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When passing through the ionosphere, the high-frequency (HF) pulse signal of the Mars Exploration Radar is affected by the
dispersion effect error, which results in signal attenuation and time delay and brings about a phase advance in such a way that
the echo cannot be matched and filtered. In this paper, a high-order phase model is built to overcome the above problems and
enable echo matching and filtering. Most studies on the dispersion effect approximate the additional phase after the effect,
assuming that the ionosphere is a thin-layer structure. In this paper, an effective model for the HF waveband is constructed to
analyze the change of signal propagation paths in the ionosphere. The additional phase is expanded in a Taylor series and
retained these expansions as high-order terms to calculate the cumulative additional phase along the path. We show the range-
offset variables of signal frequency, bandwidth, and electron density, simulate the effects of the ionosphere under different
conditions, and conclude that the model can effectively estimate Mars without considering the effects of magnetic fields and
anomalous solar activity and the effect of the ionosphere on synthetic aperture radar (SAR) echoes. The results obtained using
ray tracing calculations are different from those obtained by simplifying assumptions, and we can simulate the Martian
ionospheric effects by the former.

1. Introduction

The subsurface of Mars records important historical infor-
mation on the formation and evolution of Mars. As an ion-
ized medium, the Martian ionosphere plays a special role in
radio wave propagation and is directly related to the local
communication on Mars and the communication between
Mars and Earth. Therefore, the information on the subsur-
face and the Martian ionosphere provides a scientific basis
for understanding and exploring Mars, as well as for study-
ing the history of geological evolution.

The multiband low-frequency down-looking synthetic
aperture radar (SAR) mounted on the Mars Orbiter can emit
low-frequency radio waves that can penetrate the surface of
Mars and propagate downwards. It inverts the physical
properties such as the dielectric constant of subsurface mate-
rial and thereby reveals the water content and distribution in
the subsurface. SAR has already been used in Mars missions.
For example, the United States launched the Mars Recon-
naissance Orbiter (MRO) with the Shallow Subsurface Radar

(SHARAD). For SHARAD, its vertical resolution in a vac-
uum and in the subsurface can reach 15m and 10–20m,
respectively, and it can penetrate about 1 km of the subsur-
face structure and detect the internal structure of the ice
cap in the polar regions of Mars to look for possible liquid
water [1, 2]. The European Space Agency launched the Mars
Express (MEX) in 2003 [3], which has been communicating
with the lander and several rovers on the surface. During the
communication, a double traverse of radio signals through
the Mars ionosphere caused effects [4, 5]. On the side facing
the sun (the electron density is 2 × 105 cm−3 by calculation),
the plasma cutoff frequency of the Martian ionosphere is
4.02MHz, namely that signals below this frequency cannot
propagate in the Martian ionosphere; on the dark side (the
electron density is 5 × 103 cm−3 by calculation), the cutoff
frequency of the Martian ionosphere is 0.65MHz. Therefore,
this study is mainly aimed at the carrier frequency in HF
bands to ensure that SAR can work on Martian days and
nights. When a signal passes through the Martian iono-
sphere, it is affected by the ionosphere, which results in
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dispersion and scintillation effects. Ionospheric dispersion
has the effects such as signal distortion, turbulence ampli-
tude, and phase fluctuations, and these effects reduce the
range resolution of the radar and seriously affect its detec-
tion capability [6]. Although there are often various scales
of electron density irregularities in the ionosphere, which
can also cause the dispersion of a received signal, the large-
scale background ionospheric dispersion term is the main
research object of this paper.

Owing to the weak solar radiation flux, the distance
between Mars and the sun is long, and the plasma density
in the ionosphere of Mars is low. The ionosphere of Mars
begins above the surface and extends upward for hundreds
of kilometers, where data are directly measured by the
Viking Lander 2 [7]. The primary peak of electron density
occurs at an altitude of about 130 kilometers, known as the
M2 layer, and a secondary peak occurs around 100 km and
is called the M1 layer. According to the expected behavior
of the Chapman layer, the peak electron density varies with
the solar zenith angle (SZA), except for high SZA values
(SZA ≈ 90°). Other than the M1 and M2 layers, the transi-
tion layer ranges from 145 to 195 km, and the top layer is
at an altitude of 200–240 km. On the basis of the theoretical
analysis of previous research [8–10], we combined the pre-
dicted values of the Martian ionosphere model with the data
obtained from Mars ignoring the influence of the solar wind
and electromagnetic field and delineated the basic parame-
ters of the model.

The ionosphere of Mars does not have strong global
magnetic confinement. Its plasma density is an order of
magnitude lower than that of Earth, with the peak density
during the solar maximum similar to that of the night sur-
face ionosphere on Earth during the solar minimum. By
integrating the solar ionospheric profile, we can obtain a
total electron content (TEC) of 4:0 × 1011 cm−2 [11], which
is 50 times the value of the ionospheric TEC of Earth, but
even in this case, the interference of radar pulse signals of
the Martian ionosphere cannot be ignored.

