [15], [16].

There are three main differences when the signal of the
moon-based SAR passes through the ionosphere during inter-
ferometry compared with LEO SAR: 1) the altitude of the LEO
satellite is in the middle of the earth’s ionosphere (65–2000
km), while the microwave of the moon-based SAR will pass
through the whole ionosphere; 2) for moon-based SAR, the
observation target should pass through the radar beam from west
to east, and the earth curvature must be considered to achieve
a wider swath; consequently, the ionospheric information in the
range direction will change obviously along with the increase
of incident angle (IA) [17]; 3) the variation period of the solar
altitude angle is approximately 24 h, while the average revisit
period of the moon-based SAR is approximately 24.8 h, which
does not strictly satisfy the sun-synchronization observation.
The ionospheric state difference between the two images of
repeat-pass is greater with an increase in the revisit interval.
(The moon also has an ionosphere, but its electron content is two
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Fig. 1. Observation geometry of moon-based repeat-pass InSAR (not to scale). The relative motion between the moon-based sensor and the observation target is
realized by the rotation of the earth and the revolution of the moon. The swath is formed from east to west. The lunar declination is not always the same at different
observation times, so the repeat-pass swath of moon-based InSAR is the common area of the two observations (green area in the figure).

orders of magnitude less than that of Earth’s ionosphere [18]; the
ionosphere in this study only refers to the Earth’s ionosphere).

There have been many studies on the evaluation and correction
of ionospheric effects for LEO SAR platforms in recent years,
including both SAR imaging and SAR interferometry [19], [20],
[21], [22], [23], [24]. However, for moon-based SAR, there are
still few similar research conclusions as far as we know. At this
stage, the evaluation based on an empirical model rather than
measured data is also of certain scientific significance, consid-
ering that the spatial resolution design of moon-based SAR for
global scientific phenomena is commonly lower than LEO SAR.
In this study, we evaluated it based on the International refer-
ence ionosphere (IRI) model and the observation geometry of
moon-based InSAR. The research results can provide a reference
for the design of sensors for moon-based SAR platforms in the
future.

This study aims to clarify the ionospheric delay of moon-
based InSAR through theoretical derivation and model sim-
ulation. The remainder of this study is organized as follows:
The model and simulation methods are presented in Section II.
In Section III, we summarize the spatial and temporal charac-
teristics of the ionosphere and consider them as a calculation
reference for the peak delay of moon-based InSAR. Then,
we quantitatively evaluated the ionospheric delay at various
carrier frequencies under short-time and long-time baseline.
In Section IV, we discuss the limitations of ionospheric delay
in the application of moon-based InSAR and propose possible
correction or compensation ideas. Finally, the conclusions are
drawn.

II. GEOMETRIC MODEL AND SIMULATION METHOD

The simulation work of this study is based on accurate geo-
metric model, a diagram of moon-based repeat-pass InSAR is
shown in Fig. 1. This part introduces three aspects around how
to combine the IRI model with observation geometry: spatial
coverage calculation method of precise spatial-temporal refer-
ence system, effective interference combination screening, and
ionospheric delay calculation method of the signal propagation
path. By comparing the ionospheric delay information with

Fig. 2. Ionospheric delay distribution calculation process under various effec-
tive interference combinations of moon-based repeat-pass InSAR.

the large-scale deformation in the interferometric phase, the
ionospheric correction accuracy goal of various time baseline
types can be determined. The specific process is shown in Fig. 2.

A. Observation Geometry and Spatial Coverage of
Moon-Based SAR

To establish the geometric relationship between the moon-
based SAR system and the target at a certain time, we introduced
two time systems and seven coordinate references in this study.

The time system includes universal time coordinated (UTC)
and barycentric dynamical time (TDB). The former is used as
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TABLE I
ORIGINS AND AXIS DIRECTIONS OF THE FIVE CARTESIAN

COORDINATE SYSTEMS

an input to the IRI model to obtain the electron concentration
distribution, and the latter is used as an input to the ephemeris to
obtain lunar position information. The transformation between
TDB and UTC is performed as follows:

TDB = UTC +Δt1 +Δt2 +Δt3 (1)

where Δt1 represents the leap seconds between the UTC and
international atomic time (TAI). They are provided by the Inter-
national Earth Rotation and Reference Systems Service (IERS)
which are available online at http://www.iers.org.Δt2 represents
the difference between the TAI and terminal time (TT), which is a
constant of 32.184 s.Δt3 represents the difference between TDB
and TT. For the Earth-Moon system, the following approximate
formula can satisfy the accuracy requirements [25].

Δt3 = 0.001 657 sin a + 0.000 022 sin (Ls − Lj) (2)

where a, Ls, and Lj represent the mean anomaly, Sun’s mean
longitude, and Jupiter’s mean longitude, respectively. The cal-
culation methods have been described in [26].

In this study, the reference system used can be briefly divided
into two categories. The first type is the geodetic reference
system, which uses longitude, latitude, and height to indicate the
location of the ground point. Two kinds of geodetic reference
systems were used in this study, the Earth and Moon correspond
to geographic reference system and selenium reference
system (SRS), respectively. The second type is the Cartesian
coordinate system, which represents the spatial position
through three-dimensional (3-D) coordinates. This study
mainly involved the moon-centered moon-fixed coordinate
system (MCMF), international terrestrial reference system (also
known as earth-centered earth-fixed coordinate system, ECEF),
geocentric cellular reference system (GCRS), selenium cellular
reference system (SCRS), and local Cartesian coordinate system
(also known as East-North-Up coordinate system, ENU). All
these Cartesian coordinate systems follow the right-hand rule,
and their origin and axis directions are listed in Table I.

