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Communications for the Planet Mars: Past, Present,
and Future
Enes Koktas and Ertu�grul Başar , Koç University, Istanbul 34450, T urkiye

Space exploration has been on the rise since the 1960s and
Mars plays a significant role in the history of space
exploration. As the amount of data collected from science
instruments around and on Mars increased, the need for
fast and reliable communication between Earth and
space probes has emerged. However, communicating
over deep space has always been a big challenge due to
the propagation characteristics of radio waves.
Nowadays, the collaboration of private companies like
SpaceX with space agencies to make Mars colonization a
reality, introduces even more challenges, such as
providing high data rate, low-latency, energy-efficient,
and mobility-resistant communication infrastructures in
the Martian environment. Propagation medium and
wireless channel characteristics of Mars should be
extensively studied to achieve these goals. This survey
article presents a comprehensive overview of the Mars
missions and channel modeling studies of the near-Earth,
interstellar, and near-planet links. Studies featuring
three-dimensional (3D) channel modeling simulations on
the Martian surface are reviewed. Novel computer
simulations considering various scenarios based on
realistic 3D Martian terrains using the Wireless Insite
software are presented. Path loss exponent, power delay
profile, and root-mean-square delay spread for these
scenarios are calculated and tabularized in this study.

INTRODUCTION
The red planet: the ultimate dream of humankind. Mars has
captured humankind�s attention since it was spotted glow-
ing in the night sky. Early on, the planet�s ruddy color dis-
tinguished it from its neighbors, each of which was unique
in its manner, but none of them traced a reddish route
across Earth�s skies. Then, telescopes �rst showed diverse
features, patterns, and landforms of the Martian surface
that researchers initially mistook for evidence of a vibrant
Martian civilization. As of today, it is known that Mars is
devoid of arti�cial structures. However, it has also been
discovered that the poisonous and dry world we see now
may have once been just as livable as Earth 3:5 billion years
ago. Humans have been exploring the planet Mars since the
1960s in an effort to learn more about how the planet
formed and whether it has ever supported extraterrestrial
life. Only uncrewed spacecraft have visited the red planet
thus far, but that may soon change. In order to expand the
exploration of the Martian surface, numerous additional
missions will be launched by the National Aeronautics and
Space Administration (NASA) to reach the goal of having
the �rst people set foot on Mars in the 2030s [1].

Mars is a suitable exploration destination since it is the
second-closest planet to Earth, has a climate and atmosphere
comparable to that of Earth, provides a signi�cant potential
for scienti�c study, and has been mapped and studied for
decades [2]. In this regard, many successful and unsuccess-
ful missions have been performed since the 1960s. Space
agencies worldwide are continuously conducting research
and development on new spacecraft that would hopefully
open new opportunities to better understand the nature of the
planet Mars. On the other hand, journeys of spacecraft to
Mars are not easy. They require extremely detailed mission
planning and integration of highly complex engineering dis-
ciplines. One of the most important disciplines is electrical
engineering, speci�cally telecommunications, because the
essential duty of these missions is to collect and transfer as
much data as possible. Also, it is crucial to send command
data to spacecraft from the control center.

This article presents a comprehensive overview of Mars
communications in light of past experiences and future
aspects. First, a summary of early and present missions is
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provided by discussing their objectives, antenna features,
frequency bands, communication standards, and relay capa-
bilities. Comparisons of the Mars missions regarding techni-
cal features and communication parameters are highlighted.
Some of the exemplary tables given in this article are
adapted from relevant sources to compare certain parame-
ters; however, we have tried to provide some useful insights
for readers in that regard. In the next step, general statistical
parameters of Mars and their comparisons with the Earth�s
are provided. The effects of the Martian atmosphere, includ-
ing ionosphere, troposphere, cloud, fog, and various gases,
along with dust, on radio propagation are discussed. Theoret-
ical channel modeling studies of near-Earth, deep space, and
near-planet links are reviewed. The effect of solar scintilla-
tion is examined. In addition, 3D channel modeling com-
puter simulations from the literature utilizing various
software such as system tool kit (STK), HertzMapper,
OMNET++, SIMULINK, and MATLAB are summarized.
One of the aims of this study is to make an original contribu-
tion to the literature on Martian channel modeling. In light
of this goal, we have performed our own computer simula-
tions using the Wireless Insite software. These new com-
puter simulations consider ray-tracing-based channel
modeling for various communication scenarios envisioned
on different Martian terrains, which include the landing sites
of the curiosity and perseverance rovers. Path loss exponent,
power delay pro�le (PDP), root-mean-square (RMS) delay
spread, and shadowing parameters are calculated for each
scenario. Provided results can be used to study potential
Mars communication standards and design new waveforms
for the Mars environment. Finally, this survey article also
provides very interesting new insights and perspectives
regarding the use of emerging technologies such as recon�g-
urable intelligent surfaces (RISs) for the �rst time for Mars
communications, as well as multiple access schemes, cogni-
tive radio, terahertz (THz) communication, software-de�ned
radio (SDR), and environment-aware communication.

K onsgen and F orster [3] also provided a brief over-
view of the current state of space communication in
national agencies, standardization organizations, and
active research in the area, targeting readers who are new
to the subject. In addition, this study provides a brief sum-
mary of historical evolution before summarizing the

authors� views on potential challenges for space commu-
nication in the future. Different from K onsgen and
F orster [3], which is one of the earliest surveys in the liter-
ature, our article provides a comprehensive overview of
all the successful missions from the past and present, dem-
onstrates some valuable insights on the physical problems,
gives technical details, and provides novel channel model-
ing computer simulations.

The rest of the article is summarized as follows: The
section �An Historical Overview� provides a brief historical
overview of Mars missions and their communication capabil-
ities. The �Mars and Effect of Martian Atmosphere on Radio
Wave Propagation� section introduces Martian atmospheric
effects on radio propagation. Channel modeling studies are
given in the �Channel Modeling� section. The �Emerging
Communication Technologies for Mars� section discusses
the emerging technologies for Mars communication. Finally,
the �Conclusion� section concludes the article.

AN HISTORICAL OVERVIEW
This section provides a brief historical overview of Mars
missions and analyzes them from a communication engi-
neering perspective.

Before getting into the Mars missions, NASA�s deep
space network (DSN), a global satellite network that has
given life to all these missions over the years, needs to be
mentioned. The DSN is essentially a group of giant anten-
nas ranging in diameter from 34 to 70 m. There are three
DSN facilities around the world having several 34-m
antennas and one 70-m antenna. One DSN facility is in
Goldstone, California�s Mojave Desert, another in Madrid,
Spain, and the third is outside Canberra, Australia. These
locations are positioned around 120� apart from each other
to provide 24-h coverage for all missions beyond Earth�s
orbit. In order to prevent signal interference from sur-
rounding regions, each facility is placed in a semi moun-
tainous, bowl-shaped territory. Since Earth rotates on its
axis at a rate of 0:004� per second, the antennas should be
able to navigate at an extremely precise rate of near thou-
sandths of a degree per second to stay pointed at the space-
ship. DSN�s daily operators are 34-m antennas, which can
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handle most of the links demanded by NASA alone or in
groups of two or three. However, if the distance is very
large for several cooperating 34-m antennas, the DSN of�-
cials working on Network Operations Control Team
(NOCT) at Jet Propulsion Laboratory�s (JPL) Deep Space
Operations Center employ their 70-m antenna. The 70-m
antennas are also employed when a spacecraft is unable to
connect with its high-gain antenna (HGA) due to a prede-
termined important event, such as orbit insertion. For
example, a 70-m antenna was utilized to return Apollo 13
to Earth successfully. In addition, Neil Armstrong�s well-
known �That is one small step for a man. One giant leap
for mankind� message is received by this antenna. The
DSN is still the most sophisticated and sensitive telecom-
munications system that exists today [4], [5]. Further
details on the DSN antennas are given in [6].