The ionosphere of a planet imposes a delay upon the
radio transmission from an orbiting artificial satellite to a
ground receiving station, which leads to ranging errors in
systems designed for precise positioning. Allnut [11] discov-
ered that radio waves at frequencies below 10GHz are
affected by the ionosphere, especially those at frequencies
below 1GHz. Ishimaru et al. [12] analyzed the effect of the
ionosphere on the spaceborne SAR at carrier frequencies of
100MHz–2GHz and calculated the effects on SAR images.
Liu et al. [13, 14] proved that the ionosphere interferes seri-
ously with the range and azimuth resolution of low-
frequency electromagnetic waves, and the influence of the
ionosphere on electromagnetic signals increases as the fre-
quency of radio waves decreases. They have developed a
numerical model to simulation ionospheric effects on SAR
signals. In the case of Mars, recent studies have dealt with
some impacts of the Martian ionosphere upon HF radio sig-
nal propagation. Wang et al. [15] have explored how the
Martian ionosphere would effect on SAR imaging, based
on the Taylor series approximation. Safaeinili et al. [16, 17]
examined how the ionosphere would impact an orbital radar

at low frequencies; they have elaborated on the influence of
the Martian ionosphere on radio waves in their article and
proposed methods for signal correction. Meyer and Watkins
[18] and Meyer [19] outlined the problem of ionospheric
effects in SAR data and showed that SAR data are fairly sen-
sitive to ionospheric TEC changes.

We research the characteristics of ionospheric distortion
and develop statistical models to analyze the impacts on
radar data. Specifically, this paper simulates signal transmis-
sion paths to estimate integrated phases by the Martian ion-
ospheric model. The phase estimation of signals is carried
out by using the high-order number expansion of the refrac-
tive index. By the ambiguity model, propagation functions
and ionospheric effects on radar are derived.

In Section 2, the ionospheric dispersion effect and signal
path change in the ionosphere are introduced. In Section 3,
mathematical and statistical methods are applied to describe
ionospheric impacts on echoes. An ionospheric phase simu-
lator and signal parameter changes under different condi-
tions are presented in Section 4. Section 5 summarizes the
research findings.

2. Ionospheric Dispersion Effect

The ionosphere is a special dispersive medium with aniso-
tropic characteristics. For a radio signal with a wide fre-
quency spectrum, different frequency components of the
signal propagate at different phase velocities in the iono-
sphere, and thus, different frequency components have dif-
ferent phase relationships. The signal will be distorted, and
the pulse is broadened in time and space. This is the disper-
sion phenomenon of the ionosphere. The dispersion effect
will cause signal amplitude attenuation and phase advance,
which will directly affect the effect of echo processing such
as distance pulse compression and correction. At the same
time, the chromatic dispersion effect will also broaden signal
pulse and cause difficulties in filtering and windowing.

The refractive index of electromagnetic wave propaga-
tion in the Martian ionosphere can be expressed as the
Appleton-Hartree formula. In other words, the signal
transmission relationship in the ionosphere is written as
follows [11]:

n2 = 1 − X
1 − jZ − A ± B

, ð1Þ

A = Y2 sin2θ
2 1 − X − jYð Þ , ð2Þ

B =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 + Y2 cos2θ

p
: ð3Þ

Here, X, Y , and Z are the Appleton parameters, which
can be expressed as

X =
ω2
p

ω2 , �Y = ∓
ωH

ω
�B, Z = v

ω
, ð4Þ

where θ is the angle between the normal direction of the
electric wave and the geomagnetic field, v is the collision
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frequency of free electrons and heavy particles, ωp is the
plasma pulsation, and ωH is the magnetic rotation fre-
quency, whose expressions are as follows:

ωH = qeB0
m

����
����, ω2

p =
qe

2Ne

mε0
, ð5Þ

where B0 is the strength of the Earth’s magnetic field, qe is
the electron charge (Coulomb), qe = 1:6 × 10−9, me is the
electron mass (kg), me = 9:11 × 10−31, ne is the electron
density (m−3), and ε0 is the free-space permittivity (F/m),
ε0 = 8:854 × 10−12. When the signal frequency is less than
30MHz, f0 is the center frequency of the radar signal
band. We perform the Taylor series expansion on the
refractive index n and then integrate each item of the
expansion, and thus we have

n =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ω2
p

ω2

s
≅ 1 − 1

2
ω2
p

ω2

 !
−
1
8

ω2
p

ω2

 !2

−
1
16

ω2
p

ω2

 !3

, ð6Þ

where ωp = 2πf p and f p (Hz) is expressed as follows:

f p =
qe

2π ffiffiffiffiffiffiffiffiffiffi
ε0me

p ffiffiffiffiffi
ne

p
≈ 8:98 ffiffiffiffiffi

ne
p

: ð7Þ

It can be seen from Equation (7) that the refractive
index is a function of the frequency and the electron den-
sity. Considering the working frequency band (MHz) of
the Mars Exploration Radar, the high-order terms of the
refractive index cannot be ignored.