The spatial coverage simulation of the moon-based SAR in
this study was mainly carried out in the coordinate framework of
the ENU. When the observation target position and SAR antenna
position are determined in the geodetic reference system, we
can calculate the distance vector L (see Fig. 3) at any time
in the ENU coordinate system. The transformations of all the
above coordinate systems are shown in Appendix A. In this
study, an ENU coordinate system is established for each ground
position, which can avoid complex spherical angle calculations
and be easier to understand compared to the simulation in ECEF
framework.

Fig. 3. ENU and ECEF coordinate framework. The ENU direction can be
obtained by rotating a “90+λ” angle counterclockwise along the Z-axis and
then rotating a “90-ϕ” counterclockwise around the X-axis from ECEF.

The spatial coverage of SAR system is closely related to the
IA and azimuthal angle (AA). When the distance vector in the
ENU framework at position P (λ, ϕ, H0) is determined as L
(LE , LN , LU ), the observation AA of moon-based SAR at P
can be expressed as (ranging from 0° to 180°)

α =

⎧⎨
⎩

tan−1 (|LN | /LE) ,
tan−1 (|LN | /LE) + 180◦,
90◦,

LE > 0
LE < 0
LE = 0

. (3)

The observation elevation angle of the moon-based SAR at P
can be expressed as

θ =

{
90◦,
cos−1

(
LU/

√
L2
N + L2

E

)
,
L2
N + L2

E = 0
L2
N + L2

E �= 0
. (4)

When θ > 0, the moon-based SAR and observation targets
are intervisible, and the corresponding region is approximately
half of the Earth’s surface. In this case, the IA of the signal varies
from 0° to 90 °, and can be expressed as

IA = 90◦ − θ. (5)

It is difficult to ensure imaging quality of SAR systems in the
area near the nadir point owing to the echo ambiguity. Moreover,
the area with a large IA will put forward higher requirements
for the transmission power of the SAR antenna. Thus, IA should
have a reasonable range. The IA of LEO SAR is usually limited
within a range of 20°–60°. Considering the effective coverage
of moon-based SAR in the polar and equatorial regions [27], the
IA range will be set at 15°–75° for subsequent simulations.

Fig. 4 has shown the simulation of instantaneous coverage
taking AA range of 45°–135° and June 15, 2020, 0:00 as an
example. The range between the black dashed lines corresponds
to the effective swath of moon-based SAR during the scanning
process. The north and south parts correspond to right-looking
and left-looking areas, respectively, and the swath width on each
side can exceed 6000 km in this IA range. It is very important
to compensate the variation of Doppler centroid for SAR imag-
ing quality, because the non-zero Doppler centroid can cause
significant errors during azimuth compression and geolocation
[28], [29]. After certain zero Doppler steering control, the zero

http://www.iers.org
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Fig. 4. Instantaneous distribution of (a) AA, (b) IA, and (c) Doppler frequency
for moon-based SAR.

Doppler line (the red line in Fig. 4) will shift in a longitude
direction. The Doppler frequency fDoppler of a ground target is
given by [30]

fDoppler = −2

λ

L · (V SAR − V P )

|L| (6)

where λ is the radar wavelength;V SAR andV P are the velocity
vectors of the moon-based SAR system and ground target,
respectively.

B. Ionospheric Delay Evaluation Method of the Moon-Based
InSAR

Compared with the LEO SAR platform, it is quite different in
the timing selection (t1, t2) of master image and slave image for
moon-based InSAR. This is because the operation of the moon-
based platform depends on the trajectory of the natural satellite,
which is more stable but uncontrollable. InSAR technology has
strict requirements for the attributes of master and slave images.
The quality of interferograms is closely related to the baseline
length and angle difference [31]. LEO SAR always uses fixed
AA and IA in the same observation area to acquire data and

Fig. 5. Lunar declination and the expected variation of the nadir point’s next
revisit (take June, July, and August of 2019 as an example).

generate images. Due to the extraordinarily large observation
range and unique orbit of moon-based SAR, the difference of IA
and AA in SAR images is more complex. Generally, the spatial
decorrelation is mainly related to IA. The IAs are determined
by the latitude difference between the target and nadir point [see
Fig. 4(b)], and the change rule of nadir point is consistent with
lunar declination [10], [14]. We use Fig. 5 to reveal the timing
selection method for an effective interference combination.