EARLY MISSIONS
The �rst successful mission to Mars was the Mariner 4
mission, carried out by NASA in 1964. The Mariner 4
spacecraft was the �rst to send photos from Mars. During
the mission, 5:2 million bits of data were received thanks
to its parabolic HGA with a diameter of 116:8 cm and
omnidirectional low-gain antenna (LGA) with a length of
223:5 cm. The receivers and transmitters worked on the S-
band because the signals in this band easily penetrate
through Earth�s atmosphere [7].

Flights to Mars until 1971 were ��yby� �ights. In
these �ights, spacecraft did not orbit the planet; they
passed as close to it as possible, collected the data, and
then sent it back to Earth. The Mariner 9, sent in 1971,
was the �rst spacecraft to orbit Mars. In this way, Mariner
was able to take 9000 photos and obtain much information
about the atmosphere of Mars. It had a 1:44 m tall omnidi-
rectional LGA and a parabolic HGA. It also had a
medium-gain cone antenna. The 168-m-long 8-track tape
it had could record 180 million bits at 132 kbps. The
receivers and transmitters worked on the S-band as in
Mariner 4 [8].

The �rst successful missions that an orbiter and a
lander were sent together were Viking 1 and Viking 2, car-
ried out in 1975. Viking 1 and Viking 2 landers stayed
operational for six and four years, respectively. The land-
ers conducted various experiments and collected soil sam-
ples. On the other side, Viking 1 and Viking 2 orbiters
took tens of thousands of photos, contributing to the crea-
tion of a global map of Mars. In the orbiter, communica-
tion was carried out with a 20 W transmitter in the S-band,
with a frequency of 2:3 GHz and two traveling wave tube
ampli�ers (TWTA). X-band (8:4 GHz) downlink has also
been added for communication experiments. Uplink was
in S-band with a carrier frequency of 2:1 GHz. The orbiter
had a 2-axis steerable high-gain dish antenna with a

diameter of approximately 1:5 m. There was also a �xed
LGA. Two recorders could store 1280 Mbits, and there
was a 381 MHz relay radio on the spacecraft [9]. In the
lander, communication was carried out in the S-band with
a 20 W transmitter, as in the orbiter. It had a 2-axis steer-
able high-gain dish antenna. There was also a �xed LGA.
Both of these antennas could communicate directly with
Earth. The antenna in the ultra-high-frequency (UHF)
band (381 MHz) served as a one-way relay to the orbiter
using the 30 W relay radio. The data were recorded on a
40 Mbit recorder [10].

MISSIONS IN 1990S–2000S
A major turning point for Mars exploration after the Viking
missions was the Mars global surveyor (MGS) mission in
1996. This mission lasted nine years, being the longest mis-
sion ever. It also took the highest resolution photos possible
at those times and helped to perform other tasks. When it
was �rst launched, it used the LGA until it got far enough
away from Earth to use its 1:5 m diameter HGA [11]. The
MGS used a 1:5 m diameter high-gain dish antenna to com-
municate with Earth. The speed at which data are transmit-
ted from Earth to orbiter on uplink was 500 bps. The orbiter
used radio signals in the X-band (8:4 GHz) for all transmis-
sions. Surveyor had only 25 W power for transmission.
Therefore, the DSN was the only way to obtain signals on
Earth. Thanks to the DSN, up to 85:3 kbps could be deliv-
ered to Earth on the downlink [12]. MGS�s average data
return throughput for each rover is estimated to be around
49 Mbits per Martian day (solÞ [13]. Mars relay (MR), one
of the six primary devices on the Surveyor, acted as a relay
between the landers on the Martian surface and Earth. In
this way, landers did not need large scale, high-mass dish
antennas [14]. Relay�s transmit frequency to stations was
437:1 MHz and receive frequencies from stations are 401.5
and 405:6 MHz. At the time, due to the closeness of these
frequencies to the amateur radio bands, Hams (amateur
radio operators) had the opportunity to assist NASA by
keeping an eye out for the MR beacon signal at
437:1 MHz [15]. It could achieve 8 to 128 kbps on the radio
frequency (RF) link [16].

The �rst successful rover was made in 1996, 20 years
after the Viking mission. The Mars Path�nder &
Sojourner mission was planned for a month, but the data
transfer lasted about two months. Similar to the Viking
lander, the Path�nder had a low gain and steerable HGA.
It communicated with Earth in the X-band, which means
it used the frequency of 8:4 GHz for downlink and
7:2 GHz for uplink [17]. The steerable HGA on the lander
allowed communication with the 70-m DSN antenna at a
rate of 5:5 kbps. The solar panels on the lander could gen-
erate enough energy to transmit for 2�4 h in every 24:6 h
(one Martian day) [18]. The radio modem inside the
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Sojourner rover operated on 459:7 MHz. Its channel band-
width was 25 kHz. It used a version of frequency modula-
tion (FM); differential Gaussian minimum shift keying. Its
transmit power was 100 mW, and the maximum data rate
was 9:6 kbps [19].

After Sojourner, Opportunity and Spirit twin rovers
were sent to take the rover missions to the next level.
Spirit continued its mission for ten years, traveling
7:73 km, and Opportunity for 14 years, traveling
45:16 km. The main goal of the Mars exploration rovers
(MER) mission was to deploy two mobile research labora-
tories on the Martian surface for remote geology studies,
including the analysis of a variety of rocks and soils that
could include hints about previous water content. With the
objective of adjusting and verifying orbital spectroscopic
remote sensing, the mission aimed to carry out novel
discoveries of Mars geology, consisting of the �rst micro-
scopic level examinations of rock samples and compre-
hensive analysis of the surface conditions. The mission
intended to accomplish these goals while bringing the gen-
eral public to the excitement and wonder of space explora-
tion [20]. During missions on the surface, rovers used
LGAs to receive commands at a minimum speed of
7:8125 bps and transmitted data at a minimum speed of 10
bps. The speed of the steerable HGA depended on the dis-
tance from Mars to Earth. In short distances, its command
receiving speed was up to 2 kbps, and the data transmit-
ting speed up to 28:8 kbps. At the physical layer (PHY) of
MERs, some important topics need to be considered. First,
they consume 6 and 12 W on receiving and transmitting,
respectively. They had one forward (orbiter to rover) fre-
quency of 437:1 MHz. They had one return (rover to
orbiter) frequency of 401:585625 MHz to Odyssey and
Mars Express and another frequency of 401:528711 MHz
to MGS. They used a version of pulse code modulation
with a residual carrier and a modulation index of 1:05 rad.
Supported data rates were 8, 32, 128, and 256 kbps for
both forward and return links. No encoding scheme was
used in the forward link. On the other hand, convolutional
encoding with 1=2 rate and 7 constraint length was used
in the return link [13]. Detailed information about the
rover is given in [20].