3. The Influence of the Mars Ionospheric
Dispersion Effect

3.1. Effect on Echo Pulse Compression. In a radar system, the
range resolution is an important performance index that
determines the minimum distance between two units that
the radar can distinguish. Pulse compression technology
can ensure sufficient detection range and improve range res-
olution. However, owing to the time delay, phase error, and
amplitude attenuation caused by the ionospheric dispersion,
echoes cannot match the matched filter function, which
directly leads to the degradation of the image quality after
pulse compression.

When electromagnetic waves propagate in a homoge-
neous medium, the magnitude of the electric field strength
is expressed as

E = E0 × exp jωt − jk0nrð Þ, ð8Þ

where E0 is the amplitude of the electromagnetic wave, ω the
angular frequency, r the path length of signal propagation,
k0 is the propagation constant of the vacuum, k0 = ω/c, and
n is the refractive index in the propagation medium. How-
ever, the ionosphere is a medium with uneven ion concen-
tration, and n changes with the transmission path. In this
situation, the phase depends on the integral of the refractive

index on the path. The transmission function of the electro-
magnetic wave can be expressed as follows:

E = E0 × exp jωt − k0

ð
n lð Þdl

� �� �
: ð9Þ

In the equation, the phase after the signal passes through
the ionosphere is k0

Ð
nðlÞdl; l represents the signal propaga-

tion path, and dl = dh/cos θ, where θ is the zenith angle of
the radar point. Applying Snell’s law, i.e., nr cos θ = n0r0
cos θ0, we can obtain the phase shift change caused by the
dispersion effect:

ΔRp =
ð
L
n − 1ð Þdl: ð10Þ

It can be seen from Equation (8) that the dispersion effect
shortens the phase path length, and a two-way phase advance
is added to the signal relative to free space as follows:

Δϕ fð Þ = 2π ×
Δlp
�� ��
λ

: ð11Þ

Substituting Equations (4) and (5) into Equation (9), we
have

Δϕ fð Þ = 4π sec θ
c

40:32
f

ð
nedh +

812:851
f 3

ð
n2edh

�

+ 32774:2
f 5

ð
n3edh

�
:

ð12Þ

Different incident angles are used to simulate the path
tracking situation. x is the horizontal distance from the entry
point of the incident signal to the position of the target point
projected on the ground, Re is the radius of Mars, and Hs is
the height of the entry point from the ground.

After the primary term is transformed into the time-
domain, pulse compression will cause a distance shift, and
even-order phase errors will lead to a broader main lobe of
the signal, a lower peak point energy, and greater side lobes.
The odd-order phase errors lead to asymmetrical distortion
of the sidelobes after pulse compression of the point target.

From Equation (12), the additional phase of the signal
after the signal passes through the ionosphere base on the
integral amount of ion concentrations over paths. When
the radar signal passes through the ionosphere, the incident
direction of the signal cannot be guaranteed to be vertical. If
the incident direction is inclined to a certain extent, the inte-
gral over the height should be changed to the integral over
the path presented by l. Figure 1 shows that after applying
Snell’s law of refraction, we have dL = dh/cos θ, where θ is
the inclination of the radar signal in the direction of propa-
gation at a certain point. In view of the above analysis, the
following research can analyze the simulation paths accord-
ing to different incident angles. Re is the radius of Mars, and
Hs is the height of that certain point above the ground.
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Therefore, the signal expression under the influence of the
ionosphere is as follows:

Ψ1 f , xð Þ =Ψ f , xð Þ × exp jΔΦ fð Þð Þ f − f cj j ≤ B
2 : ð13Þ

It can be seen from the above expression that the original
matched filter function remains unchanged, but the echo
under the influence of the ionosphere changes, which results
in a mismatch between the received signal and the original
matched filter function. Moreover, the image quality is
degraded.

3.2. Effect on the Range Resolution. As the refractive index
changes with frequency and position, the SAR signal devi-
ates from the normal signal in a vacuum, which affects the
result of SAR imaging. The Martian ionosphere is constantly
changing and has a certain degree of randomness, which
causes the echo phase to be random and indeterminate.
Therefore, it is necessary to use statistical models to study
the influence of the Martian ionosphere on SAR imaging.
The SAR signal of the ground position can be expressed as
follows [15].