The blue and red lines in Fig. 5 represent the lunar declination
and expected variation, respectively. A revisit of the nadir point
is the minimum time difference when two nadir points are
located at the same longitude. A larger absolute value of lunar
declination corresponds to a smaller absolute value of variation.
The variation value is in the range of -5°–5°. If we want the
time baseline of the interference simulation to be of the order
of days, we must select the time points corresponding to the
larger absolute value of lunar declination. This can ensure that
the lunar declination is relatively close in these days, and the IAs
of the observation target is close. If we want the time baseline
of interference simulation to be of the order of months, all
time points can be selected, but they need to be screened by
quantitative calculation of IA∣∣∣∣sin

(
βt1 − βt2

2

)∣∣∣∣ < tan

(
βt1 + βt2

2

)
B

2f
(7)

where B is the signal bandwidth and βt1 and βt2 are the IAs
corresponding to time points t1 and t2. LEO SAR usually
uses a critical baseline to evaluate interference quality, but it
is not suitable for moon-based SAR. The main reason is that
the height of the moon-based orbit varies in the range of about
363 300–405 500 km, and some geometric approximations for
the critical baseline may cause errors. Formula (7) is derived
from the overlap of the echo spectrum information without any
observation angle and average slant range approximation (see
Appendix B for the specific derivation process). Meanwhile,
after zero Doppler steering control, a baseline along the azimuth
direction will be generated at different revisit times. In order to
avoid this negative effect, the revisit period used in this study
is defined as the time period when the zero Doppler steering
returns to the same position.
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We calculated the long-time series of lunar declination
changes to ensure the efficiency of effective interference screen-
ing. The revisit type was further classified according to the revisit
period length as well as the temporal variation characteristics of
ionosphere. The delay between the selected master image and
slave image corresponded to the change of total electron content
(TEC) in the LOS. The longitude and latitude density of the
distribution results is 0.1°. The TEC simulation of each pixel is
the mean value in synthetic aperture time (100 s is used in this
study).

C. Simulation Method of Signal Propagation Path for
Moon-Based SAR in Ionosphere

The IRI model is an international project that provides the
electron density, electron temperature, ion temperature, and
ion composition (O+, H+, He+, N+, NO+, O2+, and clus-
ter ions) in the ionospheric altitude range (65–2000 km for
the daytime and 80–2000 km for the nighttime) for a given
location, time, and date. This model and the corresponding
software are continuously updated, which is available at https://
ccmc.gsfc.nasa.gov/modelweb/models/iri2016_vitmo.php. The
mass of a single free electron in the ionosphere is significantly
smaller than that of a single ion. It is generally considered that
electrons play a dominant role in the ionosphere. The study of
the ionospheric effect on microwaves is usually based on the
density of free electrons, which is a function of Sun’s activity,
atmospheric density profile, magnitude, and orientation of the
Earth’s magnetic field. There are significant differences in the
generation, disappearance, and migration of free electrons in
different regions, which makes the ionosphere anisotropic [32].
The spatial variation of vertical total electron content (VTEC) is
an important reference index in the study of ionospheric effects
of LEO SAR [33]. And some studies have considered the IA
of SAR and introduced the slant total electron content (STEC)
[34], [35].

If only the VTEC model is used, the ionosphere is often
regarded as a layer without thickness. Correspondingly, if the
STEC model is used, the ionosphere is often regarded as a
homogeneous layer of a certain thickness. To reflect the TEC
in the line-of-sight (LOS) direction more accurately, we regard
the ionosphere as a multiple-layer structure, and the TEC is an
integral of different heights, thicknesses, and IAs. The TEC in
the LOS of the moon-based Earth observation geometry is shown
in Fig. 6.

The azimuth resolution of a spaceborne SAR is proportional
to the synthetic aperture [36], and the synthetic aperture time
of moon-based SAR is much longer than that of LEO SAR to
achieve a certain azimuth resolution. In this study, the following
assumptions were made.

1) The ionosphere is divided into multiple layers along the
normal direction with the reference ellipsoid, and each
layer is uniform in one height integration unit.

2) The distribution of ionospheric electrons in the horizontal
direction is anisotropic, but uniform in each pixel unit.

3) In one synthetic aperture time for moon-based SAR (on
the order of tens to hundreds of seconds [37], [38]), the

Fig. 6. TEC in LOS on the propagation path of moon-based SAR signal (Zero
Doppler plane).

electron density in the scanning area remains time-
invariant. This assumption can only be used in interfer-
ometric delay analysis. For the moon-based SAR imaging
analysis, the results need to be compensated.

Fig. 6 has shown the signal path in the zero Doppler plane.
R represents the radius of the earth, D represents the distance
between the Earth’s center and the moon-based sensor, θ0 rep-
resents the lunar off-line angle for the signal, while β1, β2, and
β3 represent the IA of the signal passing through the ground,
bottom of the ionosphere, and top of the ionosphere, respectively.
The orange area represents the ionosphere, the thick green line
represents the ground swath, and the thick black line represents
the complete path of the signal through the ionosphere. The fol-
lowing triangular relationships exist in the geometry described
above: {

D/ sinβ1 = R/ sin θ0
D/ sinβh = (R+ h) / sin θ0

(8)

where h is the height of the ionosphere (65–2000 km) and βh is
the IA at a height of h. Based on (8), βh and θ0 can be derived
as

βh = sin−1

(
R sinβ1
R+ h

)
(9)

θ0 = sin−1

(
R sinβ1
D

)

= sin−1

(
R sinβ1∣∣P GCRS

SAR

∣∣
)

= sin−1

(
R sinβ1∣∣[RZ ] [RX ] [RZ ]PMCMF

SAR + P GCRS
Moon

∣∣
)

(10)

where P GCRS
SAR , PMCMF

SAR , and P GCRS
Moon represent the vector of SAR

antenna or lunar center in the corresponding coordinate system.