Odyssey orbiter was launched on 7 April 2001. It
was developed to create a detailed map of chemical ele-
ments and minerals, study the radiation levels for
human missions and search for proof that water actually
exists on Mars [21]. Since it became operational, it has
also been used as a relay to send data from surface
rovers and landers. An organization called The Consul-
tative Committee for Space Data Systems (CCSDS),
which has member agencies like NASA, European
Space Agency (ESA), The Russian Federal Space
Agency, Japan Aerospace Exploration Agency, and
China National Space Administration established the
Proximity-1 protocol, which is a bidirectional space

link layer protocol for use of space missions [22]. This
protocol provides interoperability between spacecraft
like landers, rovers, and orbiters of different space
agencies. Mars Odyssey was the �rst orbiter compatible
with the CCSDS Proximity-1 protocol. Odyssey carries
redundant Cincinnati Electronics-505 (CE-505) UHF
transceivers as its relay payload. It uses 437:1 MHz for
the orbiter-to-lander link and 401:585625 MHz for the
lander-to-orbiter link. It supports data rates of 8, 32,
128, and 256 kbps. Odyssey�s average data return
throughput for each rover is estimated to be around 56
Mbits per sol [13]. To communicate with Earth, it uses
a 1:3 m diameter HGA, a medium-gain antenna (MGA),
mounted on the HGA, and a LGA in the X-band sup-
plied with 15 W power ampli�ers [23], [24].

Although most successful missions to Mars belong to
NASA, the discovery of Mars has been a topic of global
interest. Researchers and space agencies from many coun-
tries have recently been working on new Mars missions.
One is the Mars Express mission, launched by ESA in
2003. Depending on the distance between Mars and Earth,
the time it takes to send data to the Mars Express orbiter
ranges from 4 to 25 min. The data rate at the closest dis-
tance is 228 kbps, while at the furthest distance, it is 57
kbps. It has a dish antenna with a diameter of 1:65 m and
two LGAs used when the spacecraft is close to Earth [25].
The UHF radio Mars Express is carrying is called Mela-
com [26]. Melacom uses CCSDS Promximity-1 protocol
as Odyssey and The Mars Reconnaissance Orbiter
(MRO). It supports data rates from 2 to 128 kbps, includ-
ing only powers of two [23]. Signals are transmitted to
Earth using 7:1 GHz frequency in the X-band and to the
orbiter using 2:1 GHz frequency in the S-band. The space-
craft has 12 Gbit of solid-state mass memory [27].
Detailed information about the mission is given in [28].

Another spacecraft sent to study the geological and
climatic structure of Mars is MRO, which launched on
12 August 2005. It also acts as a communications relay.
MRO has 160 Gbit of solid-state memory and can reach
a data rate of 6 Mbps, but this is a maximum of
3:5 Mbps in practice. The communication module oper-
ates on the X-band at a frequency of about 8 GHz. One-
way communication takes about 21 min when Mars is
furthest from Earth.

At this distance, the MRO transmits to the 34 m
antenna at a rate of 600 kbps. At Mars�s closest approach
to Earth, the MRO sends data at about 2:6 Mbps to the
34 m antenna and about 3:5 Mbps to the 70 m antenna [29].
MRO�s average data return throughput for each rover is
estimated to be around 49Mb=sol [13]. MRO has a 100 W
TWTA and a 3 m HGA for the Earth link, which can be
considered a highly capable link and a signi�cant
improvement over the Odyssey and MGS�s 15 and 25 W
power ampli�ers, respectively. In comparison to MGS and
Odyssey, the corresponding X-band equivalent isotropic
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radiated power of 96 dBm indicates an improvement of
13�15 dB [30]. Apart from this, it has an Electra proxim-
ity payload for the relay link [23]. A comparison of relay
characteristics and capabilities of these orbiters and the
Mars Express is given in Table 1, provided in [31]. The
relay technologies of the orbiters are similar to each other
except for different data rates. So, it can be claimed that
there is room for growth in orbiter relay technologies.
Table 2 compares key telecommunication system parame-
ters of MGS, Odyssey, and MRO [24], [32], [33], [34].
MRO has remarkable dominance over MGS and Odyssey,
pushing the limits of physical constraints such as size,
power, and mass. Also, the data rates of these orbiters in
speci�c frequency bands are given in Table 3, provided
in [35]. MRO gives the maximum data rate at Ka-band,
but MGS gives it at the UHF band because data rates of
corresponding frequency bands vary with antenna diame-
ters, gains, and transmit and receive powers. A compari-
son over a simple communication scenario can be given to
understand more clearly how fast the MRO is. For
instance, it would require 460 times the universe�s age for
a standard mobile phone photo to get from Jupiter to Earth
using Explorer 1 radio equipment. For the same operation,
the early 1960s Pioneers 2 and 4 would require more than
633; 000 years. Mariner 9 would need 55 h to complete.
However, with MRO, the transfer could be done in
3 min [4]. Further details on MRO can be found in [36].

In the pursuit of �nding water on Mars, Phoenix was
designed to land farther north than any previous mission
to determine whether this area was ever hospitable to life
or not by studying soil and ice [37]. Phoenix decreases the

cost and mass by not using any X-band telecommunica-
tion system. It uses only UHF relay telecommunications
instead. It uses a CE-505 UHF transceiver same as MERs.
Because it has no X-band direct-to-Earth link, it uses UHF
relay links, especially with MRO and Odyssey. Both
MRO and Odyssey offer more than 50 Mb=sol from a sin-
gle pass and between 100�150 Mb=sol for two passes per
sol [23].

Curiosity, also known as Mars Science Laboratory
(MSL), is one of the rovers sent to look for evidence
that microbial life forms previously existed on Mars.
The main goal of the MSL mission is to deploy a
mobile science laboratory on the Martian surface to
analyze the geology of the landing area, examine plane-
tary factors that affect habitability, and explore a wide
spectrum of surface radiation. MSL is studying the radi-
ation environment and researching the surface condi-
tions while making discoveries about the geology of
Mars utilizing enhanced microimaging and spectrome-
try [38]. Curiosity communicates with orbiters in the
UHF band and DSN in the X-band. The data rate
directly between Earth varies between 500 bps and 32
kbps. The data rate between Curiosity and MRO is
automatically adjusted and can reach a maximum of
2 Mbps. The data rate between Curiosity and Odyssey
can be selected as 128 or 256 kbps. The rover commu-
nicates with each orbiter for around 8 min per sol. 100
to 250 megabits of data can be transferred to an orbiter
at that period. For the same 250 megabits to be trans-
mitted directly to Earth, it may require up to 20 h.
Although Earth may be visible for a signi�cantly

Table 1.