υ r′
� 	

=
ð
S rð Þχ r, r′

� 	
ds, ð14Þ

where SðrÞ is the reflection coefficient at the ground posi-
tion and χðr, r′Þ, the ambiguity function at the focus r′, is
given by

χ r, r′
� 	

=〠
n

1
2π

ð
gn ω, rnð Þf ∗n ω, rn′

� 	
dω, ð15Þ

gn ω, rnð Þ = ui ωð ÞG0 ω, rnð Þ, ð16Þ

f n ω, rn′
� 	

= ui ωð Þ exp j
ω

c
2rn′

� 	
, ð17Þ

G0 ω, rnð Þ = exp −j2 Ð β ωð Þds
 �
4πrnð Þ2 , ð18Þ

where uiðωÞ is the transmitted signal, f n is the Fourier
transform of the matched filter, G0 is the Green formula,
and βðωÞ is the propagation constant on the propagation
path. The phase fluctuations caused by the background
ionosphere are included in the path integral, and the path
integral βðωÞ is expanded in the Taylor series near the
carrier frequency ω0:

β ωð Þ = β ω0ð Þ + ω − ω0ð Þβ′ ω0ð Þ + ω − ω0ð Þ2
2 β″ ω0ð Þ: ð19Þ

Taking the Fourier transform of the chirp signal and
substituting it into the ambiguity function, we can obtain

χ r:r′
� 	

=〠
n

1
2π

ð
ui ωð Þ2

exp −j2 Ð βds + j ω/cð Þ2rn′
� 	

4πr′
� 	2 dω:

ð20Þ
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Figure 1: Schematic diagram of path tracking.
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Table 1: The ion concentration of Martian and Earth’s ionospheres.

Ion concentration
Mars Earth

n0 cm−3
 �
f0 MHzð Þ n0 cm−3
 �

f0 MHzð Þ

Dayside
Solar max. 2:5 × 105 4:5 2:0 × 106 12.7

Solar min. 1:0 × 105 2:9 5:0 × 105 6:3
Nightside Solar max. 5:0 × 103 0:6 2:0 × 105 4:0
Dayside TEC 4:0 × 1011cm−2 2:0 × 1013cm−2

No nightside ionospheric data are available for Mars during the solar maximum.

Table 2: Usable critical frequency for various launch angles.

Launch angle θ

Maximum usable frequency (MHz)
0° 15° 30° 45° 60° 75°

4:0 4:14 4:62 5:66 8:0 15:5
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Figure 4: The relationship among the phase error, incident angle, and height. (a–c) The variation curves in the high, moderate, and low
solar activity periods, respectively.
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The input signal uiðωÞ is generally a linear frequency
modulation signal, which is written after the Fourier trans-
form as follows:

SLFM ωð Þ ≈ rect
ω

2πKT
� 	 ffiffiffiffiffiffiffi

2πj
K

r
exp −

ω − ωcð Þ2
2K

" #
: ð21Þ

Finally, the normalized ambiguity function is expressed as

χn r, r′
� 	

= 1

4πr′
� 	2 exp iΦ0 ω0ð Þð Þ ×

ð
exp j ω − ω0ð ÞΦ1ð

+ ω − ω0ð Þ2Φ2ÞÞdω,
ð22Þ

Φ0 ω0ð Þ = 2ω0
c

rn′ − rn
� 	

+ 2 40:3 2πð Þ2
cω0

ð
nedl

+ 2 812:85 2πð Þ2
cω3

0

ð
n2edl + 2 32774:2 2πð Þ2

cω5
0

ð
n3edl,

ð23Þ

Φ1 ω0ð Þ = 2
c

rn′ − rn
� 	

− 2 40:3 2πð Þ2
cω2

0

ð
nedl

− 2 812:85 2πð Þ2
cω4

0

ð
n2edl − 2 32774:2 2πð Þ2

cω6
0

ð
n3edl,

ð24Þ

Φ2 ω0ð Þ = 2 40:3 2πð Þ2
cω3

0

ð
nedl, ð25Þ

where Φ0 is the change in azimuth,Φ1 is the group delay, and
Φ2 is the degree of beam broadening. The signal position of
distance output is given byΦ1, where 2ðr0 − rnÞ/c is the signal
position under ideal conditions.
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cω6
0
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n3edl:

ð26Þ
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Figure 5: The relationship among the phase error, frequency, and height. (a–c) The variation curves in the high, moderate, and low solar
activity periods, respectively.

6 Space: Science & Technology



Equation (26) represents the signal translation introduced
by the ionosphere, and it is proportional to the path integral of
each order of ion concentration and inversely proportional to
the carrier frequency. It can be seen that a greater carrier cen-
ter frequency of the signal is accompanied by a smaller signal
translation, and a greater ion concentration leads to more dif-
ficulty in calibrating the signal and a more serious offset.

4. Simulation of Ionospheric Dispersion Effect

4.1. Model Design. SAR signals are usually modulated chirp
pulses. The frequency and period of the pulses are propor-
tional to the duration of the normal pulse period. As the
Martian ionosphere is a dispersive medium, the working fre-
quency band of the Martian surface is different from that of
Earth. First, a chirp signal in the band of 10–13MHz is
selected. Assume that the single pulse signal emitted by
SAR under ideal conditions is written as

f t tð Þ = rect
t
T

� �
exp jω0t +

1
2Kπt

2
� �

: ð27Þ

The echo after the ionospheric dispersion effect is
expressed as

f tð Þ = 1
2π

ð
F ωð Þ exp −jk0 ωð Þ

ð
n ω, lð Þdl

� �
dω: ð28Þ

The key step is to establish the spatial distribution of the
refractive index and determine the true influence of signal
propagation on the SAR echo. According to Equation (6),
the spatial distribution of the refractive index can be deter-
mined by the spatial distribution of electron density and sig-
nal frequency. The signal propagation path can be obtained
by path tracking technology.