https://ccmc.gsfc
https://ccmc.gsfc
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P GCRS
Moon and rotation matrix [RZ ][RX ][RZ ] are extracted from

ephemeris data. PMCMF
SAR is related to the longitude and latitude

of SAR antenna on the lunar surface (see Appendix A). When
the IA of the scanning area was 50°, the IA at the bottom of the
ionosphere (65 km) was approximately 49.3 °, and the IA at the
top of the ionosphere (2000 km) was approximately 35.7°. It is
certain that the IA of the signal varies throughout the ionosphere
for moon-based SAR, so it is necessary to use (11) to calculate
the TEC

TECLOS =

∫ 2000

65

ne (h) sec(βh)dh

≈
388∑
i = 1

5000ne(60 + 5i) sec

(
sin−1

(
R sinβ1
R+ h

))
.

(11)

Here, TECLOS is defined as the number of free electrons in
a tube with a 1-m2 cross section along the signal propagation
path. And ne(h) represents the number of free electrons in a
cubic with a 1-m3 at a height of h, which can be extracted from
IRI model. (In this study, it is called every 5-kilometer height,
which is sufficient to meet the simulation requirements). The
whole path covers different longitudes and latitudes. It is also
necessary to obtain the exact location (lonh, lath) based on the
longitude and latitude difference with the nadir point

lonh = lonnadir − (βh − θ0) cos (α) (12)

lath = latnadir ± (βh − θ0) cos (|α− 90|) . (13)

The (lonnadir, latnadir) can be derived from P ECEF
SAR (see Ap-

pendix A). The α is ground AA before zero Doppler steering
control, which is also location dependent (see Fig. 4). Therefore,
the final result needs to be determined through iteration.

When the ionized gas is regarded as a perfect dielectric, its
refractive index for a radar wave of frequency f is given by

niono = 1−Kne/f
2 (14)

where K = 40.28 (m3/s2), the deviation of the ionospheric
refractive index is relatively small; thus, the scaled-up “refrac-
tivity” Niono is often used

Niono = (niono − 1) · 106 = −K · 106ne/f2. (15)

For a low-frequency SAR system, when the modulation code
signal and phase signal pass through the ionosphere, they will
experience group path and phase path, which will cause group
delay and phase advance respectively. The two paths are equal
in magnitude but opposite in sign [21]

Ig = − Ip = −10−6 ∫ Nionodl (16)

where l is the signal propagation path. The group delay is usually
characterized by time. According to (11), (15), and (16), the
ionospheric group delay is inversely proportional to the square
of the signal frequency and directly proportional to the TEC as
(one-way travel):

Ig,t = K · TECLOS/cf
2 (17)

where c is the speed of light.

The time delay will cause location error, but it can be effec-
tively eliminated in the process of complex image coregistration.
InSAR technology mainly uses phase information, the differ-
ence between two phase advances is the focus of this study on
the ionospheric delay effect. The difference of TEC in LOS at
pixel k from t1 to t2 corresponds to

δ TECt1,t2
LOS,k = TECt1

LOS,k − TEC,t2
LOS,k. (18)

The ionosphere-induced true interferometric phase at pixel k
from t1 to t2 corresponds to (two-way travel)

δ ϕk = δIg · 4π/λ = 4Kπ · δTECt1,t2
LOS,k/cf. (19)

III. SIMULATION RESULTS AND ANALYSES

The layered structure of the ionosphere is composed of both
regularities and irregularities. The regularities part is also called
the background ionosphere, which corresponds to most areas
observed by moon-based SAR. Ionospheric irregularities are
formed mainly due to the instability of the ionospheric E and
F layers, resulting in a change in electron density relative to
the background ionosphere. Some studies have shown that,
although ionospheric irregularities are mainly distributed in
specific regions (such as the polar region, and the equatorial
region of Atlantic-Africa), their contributions to scattering and
dispersion can far exceed the background ionosphere. In this
section, we discussed the spatial and temporal characteristics of
the background ionosphere and irregularity region through the
global distribution of VTEC, which can be used as a reference
for the calculation of peak delay. Then, the ionospheric delay
of the moon-based InSAR were evaluated under short-time and
long-time baselines, respectively.

A. Spatial and Temporal Characteristics of the Background
Ionosphere

Regardless of the solar activity, the position of sunlight can
dominate the change in the background ionosphere. Taking 2019
as an example, Fig. 7 has shown the global VTEC distribution
during the spring equinox (autumnal equinox is similar), sum-
mer solstice, and winter solstice. On these specific dates, the
Sun is over the equator, the Tropic of Cancer, and the Tropic of
Capricorn.

The ionospheric electron concentration is related to the termi-
nator line in Fig. 7, and the VTEC during the daytime is much
higher than that at night. We calculated the electron density pro-
files along the altitudes of the daytime and the nighttime regions
in 2019 to illustrate the spatial differences in the ionosphere. We
also calculated the 48 h VTEC variation in the global region to
illustrate the temporal differences in the ionosphere. Fig. 8 has
shown these differences by taking a specific date and a specific
location as examples.