Comparison of Relay Characteristics of Mars Orbiters

Mars Global
Surveyor

Mars Odyssey Mars Express Mars Reconnaissance
Orbiter

Agency NASA NASA ESA NASA

Launch Date 8 November 1996 7 April 2001 2 June 2003 March 2006

UHF Radio Mars Relay (CNES) CE-505 Melacom Electra

Link Protocol Mars Balloon Relay
(MBR)

CCSDS
Proximity-1

CCSDS
Proximity-1

CCSDS Proximity-1

Forward Link

- Frequency 437.1 MHz 437.1 MHz 437.1 MHz 435-450 MHz

- Data Rates n/a (MBR tones only) 8 kbps 2, 8 kbps 1, 2, 4,. . ., 1024 kbps

Return Link

- Frequency 401.528711 MHz 401.585625
MHz

401.585625
MHz

390-405 MHz

- Data Rates 8, 128 kbps 8, 32, 128,
256 kbps

2, 4,. . .,
128 kbps

1, 2, 4,. . ., 1024 kbps
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extended period of time, the rover can only broadcast
directly to Earth for a few hours per day because of
power restrictions or con�icts with other scheduled
tasks [39].

MAVEN was launched in November 2013 and
reached Mars in September of the following year. The

primary goal of Maven is to map electric currents
around Mars, which are essential to atmospheric loss.
MAVEN�s mission takes place in the upper atmosphere
and ionosphere, recording their instantaneous state and
the amount of gas lost to the atmosphere [40]. MAVEN
also transmits data from rovers and landers to Earth

Table 2.

Comparison of Communication Parameters of Mars Orbiters

Parameter
\Orbiter

MGS Odyssey MRO

Frequency
Bands

Uplink X-band 7.2 GHz Uplink X-band 7.2 GHz Uplink X-band 7.183
GHz

Downlink X-band 8.4 GHz Downlink X-band 8.4 GHz Downlink X-band 8.4 GHz

Ka-band 32 GHz Ka-band 32 GHz

Uplink &
Downlink

UHF 401�
437.1
MHz

Uplink &
Downlink

UHF 401 MHz
- 437.1
MHz

Uplink &
Downlink

UHF 401 MHz
- 437.1
MHz

Antenna
Quantity

4 � LGA (2Rx, 2Tx) 1 � LGA (Rx only), 1 x MGA
(Tx only)

2 � LGA (Tx and Rx)

1 � HGA (Tx and Rx)
(1.5 m diameter)

1 � HGA (Tx and Rx)
(1.3 m diameter)

1 � HGA (Tx and Rx)
(3 m diameter)

1 � UHF (for surface operators) 1 � UHF (for surface operators) 1 � UHF (for surface operators)

Antenna Gain

7.2 GHz 37.4 dBi HGA 7.2 GHz 36.6 dBi 7.2 GHz 45.2 dBi

HGA 8.4 GHz 39 dBi 8.4 GHz 38.3 dBi HGA 8.4 GHz 46.7 dBi

32 GHz 49 dBi MGA 8.4 GHz 16.5 dBi 32 GHz 56.4 dBi

LGA 8.4 GHz 6.5 dBi LGA 7.2 GHz 7 +/- 0.4
dBi

LGA 8.4 GHz 8.8 dBi

Antenna Half-
Power
Beamwidth

X-band �0.8� HGA 1.9 deg X-band 0.69 deg

HGA Ka-band �0.2� MGA 28 deg HGA

LGA X-band �40� LGA 82 deg Ka-band 0.18 deg

Telemetry
Coding

convolutional (rate 1/2,
constraint length 7)

convolutional (rate 1/2,
constraint length 7)

convolutional (rate 1/2,
constraint length 7), turbo code,

Reed Solomon

Power
Ampli�ers

1 � solid-state power ampli�er
(SSPA) (Ka-Band) (1 W)

2 � small deep-space
transponder (SDST) (15 W)

2 � SDST

2 � X-band TWTA (25 W) 2 � SSPA (15 W) 2 � X-band TWTA (100 W), 1 �
Ka-band TWTA (35 W)

Command
Data Rate

X-band 7.8125 bps
(emergency)�500
bps (125 bps in

normal)

X-band 7.8125 bps
(emergency) - 500

bps (125 bps in
normal)

7.8125, 15.625, 31.25, 62.5, 125,
250, 500, 1000, 2000 bps

UHF 8, 32, 128, and 256
kbps

UHF 1, 2, 4, 8, 16, 32, 64,
128, 256, 512, 1024,

2048 kbps

Downlink Data
Rate

21.3�85.33 kbps 3.6�14.2 kbps 500 kbps-6 Mbps
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with the help of the Electra communication package,
which operates in the X-band. It has a HGA with a
diameter of 2 m. MAVEN stops collecting data every
3:5 day for 5 h and communicates with the world.
MAVEN can hold up to 32 Gbit of data in its memory
between these sessions. Maven�s tracking is provided
by its LGA [41].

Mangalyaan, which stands for spacecraft in the
Indian language, is an orbiter developed by the Indiana
Space Research Organization (ISRO) and placed in the
orbit of Mars in 2014. Communications were accom-
plished through two 230 W TWTAs and two coherent
transponders. It has LGA, MGA, and HGA. The HGA is
a 2:2 diameter dish one. It uses S-band to transfer teleme-
try and command data via LGA. Data can be transferred
without turbo coding at the rates of 5=10=20=40 kbps
according to choice of use. It uses delta differential one-
way ranging (Delta-DOR or DDOR) for better orbit
determination (OD). On the ground side, spacecraft com-
municate with Earth via multiple networks such as
NASA�s DSN, ISRO Telemetry, Tracking and Command
Network�s (ISTRAC) Ground Network, and Indian Deep
Space Network (IDSN). IDSN consists of 18 and 32 m
diameter antennas with 20 kW power, located in
Bangalore [42], [43].