On the basis of the above analysis, the actual simulation
steps are as follows:

(1) Build an ion concentration distribution model based
on ionospheric data of Mars

(2) According to the system simulation parameters and
Ne (Martian ionospheric model of different solar
activity periods and different zenith angles), use the
path tracking method to calculate the two-way phase
advance caused by the dispersion effect

(3) Multiply the ideal signal and the additional phase
advance in the range frequency-domain. The
frequency-domain signal is affected by the ionosphere

(4) Perform inverse Fourier transform on the frequency-
domain signal to obtain the affected signal in the
time-domain, and then compare it with the ideal signal

The simulation process is shown in Figure 2.

4.2. Simulation Parameter Selection. First, according to the
ion concentration distribution data of Mars [20, 21], the
Chapman model is used to build the relationship model

Table 3: Parameters of point target SAR echo simulation.

Parameter Value

Bandwidth (B) 20MHz

Pulse width (τ) 10e – 6 s
Pulse repetition interval (T) 1e – 4 s
Sampling frequency (fs) 20MHz

Target 1 distance (R1) 5000m

Target 2 distance (R2) 8000m

Target 3 distance (R3) 8300m

Target 4 distance (R4) 9500m
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Figure 6: Time-domain and frequency-domain influence of the ionosphere on a single signal. (a, b) The linear frequency modulation (LFM)
signal without and with the ionospheric dispersion effect, respectively.

7Space: Science & Technology



between the ion concentration and the height of the Martian
ionosphere (this model is simulated by the same project
which is shown in Figure 3 and is built by Mingyan Huang
when the Martian ionosphere is in the high solar activity
period). Statistical studies based on available data [7] indi-
cate that the dayside Martian ionosphere can be generally
described using a simple Chapman layer model. In addition,
the recent development proves that the Chapman model is
suitable for describing the Martian ionosphere [8, 22–24].

According to the above process, we first simulated the
impact of the point target and analyzed the changes in the
phase error caused by the ionosphere under different condi-
tions. Then, we analyzed the impact on echo processing and
discussed the signal attenuation offset, signal broadening,
and system parameters. Finally, we analyzed the SAR imag-
ing simulations through the calculation of imaging quality
indicators to simulate the position shift of the detection tar-
get caused by the dispersion effect.

4.3. Simulation Analysis of the Phase Error. The phase error
is related not only to the ion concentration and frequency of
the ionosphere but also to the selection of the incident angle.
In the simulation, it is necessary to ensure that the signal can
penetrate the ionosphere and that there will be no signal loss
due to ionospheric reflection. The critical frequency of the
Martian ionosphere is f0ðMHzÞ = 9:0 × 10−6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N0ðm−3Þp

. It
is 4.0MHz at normal incidence, which is three times lower
than the critical frequency of Earth’s ionosphere. For oblique
incident waves, the critical frequency available is f0ðMHzÞ
= 4:0MHz/cos θ, where θ is the initial wave launch angle.
The peak ion concentration and critical frequency values of
Martian and Earth’s ionospheres during different solar activ-
ity periods are shown in Table 1.

Table 2 shows the relationship between the critical fre-
quency and the incident angle. It can be seen that as the inci-
dent direction of the signal deviates from the normal
direction, the minimum frequency required for the signal

Time (s)
0 0.2 0.4 0.6 0.8 1

–2

–1.5

–1

–0.5

0

1

2

1.5

Re
la

tiv
e a

m
pl

itu
de

Echo Echo

Echo

0.5

–2

–1.5

–1

–0.5

0

1

2

1.5

Re
la

tiv
e a

m
pl

itu
de

0.5

–2

–1.5

–1

–0.5

0

1

1.5

Re
la

tiv
e a

m
pl

itu
de

0.5

×10–4 Time (s)
(a) (b)

(c)

0 0.2 0.4 0.6 0.8 1
×10–4

Time (s)
0 0.2 0.4 0.6 0.8 1

×10–4

Figure 7: Influence of TEC on the SAR echo. (a–c) The ideal echo and the echo with ionospheric dispersion effects when TEC is 2 ×
1011cm−2 and TEC is 4 × 1011cm−2, respectively.
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to pass through the ionosphere increases. In this experimen-
tal simulation, the detection signal selects the frequency
band of 10–30MHz. The path tracking method is used to

simulate the path of the detection signal refracted in the ion-
osphere, and the relationship between the incident angle and
the critical frequency is fully simulated.