As shown in Figs. 7 and 8(b), the ionospheric state is related
to the solar altitude angle. This correlation can be used to
select the moon-based SAR interferometric combination for
peak ionospheric delay. The statistical results in 2019 have
shown that it can reach 60 times more for VTEC in the daytime
region than in the nighttime region on a specific day, and the
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Fig. 7. Global distribution of VTEC in (a) Spring equinox, (b) Summer
solstice, and (c) Winter solstice.

Fig. 8. (a) Comparison between daytime region and nighttime region on spring
equinox of 2019. (b) VTEC variation from 2019/7/20 to 2019/7/21 at the position
(35 °S, 65 °W).

maximum value of VTEC in the short term can reach 10–20
times more than the minimum value at a specific position. The
worldwide flow of irregularities is the main reason why the
spatial correlation between VTEC and solar altitude angle is
lower than the temporal correlation. We believe that if there are
no irregularities flow in a region (the background ionosphere is

Fig. 9. Regression analysis of solar altitude angle and VTEC in global region
from 2019/7/20 to 2019/7/21.

dominant), the variation of the solar altitude angle and VTEC
will show a higher correlation.

Before the moon-based InSAR simulation, we used the results
of the short-term regression analysis of VTEC and solar altitude
angle as a reference for the selection of the time baseline
corresponding to peak delay. Taking 2019/7/20–2019/7/21 as
an example, Fig. 9 has shown the global distribution of their
correlation coefficients. The regions with the lower value of R2

should have more irregularity flow.
The phase screen theory can simulate the scintillation effect

caused by ionospheric irregularity to a certain extent, which is
the main fashion to study ionospheric scintillation [38]. How-
ever, the theory has some premises, such as phase disturbance
of Gaussian stochastic distribution, frozen field, and isotropy.
Under the strong fluctuation of ionospheric scintillation, more
constraints are needed to obtain the solution of the model. As
a large-scale evaluation work, we focus on the flexible time
baseline of moon-based SAR and the 3-D simulation ability
of the IRI model. Therefore, the regression analysis results are
used as a reference in this study, and it is enough to support the
conclusion of the magnitude of ionospheric delay.

With a change in solar activity, the ionospheric state has an 11-
year period. The year 2019 simulated in this study corresponds
to the solar activity valley, and the ionospheric electron content
in the peak year can reach 20 times that in 2019 (such as 1958).
The ionospheric delay in other years can amplify the results of
this study to a specific scale.

In a moon-based SAR image, the observation local time of
different areas is relatively close, because it is only about 0.8
h different from the solar altitude angle period. The following
preliminary conclusions can be drawn from the above analysis:

1) If the effective interference region is nighttime for two-
time points with the less irregularity flow, the variation of
the ionospheric state is relatively small for both long-time
baseline and short-time baseline of moon-based SAR.

2) The short-time baseline of the moon-based SAR is mainly
affected by diurnal variation of the ionosphere. The time
baseline corresponding to the maximum ionospheric delay
is related to the time point at which the diurnal change rate
is the highest, which is approximately 11:00–13:00 local
time, as shown in Fig. 8(b).
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TABLE II
TIME INTERVALS CORRESPONDING TO EFFECTIVE INTERFERENCE

OF SHORT-TIME BASELINE

3) The long-time baseline of moon-based SAR is affected
not only by diurnal variation of the ionosphere but also
by seasonal variation. If these two effects can offset each
other, the time baseline corresponding to a relatively
small ionospheric delay can also be obtained. In this
case, the distribution of the solar altitude angle at the
two observation times must be similar and have fewer
irregularities. However, for the most part, the two effects
are superimposed, and the time baseline corresponding
to the maximum ionospheric delay is equivalent to
two observation time points: nighttime with fewer
irregularities and daytime with maximum solar altitude.

B. Ionospheric Delay Simulation Results for Short-Time
Baseline (Several Days)

For the short-time baseline of the moon-based SAR, the obser-
vation time with a high absolute value of lunar declination must
be selected to meet the requirements of an effective interference
combination. We calculated 27-time intervals in 2019 for the
interference delay simulation; the specific time intervals are
listed in Table II.

InSAR technology obtains the wrapped phase. Although the
wrapped phase cannot reflect the absolute phase part, it can
reflect phase spatial gradient information caused by ionospheric
delay. Therefore, the main purpose of calculating the TEC
variation is to simulate this gradient feature. After comparing
the ionospheric delay in these time intervals, we found that the
maximum ionospheric delay occurred in July 2019, which was
mainly affected by abundant irregularities. Fig. 10 has shown
the simulation results of TEC variation (10.a) in the LOS and
its gradient (10.b) between 2019/7/3 and 2019/7/4. The nadir
point was from 11:24 A.M. to 01:26 P.M. local time.

Fig. 10. Simulation results of maximum delay of short-time baseline in 2019.

Fig. 11. Change of ionospheric phase (0.01TECU, 0.1TECU, and 1TECU)
and deformation phase (1 cm) with carrier frequency.

The TEC variation in the LOS can reach 3 TECU, and the
variation gradient in most areas is 0.01 TECU/100 km. These
values increased by one order of magnitude for other years with
higher solar activity. Fig. 11 has shown the relationship between
the ionospheric delay and deformation phases of the moon-based
SAR.