The ExoMars is the �rst spacecraft built in collabora-
tion with two different space agencies. These are the ESA
and Roscosmos. This mission aims to examine methane
and other atmospheric gases that are less than 1 % of the
atmosphere and to draw conclusions that could be evi-
dence of possible biological activity. It was launched on
14 March, 2016. The Trace Gas Orbiter (TGO) and the
entry descent and landing demonstrator module (EDM)

were parts of the mission. While the EDM has a payload
for in situ measurements during descent and on the surface
of Mars, the TGO contains scienti�c instruments for
remote observations. TGO is equipped with two Electra
UHF transceivers from NASA that are identical in opera-
tion to the Electra transceiver on the MAVEN to commu-
nicate with rovers and landers. Each Electra transceiver
aboard TGO is attached to its own UHF quadri�lar helix
antenna, which has a 3 dB beamwidth of �40� and an on-
boresight gain of 6 dBic. The TGO features a 65 W system
with 2:2 m diameter HGA and three LGAs that operate in
the X-band to communicate with Earth [44]. On the other
hand, the EDM�s UHF transceiver operates at 437:1 MHz
on the forward link and 401:59 MHz on the return link.
The EDM transceiver has a nominal 4:8 W transmitter
power and provides data rates of 8�64 and 8�1024 kbps
on the forward and return links, respectively, with optional
(7; 1=2) convolutional coding. A Backshell LGA was used
for the EDM to transmit the data during the initial phase
of entry-decent-landing (EDL) [45]. Unfortunately, after
the parachute deployment, the unit inside the EDM that
measures the lander�s rotation rate had a miscalculation
due to unexpected high rotation rates, which then led the
computer to calculate that the lander was below ground
level. As a result, the backshell and parachute were
released earlier than planned, the thrusters were �red for
just 3 s as opposed to 30, and the on-ground equipment
was turned on as if Schiaparelli had touched down. The
actual impact speed of the module was calculated to be
540 km=h because it was falling freely from a height of
approximately 3:7 km [46]. Learning from these experien-
ces, ESA and Roscosmos are planning to launch the Exo-
Mars 2022 or the rover and surface platform mission,

Table 3.

Data Rates of Mars Orbiters on Various Frequency Bands

Communications Asset Frequency Bands Data Rates Purpose

MRO X-band 300 kbps Tx/Rx to Earth
UHF 100 kbps�1 Mbps Tx/Rx to Mars

Ka-band 5 Mbps Tx to Earth

MGS X-band 20 kbps Tx/Rx to Earth
UHF 128 kbps Tx/Rx to Mars

Ka-band 85 kbps (max) Tx to Earth

Mars Express X-band 230 kbps Tx to Earth
S-band up to 2 kbps Rx from Earth

UHF 128 kbps Tx/Rx to Mars

Mars Odyssey X-band 128 kbps Tx/Rx to Earth
UHF 128 kbps Tx/Rx to Mars
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which will include a European ExoMars rover and a Rus-
sian surface platform. The main goal is to set down the
rover at a location with a good chance of discovering
organic material that has been well preserved, especially
from the planet�s early history [47].

NEW MISSIONS
The InSight lander was launched in May 2018 and landed
in November of the same year. Its goal is to understand
more about the layers that make up the Martian subsurface
so scientists might be able to make comparisons with what
we know about other planets and Earth. Because the soil at
the landing location was different than expected, one of
InSight�s key research equipment, a heat-�ow probe, failed
to perform. InSight is now listening for marsquakes to learn
more about what lies under the Martian surface [48]. Criti-
cal data about InSight�s state were delivered through radio
waves at 401:586 MHz to two briefcase-size CubeSats
named WALL-E and EVE, which relayed the data at 8
Kbps back to massive 70-m antennas on Earth. The Cube-
Sats were released on the same launcher as InSight and
traveled together through the journey to Mars to monitor
the EDL event and report back data as soon as possible.
Other orbiters, such as the MRO, were not in position and
could not initially communicate with the lander in real
time. If the CubeSats failed for whatever reason, the MRO
was prepared to act. Each device functioned as a node in an
Internet-like system, allowing data packages to be routed
through several terminals built with various types of tech-
nology [4]. As with Path�nder and Opportunity, signals are
sent from the DSN antenna to InSight at 7:2 GHz frequency
and from the spacecraft to the DSN antennas at 8:4 GHz
frequency. There is a turnaround ratio of 880=749 between
the received and transmitted frequencies, so the signals do
not interfere [17]. X-band antennas on Insight were used
for communication during the spacecraft�s journey from
Earth to Mars. There were one MGA in the travel process
and two LGAs, one as a receiver and one as a transmitter.
The main method for transmitting data from the lander to
Earth after landing is to transmit data from the lander�s
helical antenna to an available orbiter in the UHF band and
relay it to Earth [49].

Chinese lander, rover, and orbiter mission Tianwen 1
was launched on 23 July 2020. The mission�s scienti�c goals
are to pro�le the Martian ionosphere, temperature, and envi-
ronment, describe the soil and its water-ice content, de�ne
the geography and geology of Mars, and constrain the grav-
ity and magnetic �elds. A high-gain dish antenna is installed
on side of the orbiter bus, which is a short hexagonal cylinder
with two solar panel wings. A HGA and a very low fre-
quency antenna are used for communication. The Zhurong
rover weighs in at around 240 kg. It includes six wheels and
a set of solar panels that can be folded out to supply

electricity. At the rover�s rear is a pole with a dish antenna
attached [50]. The X-band HGA is developed by the Beijing
Institute of Spacecraft System Engineering. The HGA has
right hand circular polarization as with all other HGAs
developed for spacecraft before Zhurong. The antenna ena-
bles communications between Mars and the Earth in both
the uplink and downlink directions, as well as between
Mars� surface and the orbiters. HGA�s reception band is
within 7145�7190 MHz and transmission band is within
8400�8450 MHz. Edge of the coverage gain of the HGA
including radio cable loss is greater than 21 dBi for both
reception and transmission band. Detailed information about
voltage standing wave ratio and radiation parameters are
provided in [51].

Despite the challenges of the global COVID-19 pan-
demic, another rover by NASA, Perseverence, launched on
30 July 2020. It landed at Jezero crater on 18 February,
2021, the site of an ancient lake and river delta. Perseverance
stayed there for almost two weeks, completing checkups,
calibrating subsystems, and gathering imagery and data. The
rover then set out to �nd an appropriate area for the Mars
Helicopter�s (Ingenuity) �ight tests. When the rover arrived
at a proper test area, it deployed Ingenuity to the ground to
conduct a number of test �ights. After three successful
�ights, the helicopter concluded its technological demo. On
19 April 2021, Ingenuity lifted off, ascended to roughly 3 m
(10 ft) above the surface, �oated brie�y in the air, performed
a rotation, and landed afterward. It was a historic moment:
the �rst powered, controlled �ight in Mars�s incredibly thin
atmosphere and, indeed, the �rst such �ight on any planet
beyond Earth. Following that, the helicopter accomplished
several experimental �ights of increasing distance and alti-
tude [52]. The rover is looking for proof of life that existed
in the warm and wet times of Mars by analyzing the micro-
bial fossils on rocks. It is also searching for organics, car-
bon-containing chemicals that are the fundamental elements
of life on Earth. As it travels, Perseverance collects soil and
rock samples, which it stores in tubes for future NASA and
ESA missions to retrieve. Perseverance is a compact car-
sized, one-ton Mars rover with six wheels. Perseverance can
function in dust storms that prevent spacecraft from receiv-
ing sunlight thanks to having nuclear-powered architecture,
the same as Curiosity [53].