0
20
40
60
80

100

Re
la

tiv
e a

m
pl

itu
de

–60

–80

–40

–20

0

A
m

pl
itu

de

Decibel graph of pulse pressure results

0

5

10

15

20

Re
la

tiv
e a

m
pl

itu
de

–40
–50

–30
–20
–10

0

A
m

pl
itu

de

Decibel graph of pulse pressure results

(a) (b)

(c)

0

5

10

15

Re
la

tiv
e a

m
pl

itu
de

0 5000 10000 15000
m

–50
–40
–30
–20
–10

0

A
m

pl
itu

de

Decibel graph of pulse pressure results

Pulse compression output waveform

×10–4Time
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

×10–4Time
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

×10–4Time
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 5000 10000 15000
m

0 5000 10000 15000
m

Pulse compression output waveform Pulse compression output waveform

Figure 8: Effect of TEC on the echo after pulse compression. (a–c) The echo without ionospheric dispersion effect, and when TEC is 2
× 1011cm−2 and TEC is 4 × 1011cm−2, respectively.

Table 4: SAR simulation parameters.

Parameter Value

Track height 400 km

Signal carrier frequency 10–30MHz

Bandwidth 10MHz

Angle of incidence 45°

Pulse repetition frequency 600Hz

Signal form Chirp signal

Table 5: Simulation parameters of the ionospheric dispersion
effect.

TEC (1014m−2)
Carrier frequency

(MHz)
Bandwidth
(MHz)

1 1, 1.2, 1.5, and 2 5 1

2 1.5 10, 20, 25, and 30 1

3 1.5 5 1, 2, and 3
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It can be seen from the data above that the incident angle
is directly proportional to the critical frequency. Selecting an
appropriate incident angle for the signal can increase the
critical frequency, and thus, the signal can carry more infor-
mation and ensure that the radar echo within a certain range
is received by the receiver.

A phase error is an important cause of serious distortion
of signal waveforms, which can deteriorate image quality,
and its value varies with frequency and bandwidth. For the
first-order phase, its value only affects the position of the tar-
get distance and does not affect imaging quality. When cal-
culating the phase error, we only consider the nonlinear
phase error, and in the simulation, the phase error changes
under different carrier frequencies and different incident
angles. Excessive phase errors can result in a decrease in
the resolution and an increase in the peak sidelobe ratio
and integral sidelobe ratio. The simulation diagrams of
phase errors, incident angles, and detection signal frequency
in different solar activity periods are as follows:

As far as the Martian ionosphere is concerned, the experi-
mental results show that the effect of incident angles on phase
errors is an essential factor. A larger angle of incidence of the
signal leads to a greater phase error and higher critical fre-

quency for ionosphere penetration. As the propagation direc-
tion of the incident wave deviates from the normal direction
of the ionosphere, where the point target is located, the phase
error and the critical frequency for ionosphere penetration
increase. It can be seen from Figure 4 that for the HF band of
the Mars detection SAR, the impact of ionospheric dispersion
on SAR imaging must be considered.

Figure 5 shows that the phase error and frequency are
not strictly proportional. The phase error declines rapidly
as the carrier frequency grows. The phase error is relatively
large, and with the carrier frequency of 10MHz and the inci-
dent angle of 75°, the phase error reaches 5000°, which seri-
ously affects imaging quality.

The phase error causes the match failure of the echo and
the matched filter; thereby, the filtered and demodulated sig-
nal is aliased and out of focus, and the imaging quality is sig-
nificantly degraded. The simulations are shown in Figure 6.

It can be seen that the phase error caused by the iono-
spheric dispersion effect brings about different degrees of
time-domain frequency shift, which presents difficulties in
pulse compression and echo correction. This paper uses
the simulation of the pulse compression processing mode
of the point target echo signal to simulate the SAR echo
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processing. The simulation parameters of the four-point tar-
get SAR echo model are shown in Table 3.

Figure 7 shows the ionospheric dispersion effect on the
pulse echo in the broadband HF band of SAR under differ-
ent TEC values.

The effects of different ionospheric TEC values on the
SAR signal after pulse compression and matched filtering
are shown in Figure 8.

It can be seen that pulse compression can effectively sep-
arate strong point targets at a relatively close distance, but
the phase error makes it impossible to clearly distinguish
point targets after echo processing. A larger TEC brings more
glitches and overlap on SAR images, and hence, the phase
error caused by the dispersion effect must be corrected.

4.4. Effects on the Position of Points Targets. The additional
phase caused by the ionospheric dispersion effect of Mars
is not only related to the incident angle of the signal but also

related to the signal’s parameters such as carrier frequency
and bandwidth, and also related to the ionospheric ion con-
centration. Therefore, the simulated ionospheric dispersion
effect on the focus of point targets under different carrier fre-
quencies, bandwidths, and ionospheric TEC values is ana-
lyzed. The simulation parameters are shown in Table 4.

The ionospheric group refractive index decreases with
the increase in signal frequency, and therefore, signals at dif-
ferent frequencies have different speed in the ionospheric
medium. For the identical propagation range, the path delay
is different.