Moon-based InSAR with the repeat-pass mode is mainly used
for solid earth deformation types on a global scale [13], [39].
The deformation difference of global scale type within 100 km
is always centimeter level [40], [41]. For example, the maximum
deformation gradient of solid earth tides is in the range of 0.8–2
cm/100 km [42]. These deformations are characterized by a large
range and a small gradient. Taking the deformation of 1 cm/100
km as an example, we compared it with the ionospheric delay.
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Fig. 12. Simulation results of minimum delay of short-time baseline in 2019.

The deformation information in the interferogram is equivalent
to that of a random ionospheric delay, and this deformation type
cannot be extracted when their phases are of the same order of
magnitude.

In 2019, there were 8-time intervals at which all observation
areas were at night, which corresponded to the minimum iono-
spheric delay of the short-time baseline. Fig. 12 has shown the
simulation results of TEC variation (12.a) in the LOS and its
gradient (12.b) between 2019/12/13 and 2019/12/14. The nadir
point is from 11:48 P.M. to 01:42 A.M. local time.

For the short-time baseline, if the variation gradient of TEC in
the LOS reaches 1 TECU/100 km, the X-band, C-band, L-band,
and P-band (common carrier for SAR technology) cannot be
used to extract centimeter-level wide-area deformation types.
Low-frequency signals are often considered the preferred car-
riers for moon-based InSAR to achieve more effective spatial
coverage [14]. We can obtain the effective interference combina-
tion of short-time baseline through the screening of solar activity
valley years and time intervals with night areas. However, it
is difficult to fully exploit the advantages of the long-term
observation of moon-based InSAR. The ionospheric correction
or compensation accuracy must reach at least 0.01TECU, or
even 0.001TECU for specific deformation types if the L-band
short-time baseline InSAR is to be used for long-term observa-
tion.

C. Ionospheric Delay Simulation Results for Long-Time
Baseline (Several Months)

For the long-time baseline, if the time intervals in Table II
are selected, the time baseline of the effective interference
combination unit is approximately 22–33 days. There are two

Fig. 13. Simulation results of maximum superposition delay of long-time
baseline in 2019.

types of time baselines at other time intervals: one is the stable
effective interference combination unit, which is approximately
27.3 days, and the other is similar to the ascending-orbit and
descending-orbit data of LEO SAR, which are usually less
than 13.7 days (refer to Fig. 5). Since the orbital inclination
of the second type is close, whether effective interference can
be carried out needs special angle evaluation. This study did not
explore this issue; therefore, the first stable type was primarily
used.

The time baseline with the superposition of diurnal and sea-
sonal variations must be specified to simulate the maximum
ionospheric delay. We selected a time point when the observation
area was at the maximum solar altitude angle and then screened
the nighttime area according to the effective interference. Fig.13
has shown the simulation results of TEC variation (13.a) in the
LOS and its gradient (13.b) between 2019/3/21 and 2019/9/28.
The nadir point of the former is from 00:32 A.M. to 01:25 A.M.
local time, while that of the latter is from 00:04 P.M. to 00:57
P.M. local time.

The TEC variation in the LOS can reach 48 TECU, and
the variation gradient in most areas is 0.1 TECU/100 km. In
this case, large-scale deformation types could not be effectively
observed. General small-scale deformation is also difficult to
observe in most areas, because the ionospheric delay is ten
times that of the LEO SAR satellites. Although the IRI model
cannot accurately reflect small-scale electron distribution, this
conclusion can also be obtained from the degree of global delay.

We simulated the time baseline with the offset of diurnal and
seasonal variations using the distribution of the solar altitude
angle. Fig.14 has shown the simulation results of TEC variation
(14.a) in the LOS and its gradient (14.b) between 2019/3/8 and
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Fig. 14. Simulation results of maximum offset delay of long-time baseline in
2019.

2019/4/4. The nadir point of the former is from 01:20 A.M. to
02:02 A.M. local time, while that of the latter is from 11:20 A.M.
to 00:02 P.M. local time.

Owing to the different seasonal variation rules in the northern
and southern hemispheres, only one hemisphere can be consid-
ered as the maximum offset area. In this way, the ionospheric
delay can be controlled close to the situation in Fig. 10.

For the long-time baseline, the ionospheric delay in the region
with a large IA is highlighted, which will narrow the effective
interferometry swath. If the L-band long-time baseline InSAR
is to be used, the screening of interference combinations cannot
achieve the purpose; therefore, accurate ionospheric correction
or compensation must be carried out.

IV. DISCUSSION

Moon-based Earth observation is still in the stage of obser-
vation theory research, so it is necessary to demonstrate the
feasibility of this technology in the future from all aspects. The
ionospheric effect is a relatively large problem when moon-
based InSAR is applied to solid earth observations. We have
performed a quantitative evaluation of this in the study. The
ionosphere can also cause other effects such as Faraday rotation
and azimuth shifts. These effects need to be considered in
imaging processing, which can be ignored in most phase analysis
for interferometry simulations. Some experiments show that the
phase coherence is reduced when the Faraday rotation angle
changes between successive data acquisitions [24]. However,
we believe that, compared with the delay effect, it can recover
from these effects by satisfying lower ionospheric estimation
accuracy.