The Perseverance rover has three antennas: a UHF
antenna, an X-band HGA, and an X-band LGA. With
the help of orbiters, it uses the UHF antenna, which
operates at a frequency around 400 MHz, when commu-
nicating with Earth. When the orbiter is close to the
rover, the transmission speed between them can reach
as high as 2 Mbps. Orbiters then transmit data to Earth
using large dish antennas. The high-gain X-band
antenna is steerable so that it can focus signals in a spe-
ci�c direction. This way, the rover does not have to
rotate its body to communicate with Earth. The main
task of the HGA is to transmit data to Earth using the
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frequency range of 7�8 GHz. It is hexagonal in shape
and has a diameter of 0:3 m. By using this antenna, data
can be transferred at a speed of at least 160=500 bps to
34 m dish antennas and at least 800=3000 bps to 70 m
dish antennas. The low-gain X-band antenna is omnidi-
rectional, which means it transmits equally in all direc-
tions and can receive signals from all directions. It uses
a frequency range of 7�8 GHz, just like its HGA. By
using this antenna, data can be transferred at a speed of
at least 10 bps with 34 m dish antennas and at least 30
bps with 70 m dish antennas [54].

We conclude this section by providing data rate pre-
dictions for future missions. Data rates at planetary links
are needed to be considerably increased to take the Mars
exploration to another level. Solutions that could offer
data rates of 10 to 250 Mbps in the return link (from Mars
to Earth) and 3 to 50 Mbps in the forward link (from Earth
to Mars) at the maximum distance between Mars and
Earth should be investigated [55]. Data rate requirements
of a crewed mission to Phobos and Mars are given in
Table 4. It can be claimed that there is no limit on achiev-
able data rates due to the nature of these missions, which
is exploration. Also, crewed missions require a different
kind of attention because human lives will be put forward,
which is more precious than anything else. During the
mission, every aspect of astronauts� physical, mental, and
psychological health should be extensively monitored and
analyzed. Necessary psychiatric support should be served
by experts from Earth. Because these missions could take
months or even years, astronauts should be able to talk
with their families and loved ones just as envisioned by
directors of various sci-� movies. On the other hand, tech-
nical support by engineers on Earth should always be
accessible during the mission. Software updates for mis-
sion-critical functions at times of unexpected situations
should be transmitted with minimum delay and maximum
throughput. When all these things are considered, the data
rates given by Table 4 are sensible but also open for
improvements. For example, more than the shown mini-
mum data rates on the Earth-to-Mars link may be needed
for high-quality video streaming. Moreover, data rates of
1 Gbps are desired by 2030, according to NASA. Data

rate requirements, ef�ciency, mass, cost, available fre-
quencies, space, and power will all play a key role in
determining the best antenna technology for future Mars
exploration missions [35].

The next section delves into the Martian environ-
ment, unraveling the unique conditions that in�uence
the design and functionality of communication sys-
tems. By understanding Mars and its atmosphere, we
hope to give insights into the motivations behind the
technological design choices made in past and ongoing
missions.

MARS AND EFFECT OF MARTIAN ATMOSPHERE ON
RADIO WAVE PROPAGATION

In this section, we provide statistical features of Mars with
comparisons to Earth and discuss Martian atmospheric
effects on radio propagation.

Mars is similar to Earth in various ways. It is the sev-
enth biggest planet in our solar system, with a radius of
3389:5 km (2106 mi), and is roughly half the diameter of
Earth. It has 37:9 % of Earth�s surface gravity. The mass
of Mars is roughly 11 % of Earth�s. Every 24:6 Earth
hours, Mars circles on its axis, determining the duration
of a sol. Table 5 provides statistical parameters of
Mars [57], [58]. Because of its 25:2� inclination from the
plane of its orbit around the Sun, Mars experiences sea-
sons that are comparable to those on Earth. Spring and
summer are experienced by whichever hemisphere is ori-
ented to the Sun, whereas fall and winter are experienced
by the hemisphere oriented away from the Sun. Both
hemispheres get equal illumination at two exact times
each year, known as the equinoxes [59].

Besides these similarities, there are also differences
between Mars and Earth. Martian orbit is more elliptical
than Earth orbit, causing characteristics such as climate and
surface to be signi�cantly different from Earth, as shown in
Figure 1. When Mars is at the closest point to Sun, the south-
ern hemisphere faces the Sun, resulting in a shorter and hot
summer than the northern hemisphere. When Mars is at the
farthest point from Sun, the northern hemisphere faces the

Table 4.

Min. and Max. Data Rate Requirements of the Two Mars Missions [56]

Mission Earth-to-Mars
(Min)

Mars-to-Earth
(Min)

Earth-to-Mars
(Max)

Mars-to-Earth
(Max)

Crewed Mission To
Phobos

1.7 Mbps 111.7 Mbps 24.7 Mbps 200.8 Mbps

Mars Short Stay
Mission

11.6 Mbps 93.7 Mbps 28.4 Mbps 211.9 Mbps
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Sun, resulting in long and cold summer. Thus, the maximum
temperature in the southern hemisphere is greater than in the
northern hemisphere. The water level in the atmosphere of
Mars is one-thousandth of Earth�s, but it seems enough to
form clouds around the globe [57].

Martian atmosphere is made up of 95:2 % of carbon
dioxide (CO2), 2:7 % of nitrogen (N2), and 1:6 % of

argon (Ar). At the surface, atmospheric pressure is
approximately 0:6 % of Earth�s surface pressure. The
temperature on the planet changes from �199�F
(�128 �C) to 80�F (27 �C). 199�F can be recorded in
the polar regions at night and 80�F can be recorded in
equator during noon. Average surface temperature is
�82�F (�63 �C). Comparison of surface atmospheric
parameters of two planets is given in Table 6. Water
cannot stay liquid on the Martian surface because the
weather is arid and the atmosphere is very thin, making
it easy to vaporize. On the other hand, it can remain in
ice form because the average temperature is very
low [41]. Apart from CO2 and carbon monoxide (CO),
all gaseous concentrations on Mars are lower than on
Earth. Despite the fact that CO2 is the most prevalent
gas on Mars, its density is just 25 times that of Earth.
On both planets, the amount of water vapor is far more
variable. Water vapor concentration on Mars varies
with season and latitude, ranging from 100 to 400 parts
per million (ppm) with an average of 300 ppm. On the
other hand, water vapor concentration on Earth ranges
from 40 to 40; 000 ppm, with a mean value of 10; 000

Figure 1.
Martian and Earth orbits around the Sun.

Table 5.

Numerical Parameters for Mars

Parameter Value

Equatorial Radius 3396:2 km
ð0:532�Earth)

Polar Radius 3376:2 km
ð0:531�Earth)

Length of Day 24:6597 hours
ð1:027�Earth)

Length of Year 687 Earth days

Mass ð1 � 1024Þ 0:64169 kg
ð0:107�Earth)

Mean Density 3934 kg=m3

ð0:714�Earth)
Tilt of Axis 25�1200

Minimum Distance
from Sun

205 � 106 km

Maximum Distance
from Sun

249 � 106 km

Surface Gravity 3:71 m=s2ð0:379�Earth)

Temperature �82 �C to 0 �C (�116�F
to 32�F)

Average Temperature �210 K (�63�C)

Minimum Distance
from Earth

54:6 � 106 km

Maximum Distance
from Earth

401:4 � 106 km

Natural Satellites Deimos, Phobos

Table 6.