First, we simulate the ionospheric dispersion effect on SAR.
As the effect of ionospheric dispersion on range signals is
related to TEC, carrier frequency, and bandwidth, the simula-
tion of the dispersion effect includes the following three parts:

(1) Under fixed carrier frequency and bandwidth, the
range signal output changes with TEC
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(2) Under fixed TEC, bandwidth, the range signal out-
put changes with carrier frequency

(3) Under TEC, carrier frequency, the range signal out-
put changes with bandwidth

The simulation parameters are shown in Table 5.
The simulation results are shown in Figure 9.
Through the above simulations, the following conclu-

sions can be drawn:
The influence of the chromatic dispersion effect on the

signal is mainly the introduction of phase errors, signal shift
and time delay which are shown in Figure 10. As a result, the
echo and the matched filter do not match, which leads to
problems such as signal broadening and peak attenuation
of the main lobe.

A low-frequency signal shift is greatly affected by TEC
and carrier frequency. A larger carrier frequency gives rise
to a smaller signal shift, and a greater TEC is accompanied
by a greater ion concentration and a greater signal shift. It
can be seen that the amount of translation is unrelated to
the bandwidth, which is consistent with the analysis. For T
EC = 2 × 1014 m−2 and f c = 5MHz, the image positioning
offset is about 100m.

The broadening of the main lobe of the pulse after the
signal is affected is related to the bandwidth, carrier fre-
quency, and TEC. A larger bandwidth causes more severe
bandwidth expansion of the main lobe and a sharper peak
power drop; a higher carrier frequency leads to smaller
bandwidth expansion of the main lobe and a gentler peak
power drop; a larger TEC results in a sharper peak power
drop. For TEC = 1 × 1014 m−2, f c = 5MHz, and B = 3MHz,
the peak height drops by half.

5. Conclusion

In this paper, we analyze the influence of the ionospheric
dispersion effect on the single SAR signal and imaging under
different bandwidths, carrier frequencies, and path incidence
angles in the Martian ionosphere. The work is based on the
Mars ionospheric model constructed by the Mars’ real iono-
spheric data, and the path tracking method is used to obtain
the influence of the dispersion effect on the radar signal. The
additional phase error of the signal is obtained by simulation
of the high-order Taylor series approximation. The pulse
broadening and echo caused by the ionosphere are mis-
matched with the matched filter. Further analysis has been
done on the variation of range displacement under different
carrier frequencies, bandwidths, and incident angles. The
frequency modulation coefficient of the echo is also changed,
with the pulse broadened and the filter mismatched.

Data Availability

The data used to support the findings of this study are avail-
able from the author upon reasonable request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Bo Wang is responsible for conceptualization and methodol-
ogy. Xijin Luo is responsible for writing, visualization, inves-
tigation, and data curation. Qinghong Sheng is responsible
for supervision and project administration. Zhijun Yan is
responsible for corresponding and writing—reviewing.

Acknowledgments

This work was supported in part by the National Key
Laboratory Foundation (No. 6142411193114 and No.
6142411203115).

References

[1] R. Seu, R. J. Phillips, D. Biccari et al., “SHARAD sounding
radar on the Mars Reconnaissance Orbiter,” Journal of Geo-
physical Research, vol. 112, no. E5, 2007.

[2] R. Jordan, G. Picardi, J. Plaut et al., “TheMars express MARSIS
sounder instrument,” Planetary and Space Science, vol. 57,
no. 14–15, pp. 1975–1986, 2009.

[3] D. Adams, S. Xu, D. L. Mitchell et al., “Using magnetic topol-
ogy to probe the sources of Mars’ nightside ionosphere,” Geo-
physical Research Letters, vol. 45, no. 22, pp. 12,190–12,197,
2018.

[4] J. Mouginot, W. Kofman, A. Safaeinili, and A. Herique, “Cor-
rection of the ionospheric distortion on the MARSIS surface
sounding echoes,” Planetary and Space Science, vol. 56, no. 7,
pp. 917–926, 2008.

[5] D. A. Gurnett, D. L. Kirchner, R. L. Huff et al., “Radar sound-
ings of the ionosphere of Mars,” Science, vol. 310, no. 5756,
pp. 1929–1933, 2005.

[6] R. J. Lillis, D. L. Mitchell, M. Steckiewicz et al., “Ionizing elec-
trons on the Martian nightside: structure and variability,”
Journal of Geophysical Research: Space Physics, vol. 123,
no. 5, pp. 4349–4363, 2018.

[7] W. B. Hanson, S. Sanatani, and D. R. Zuccaro, “The Martian
ionosphere as observed by the Viking retarding potential ana-
lyzers,” Journal of Geophysical Research, vol. 82, no. 28,
pp. 4351–4363, 1977.

[8] M. F. Vogt, P. Withers, K. Fallows et al., “MAVEN observa-
tions of dayside peak electron densities in the ionosphere of
Mars,” Journal of Geophysical Research: Space Physics,
vol. 122, no. 1, pp. 891–906, 2017.