For a SAR system with a long synthetic aperture time, the
ionospheric space-variant law within an azimuth aperture should

be considered. However, for moon-based SAR, we believe that
its ionospheric space state is relatively consistent in synthetic
aperture time or short-term continuous observation. Because
the difference between the period of moon-based SAR and
ionospheric change is only about 0.8 h per day, and the variation
direction of solar radiation is the same as that of moon-based
SAR’ nadir point. This can also be understood as the offset
of time-variant and space-variant ionosphere. The simulation
results in Section III have demonstrated that the ionospheric
phase has a relatively small gradient in the azimuthal direc-
tion. Using this feature, it may be possible to distinguish the
ionospheric phase from the large-scale deformation phase of
solid earth. This is because the distribution gradient or texture
of the deformation phase is quite different. Moon-based SAR
can provide full play to the advantages of time resolution with
short-time baseline observation. There are approximately 27
ideal time intervals per year. This can provide a reference for
the start-up time of moon-Based SAR in different seasons: when
the lunar declination reaches its maximum, the right-looking
image can observe the Arctic region, and the left-looking image
can be used to observe the equatorial region; when the lunar
declination reaches its minimum, the left-looking image can
be used to observe the Antarctic region, and the right-looking
image can observe the equatorial region. In both cases, the ob-
servation regions correspond to more ionospheric irregularities,
which brings challenges in the extraction of solid earth defor-
mation information. However, in another way, the perspective of
moon-based SAR can cover the most complete irregularities. If
moon-based SAR can successfully develop ionospheric correc-
tion methods such as LEO SAR’s split-spectrum, rang/azimuth
sub-bands, and multiple-aperture [20], [43], [44], it may be the
most effective means of observing ionospheric irregularities.
Various methods have high requirements for coherence of the
SAR images, therefore, it is necessary to preprocess the images
based on the observation geometry and try to eliminate the decor-
relation caused by the ionosphere. On this basis, the ionospheric
correction methods of moon-based InSAR can be developed in
combination with traditional methods.

InSAR technology obtains deformation information by ex-
tracting the phase difference, which is not entirely the relative
phase change at the two-time points. Even if there is a same-
sized phase change in the entire observation region, this phase
change will not affect the deformation extraction, because it
is eliminated in the phase unwrapping process. Therefore, the
difference in the horizontal distribution of the phase change is
the main factor affecting the accuracy of deformation extraction.
In a similar example, professional singers can accurately match
the pitch with the notes of a song, while amateurs may not
be able to do that, but they can let others know which song
it is, through rhythm. The interferogram is equivalent to the
“rhythm” of phase change, as long as we know the “pitch” of
some positions, we can obtain the “pitch” of the whole region
according to the interferogram. The deformation error of the
interferogram comes from the accuracy of “rhythm,” that is,
the phase gradient of the observation region. Therefore, the
decisive factor of ionospheric delay limiting the application of
moon-based InSAR is the horizontal gradient of phase change.
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Moon-based repeat-pass InSAR applications are mainly
aimed at large-scale solid earth observations, such as solid
earth tides, plate boundary displacement, and glacial isostatic
adjustment. These global-scale deformation types exhibit the
characteristics of a small gradient or a slow change. Moreover,
moon-based SAR is likely to use low-frequency signals to design
SAR systems to meet interferometry requirements. The effective
extraction of deformation information from the interference
phase is a great challenge. Therefore, in order to give full play
to the advantages of moon-based SAR, it is necessary to obtain
accurate ionosphere data and correct or compensate for the delay
through an observation geometric model.

V. CONCLUSION

In this study, we quantitatively evaluate the ionospheric delay
of a moon-based repeat-pass InSAR based on the IRI model.
According to the interferometric geometry, the numerical sim-
ulation results of the short-time and long-time baselines are
given. Ionospheric delay can be avoided, to some extent, by
screening the interference combination. However, in order to
realize long-term stable observation of large-scale deformation,
we must face the challenge of ionospheric delay correction or
compensation. The conclusion obtained in this study is enough
to provide a reference for the moon-based SAR system with a
synthetic aperture time of 100-s level. If the synthetic aperture
time reaches kilo-second level or higher, a more accurate model
needs to be developed to take into account the time-variant
effects of the ionosphere.

In future work, we will conduct more in-depth theoretical
studies on moon-based Earth observation, and it is necessary to
enrich the research on sensor and system design. We anticipate
that additional research results on moon-based SAR imaging as
well as other high-orbit SAR systems will be obtained, which
will promote the development and applications of wide-area
observation technology, and the understanding of Earth science.

APPENDIX A
TRANSFORMATIONS OF SEVEN COORDINATE REFERENCES

The transformation between the geodetic and Cartesian
coordinate systems is to establish the relationship between the
longitude-latitude-height and the 3-D coordinate vectors, and
the most closely related is the earth-fixed coordinate system
[45]. Taking the Earth as an example, if the longitude, latitude,
and height are known⎡
⎣XECEF

YECEF

ZECEF

⎤
⎦ =

⎡
⎣ (NE + h) cosφGRS cosψGRS

(NE + h) cosφGRS sinψGRS((
1− e2

)
NE + h

)
sinφGRS

⎤
⎦ (A1)

where ψGRS, φGRS, and h represent longitude, latitude, and
height, respectively. NE represents the curvature radius of
reference ellipsoid’ prime vertical circle. e represents the
oblateness of the Earth. Conversely, if the coordinates in ECEF
are known, when h� NE , the latitude can be obtained by
(X2

ECEF + Y 2
ECEF �= 0):