Mars and Earth’s Surface Atmospheric Parameters
[57]

Parameter\Planet Mars Earth

Surface Pressure � 6:1 mbar 1013 mbar
(avr)

Surface Density � 0:020
kg=m3

� 1:29
kg=m3

Scale Height � 11:1 km � 9:5 km

Average Temp. � 210 K � 300 K

Diurnal Temp.
Range

184 K to
242 K

210 K to
320 K

Mean Molecular
Weight

43:34 g=mol 28:61 g=mol
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ppm [57]. A comparison of atmospheric compositions
between two planets is given in Table 7.

RADIO PROPAGATION
If the classical radio wave theory is considered, radio
propagation at Mars is determined with two parameters:
ionospheric (plasma) refractive index and its tropospheric
(atmosphere) refractive index. The propagation direction,
intensity, and polarization of radio waves are all con-
trolled by these parameters. The refractive index is mostly
determined by electron density and the background mag-
netic �eld. Besides, atmospheric pressure, absolute tem-
perature, and water vapor pressure control tropospheric
radio refractivity. The troposphere generally has an effect
on radio waves with frequencies greater than 1 GHz.
Attenuation mainly caused by dust storms, atmospheric
aerosols, clouds, and morning fogs may also have

signi�cant effects on electromagnetic waves. In addition,
radio waves can be re�ected and diffracted by surface
structures such as crater domes, polar ice caps, and
canyons [57].

IONOSPHERE
Martian ionosphere also has substantial effects on radio
wave propagation. The photo-ionization of Mars�s upper
atmosphere creates the planet�s dayside ionosphere. Solar
wind pressure determines the height of the ionosphere. The
peak height and peak density of the ionosphere are gener-
ally static. Martian ionosphere has lower plasma density
than Earth because it is farther from Sun than Earth. Mar-
tian ionosphere has only one layer that forms between
100 km and several hundred kilometers above the surface,
unlike Earth�s ionosphere, which has four layers. A power-
ful planetary magnetic �eld protects Earth�s ionosphere
from the solar wind. On the contrary, not having a strong
magnetic �eld on Mars makes the Martian ionosphere vul-
nerable to the solar wind. In the 1980s, there were some
arguments about the Martian magnetic �eld. Some thought
that the weak magnetic �eld measured by Mars missions is
the internal magnetic �eld of Mars. Some others said that it
could be an external magnetic �eld formed by solar winds
�owing across the solar system called an interplanetary
magnetic �eld (IMF). In the late 1990s, measurements by
the MGS veri�ed that Mars had no internal magnetic dipole
�eld. The existing magnetic �eld was 800 times lower in
terms of strength than Earth�s magnetic �eld, which proba-
bly proved the other scientists right about the solar wind
smashing into the Martian ionosphere, causing complex
magnetic �elds to form. However, Mars�s ground-to-
ground low-frequency communication will undoubtedly
bene�t from the Martian ionosphere. The Martian iono-
sphere has the potential to keep communication links
online between surface operators in situations where there
is no LOS communication available. Maximum usable fre-
quencies and one-hop distances are shown in Table 8 rela-
tive to launch angle ðu0Þ. The maximum usable frequencies
considerably increase as u0 increases. The use of the Mar-
tian ionosphere for communication throughout the globe
can be seen in Figure 2. Also, dust storms may increase the
ionosphere�s peak height, increasing hop distance. Waves
with frequencies lower than 4:5 MHz cannot penetrate the
ionosphere. However, radio waves with frequencies greater
than 450 MHz do not have any problem going through the
ionosphere.

TROPOSPHERE
The troposphere is the lower layer of the atmosphere
where signal attenuation occurs the most for high-fre-
quency signals. Aerosols, fog, gases, water vapor, ice,
cloud, and dust are the main elements that form the

Table 7.

Comparison of Mars and Earth’s Atmospheric Ele-
ments Based on Their Volumes [57], [58]

Atmospheric Composition Mars Earth

Major:

Argon (Ar) 1:94 % 0:93 %

Carbon Dioxide ðCO2Þ 95:1 % 0:03 %

Carbon Monoxide (CO) 0:06 % �

Nitrogen ðN2Þ 2:59 % 78:09 %

Oxygen ðO2Þ 0:16 % 20:95 %

Minor (units in parts per million [ppm]):

Carbon Monoxide (CO) � 0.2

Helium (He) � 5.2

Hydrogen ðH2Þ � 1.0

Hydrogen-Deuterium-
Oxygen (HDO)

0.85 �

Krypton (Kr) 0.3 1.1

Methane ðCH4Þ � 1.5

Neon (Ne) 2.5 20

Nitrogen Oxide (NO) 100 �

Nitrous Oxide ðN2OÞ � 0.6

Ozone ðO3Þ 0.04-
0.2

<0.05

Water Vapor ðH2OÞ �100-
400

�40-
40,000

Xenon (Xe) 0.08 0.09
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propagation medium in the Martian troposphere. The Mar-
tian atmosphere, however, is thin in comparison to that of
Earth. As a result, a substantially less effect by the tropo-
sphere on radio wave transmission is anticipated. Multi-
path caused by re�ections and solar scintillation are the
two primary effects of the Martian troposphere. Fading,
dispersion, and other effects are ignored in a clear Martian
atmosphere.

CLOUD AND FOG
The amount of water in the Martian atmosphere is very
low compared to Earth�s, but the available water is enough
to form clouds because of low pressure and temperature.
According to the observations, clouds are usually formed
in equatorial and low-latitude regions. Many young gul-
lies, potentially caused by �owing water, have been dis-
covered in recent MGS detailed photos. MGS discovered
water in several clouds using its thermal emission spec-
trometer. Because of the extreme cold, Martian clouds are
most likely made up of ice crystals. The attenuation
caused by those ice clouds is approximately half that of
water clouds. Some Martian clouds appear before sunrise
and disappear quickly, while others appear only in the
middle of the day. There are more clouds in northern
regions than in southern regions. Fog on Mars is quite
common in low-lying places like valleys, canyons, and

craters. Cloud and fog attenuation is mostly determined
by their water content. Martian clouds are predicted to
have a lower water�liquid composition due to their low
optical depth. The optical depth of Martian fog and aero-
sols has likewise been discovered to be low [57]. Compar-
ison of visual optical depths of cloud and fogs between
the two planets are given in Table 9.

DUST
Martian dust particles are thought to be the primary con-
tributor to Martian aerosols. At dusk, the Martian sky
seems pink and black. Martian aerosol dust has an optical
depth of roughly 0:5, as shown in Table 9. It has a lesser
attenuation impact on radio wave transmission than the
Martian clouds. On the other hand, dust plays an important
role in the transport and cycling of energy in the atmo-
sphere due to its absorption capability of solar radiation.
There are also dust devils on Mars. Multiple signs of a
dust devil were recorded by Path�nder. They are formed
due to the warming up of air regionally above a �at desert
�oor resulting in a vertical updraft of air [57].

GASES
At centimeter and millimeter wavelengths, radio waves are
absorbed and scattered by molecules as they move through

Table 8.