[9] M. Cartacci, B. Sánchez-Cano, R. Orosei et al., “Improved esti-
mation of Mars ionosphere total electron content,” Icarus,
vol. 299, pp. 396–410, 2018.

[10] C. Hu, Y. H. Li, X. Dong, C. Cui, and T. Long, “Impacts of
temporal-spatial variant background ionosphere on repeat-
track GEO D-InSAR system,” Remote Sensing, vol. 8, no. 11,
p. 916, 2016.

[11] J. E. Allnutt, Satellite-to-Ground Radiowave Propagation: The-
ory, Practice and System Impact at Frequencies above 1 GHz,
1989, Peter Peregrinus on behalf of the Institution of Electrical
Engineers.

[12] A. Ishimaru, Y. Kuga, J. Liu, Y. Kim, and T. Freeman, “Iono-
spheric effects on synthetic aperture radar at 100 MHz to 2
GHz,” Radio Science, vol. 34, no. 1, pp. 257–268, 1999.

[13] J. Liu, Y. Kuga, A. Ishimaru et al., “Simulations of ionospheric
effects on SAR at P-band,” in IEEE 1999 International

12 Space: Science & Technology



Geoscience and Remote Sensing Symposium. IGARSS'99 (Cat.
No.99CH36293), Hamburg, Germany, 1999.

[14] J. Liu, Y. Kuga, A. Ishimaru, X. Pi, and A. Freeman, “Iono-
spheric effects on SAR imaging: a numerical study,” IEEE
Transactions on Geoscience & Remote Sensing, vol. 41, no. 5,
pp. 939–947, 2003.

[15] C. Wang, L. Chen, and L. Liu, “A new analytical model to
study the ionospheric effects on VHF/UHF wideband SAR
imaging,” IEEE Transactions on Geoscience and Remote Sens-
ing, vol. 55, no. 8, pp. 4545–4557, 2017.

[16] A. Safaeinili, W. Kofman, J.-F. Nouvel, A. Herique, and R. L.
Jordan, “Impact of Mars ionosphere on orbital radar sounder
operation and data processing,” Planetary and Space Science,
vol. 51, no. 7-8, pp. 505–515, 2003.

[17] A. Safaeinili, W. Kofman, J. Mouginot et al., “Estimation of
the total electron content of the Martian ionosphere using
radar sounder surface echoes,” Geophysical Research Letters,
vol. 34, no. 23, 2007.

[18] F. J. Meyer and B. Watkins, “A statistical model of ionospheric
signals in low-frequency SAR data,” in 2011 IEEE Interna-
tional Geoscience and Remote Sensing Symposium, Vancouver,
BC, Canada, 2011.

[19] F. J. Meyer, “Performance requirements for ionospheric cor-
rection of low-frequency SAR data,” IEEE Transactions on
Geoscience & Remote Sensing, vol. 49, no. 10, pp. 3694–3702,
2011.

[20] Y.-T. Cao, J. Cui, X.-S. Wu, J.‐. P. Guo, and Y. Wei, “Struc-
tural variability of the night-side Martian ionosphere near
the terminator: implications on plasma sources,” Journal of
Geophysical Research: Planets, vol. 124, no. 6, pp. 1495–
1511, 2019.

[21] K. Fallows, P. Withers, and M. Matta, “An observational study
of the influence of solar zenith angle on properties of the M1
layer of theMars ionosphere,” Journal of Geophysical Research,
vol. 120, no. 2, pp. 1299–1310, 2015.

[22] N. V. Rao, P. Mohanamanasa, V. Leelavathi et al., “Unusually
Strong Oblique Reflections Observed by the Mars Express
MARSIS Instrument and their Causative Mechanisms,” in
2019 URSI Asia-Pacific Radio Science Conference (AP-RASC),
New Delhi, India, 2019.

[23] C. Sacchi and S. Bonafini, “From LTE-A to LTE-M: a futuristic
convergence between terrestrial and Martian mobile commu-
nications,” in 2019 IEEE International Black Sea Conference
on Communications and Networking (BlackSeaCom), Sochi,
Russia, 2019.

[24] D. P. Belcher and P. S. Cannon, “Amplitude scintillation
effects on SAR,” IET Radar, Sonar & Navigation, vol. 8,
no. 6, pp. 658–666, 2014.

13Space: Science & Technology


	The Effect of Martian Ionospheric Dispersion on SAR Imaging
	1. Introduction
	2. Ionospheric Dispersion Effect
	3. The Influence of the Mars Ionospheric Dispersion Effect
	3.1. Effect on Echo Pulse Compression
	3.2. Effect on the Range Resolution

	4. Simulation of Ionospheric Dispersion Effect
	4.1. Model Design
	4.2. Simulation Parameter Selection
	4.3. Simulation Analysis of the Phase Error
	4.4. Effects on the Position of Points Targets

	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