φGRS = arctan(ZECEF/
√
X2

ECEF + Y 2
ECEF) (A2)

and the longitude can be obtained by (range from -180° to 180°)

ψGRS =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

−90◦,
90◦,

tan−1 (YECEF/XECEF) ,
tan−1 (YECEF/XECEF) + 180◦,
tan−1 (YECEF/XECEF)− 180◦,

X = 0, Y < 0
X = 0, Y > 0

X > 0
X < 0, Y ≤ 0
X 〈0, Y 〉 0

(A3)
and the height can be obtained by

h =
√
X2

ECEF + Y 2
ECEF + Z2

ECEF −NE . (A4)

The transformation between the GCRS and SCRS requires
only the translation of the coordinate. For example, if the coor-
dinates in the SCRS are known, the location in the GCRS can
be represented by⎡

⎣XGCRS

YGCRS

ZGCRS

⎤
⎦ =

⎡
⎣XSCRS

YSCRS

ZSCRS

⎤
⎦ +

⎡
⎣Xmoon

Ymoon

Zmoon

⎤
⎦ (A5)

where [Xmoon Ymoon Zmoon ]
T

is the Moon’s position vector in
the GCRS, which can be obtained from lunar ephemeris. We
used the DE430 ephemeris of Jet Propulsion Laboratory (JPL)
in this study.

The transformation between the celestial reference system and
the earth-fixed coordinate system requires multiple coordinate
system rotations. There are some differences in the rotation ma-
trix between the Earth and Moon. For Earth, the transformation
can be expressed as [46], [47]⎡

⎣XGCRS

YGCRS

ZGCRS

⎤
⎦ = [M ] [N ] [P ] [E]

⎡
⎣XECEF

YECEF

ZECEF

⎤
⎦ (A6)

where [M ], [N ], [P ], and [E] are the rotation matrices that
can be derived by considering Earth’s pole motion, nutation,
precession, and rotation, respectively. These matrices are time-
dependent and can be obtained using the Earth orientation
parameters provided by IERS. For Moon, this transformation
is performed by [16]⎡

⎣XSCRS

YSCRS

ZSCRS

⎤
⎦ = [RZ ] [RX ] [RZ ]

⎡
⎣XMCMF

YMCMF

ZMCMF

⎤
⎦ (A7)

where [RX ] and [RZ ] represent the rotation matrices around the
z-, y-, and z-axes, respectively. The specific rotation angle is
related to the lunar libration, which can be obtained from JPL
ephemeris.

The transformation between the ECEF and ENU requires
coordinate system rotation and translation. The rotation matrices
are related to the longitude and latitude of the station. The
transformation can be expressed as⎡
⎣EN
U

⎤
⎦ =

⎡
⎣ −sin λ cos λ 0
−sinϕ cos λ −sinϕ sin λ cosϕ
cosϕ cos λ cosϕ sin λ sinϕ

⎤
⎦
⎡
⎣XECEF

YECEF

ZECEF

⎤
⎦

⎡
⎣ 0

0
H0

⎤
⎦ (A8)
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Fig. 15. Echo spectrum schematic diagram related to the ground information
of the two images.

where λ and ϕ represent the longitude and latitude of the station.
H0 represents the distance between the station and Earth’s
center.

APPENDIX B
EFFECTIVE INTERFERENCE SCREENING

InSAR technology needs to be used to perform interference
processing on two SAR images with different IAs in the same
area, whether it is a dual-antenna system or a single-antenna
system with repeat-pass mode. If two SAR images are recorded
as Sm and Sn respectively, and the IAs are recorded as βm and
βn respectively, the echo spectrum movement of these images is
different because of the difference in IAs. The spectrum related
to the ground information of the two images can be represented
by Fig. 15.

The echo of InSAR can be understood as being composed of
three parts of the spectrum: exclusive for imageSm, exclusive for
image Sn, common for image Sm, and image Sn. The common
part of red and blue can affect the coherence of the images, and
the size of the common part can be determined by the difference
between the two spectrum shifts, which is recorded as Δf

Δ f = (sinβm − sinβn) · 2f0/c
= 2cosβsin ((βm − βn) /2) · 2f0/c
≈ (βm − βn) · 2f0cosβ/c

≈ B⊥ · 2f0 cosβ/ (c · S0) (A9)

where B⊥ is the vertical baseline, S0 is the slant range, β is
the average of IAs, and β = (βm + βn)/2 . The preconditions
for the twice approximation of formula A9 include: B⊥ � S0,
(βm − βn)/2 ≈ sin((βm − βn)/2) and (βm − βn) ≈ B⊥/S0.
When the vertical baseline length increases, such that the move-
ment corresponds to the entire signal bandwidth which can
be represented by 2(fmax − fmin)sinβ/c, the overlapping part
disappears, which is equivalent to the complete loss of the
coherent signal. LEO SAR defines the vertical baseline as the
critical baseline

Bc = S0 (fmax − fmin) tanβ/f0 . (A10)

The orbital eccentricity of the moon-based SAR, it is approx-
imately 0.0549, which is 400 times that of LEO SAR. If the

effective interference is screened by the critical baseline, the
change in slant range introduces an additional error because
the assumptions in A9 are no longer strictly valid. Therefore,
this study used the angle relationship to screen for effective
interference.
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