Max. Usable Frequencies and One-Hop Distances for Multiple Launch Angles [57]

Launch Angle ðu0Þ

0� 15� 30� 45� 60� 75�

Max. Usable Frequency (MHz) 4.0 4.14 4.62 5.66 8.0 15.5

One-hop Distance (km) 0 67.0 144.3 250.0 433.0 933.0

Figure 2.
Visual representation of ionosphere communication for different launch angles [57].
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the atmosphere. Water vapor and oxygen are the main rea-
sons for the gaseous absorption on Earth. H2O has 29
absorption lines (up to 1097 GHz) while O 2 has 44 absorp-
tion lines (up through 834 GHz). Other gases can play a
part at frequencies larger than 70 GHz in the absence of
water vapor, but their spectral lines are typically too small
to affect propagation [57]. The major gases in the Martian
atmosphere are CO2 and N2, both of which have low micro-
wave absorption because these gases do not generate elec-
tric or magnetic dipoles under ordinary circumstances. O2

and H2O are responsible for the majority of the attenuation.
In comparison to Earth, the attenuation values related to
oxygen on Mars are lowered by a factor of 1:4 � 104. The
water vapor attenuation on Mars is 3068 times lower than
on Earth. The overall zenith attenuation of the Martian
atmosphere is expected to be less than 0:01 dB at 32 GHz
(Ka-band). On the other hand, attenuation of Earth�s atmo-
sphere is roughly 0:3 dB. The atmospheric attenuation
goes to 0:01 dB for higher frequencies such as 100 GHz.
Those attenuations are usually insigni�cant for radio com-
munication at Mars [57].

DUST STORMS
Martian winds may produce massive dust storms on a
consistent basis, even though Mars has a thin atmosphere.
It is particularly true in the southern hemisphere during
the late spring or early summer seasons. When Mars is at
the closest distance to Sun, the southern hemisphere is
rapidly heated, resulting in a signi�cant difference in
temperature from the northern hemisphere. This differ-
ence causes strong dust storms to �ow from the southern
hemisphere to the northern hemisphere. This phenome-
non has a remarkable in�uence on the atmosphere and
terrain characteristics of Mars. There are different types
of dust storms. A global dust storm may cover almost all

of the planet. Local storms with a geographical range of
several hundred kilometers may occur frequently. Dust
storms with an opacity of 4-6 can reach heights of
50 km. However, due to the small size of the dust par-
ticles, it is anticipated that Martian dust storms will have
quite a low effect on radio wave transmission. In the
worst-case scenario, Martian dust storms might cause a
3 dB attenuation in Ka-band. Attenuation will be signi�-
cantly higher with optical communication. The average
size of Martian dust is 1-10 m, which is at least four
times smaller than Earth dust, as shown in Table 10. It
can be easily claimed that dust on the Martian surface is
substantially less disruptive than on Earth. It is suggested

Table 10.

Comparison of Earth and Mars’s Dust Storm
Parameters [57]

Parameter\Planet Earth Mars

Path Length (km) 10 10

Particle Number Density
ðm�3Þ

108 3 � 107

Dust Material Mass
Density (g/m3)

2:6 � 106 3:0 � 106

Mean Size (m) 30�40 1�10

Max. Size (m) 80�300 20

Visibility (m) 5.1�3.8 184

Attenuation at 32 GHz
(dB)

65 3

Mass Loading (g/m3) 40�60 0.4

Table 9.

Cloud and Fog’s Visual Optical Depths [57]

Atmospheric
Condition

Earth Mars

Optical
Depth

Distribution Optical
Depth

Distribution

Clouds ðH2OÞ � 5 50 %
coverage

� 1:0 Winter polar; behind high
places

Clouds ðCO2Þ None None
1:0

Many places
Winter polar

Fog � 3 Many places � 0:2 � 1:0 Morning
Valleys & crater bottoms

Aerosol Dust Variable Variable 0.5 Everywhere

Dust Storms Variable Variable 10.0 Southern Hemisphere or global
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to be careful when planning a spacecraft mission to the
southern hemisphere during late spring or early summer.
In addition, the southern polar-hood area is where the
strongest dust storms usually occur, which makes com-
munication at the Ka-band experience severe attenuation.
Therefore, suf�cient margins are required [57].

Total tropospheric losses of cloud, fog, gaseous atten-
uation, and tropospheric scattering are predicted to be
around 0:4 dB at Ka-band. Thus, for a vertically propagat-
ing wave, the attenuation from the troposphere and a dust
storm is approximately 1:4 to 2 dB under typical condi-
tions. In the worst-case scenario, total attenuation will be
around 3:4 dB. Table 11 shows the corresponding attenua-
tion values for different frequency bands [57].

TERRAIN
Mars�s surface geomorphologic structures are highly com-
plex. When the satellite is at low elevation angles, these
structures interfere with radio links between surface equip-
ment, aircraft, and satellites. When topography or rocks dis-
rupt direct radio wave beams, a surface operator may also
connect to a satellite via multipath rays. Compared to direct
signals, the strengths of diffracted wave signals are lowered
by at least a factor of �ve. The intensity of the re�ected sig-
nal is directly affected by the re�ection coef�cients of the
surface elements. When the phase difference between multi-
path and direct signals is approximately 180�, the combined
signal strength can be reduced dramatically [57].

BLACKOUT
Another challenge needed to be considered when planning
a surface operator mission to Mars is the communication
blackout during the atmospheric entry phase. Because the

�ight speed of a spacecraft is much faster than the local
speed of sound, a shock layer forms in front of the capsule
body as it reaches the Martian atmosphere. Communica-
tions are interrupted during the entrance phase due to the
high plasma density surrounding the capsule. This event is
known as blackout. Because this process includes numer-
ous chemical processes, there is no straightforward answer
for the plasma density distribution surrounding the cap-
sule. The rate at which electrons are produced as a result
of the collision is determined by the spacecraft�s speed,
capsule design, air density, and composition. During the
EDL phase of the Viking mission, the two Viking landers
encountered 1 min communication blackouts on the UHF
band. Some solutions for blackout include mounting the
antenna on the sheltered side, where plasma density is dis-
solved and using relay orbiters to communicate, adding
some chemicals to eliminate the plasma, and increasing
the carrier frequency from X-band into Ka-band [57].

Building upon Mars and its atmospheric effects on prop-
agation, the next section shifts focus to channel modeling, a
pivotal step in constructing any communication infrastruc-
ture, with an emphasis on recent literature �ndings and novel
simulations using the Wireless Insite software.

CHANNEL MODELING
This section provides an overview of channel models antici-
pated for deep space radio links and studies on 3D channel
modeling in the Mars environment from literature.

The propagation medium between Mars and Earth that
microwave signals travel is essentially free space because
there are no obstacles to them apart from rocks, meteors,
and planets. On the other hand, the distance between Earth
and Mars is approximately 225 � 107 km, which is a big

Table 11.

Attenuation of Radio Waves on Various Frequency Bands [57]

VHF
(100–500 MHz)

S-Band
(2–4 GHz)

X-Band
(10–12 GHz)

Ka-Band
(30–38 GHz)

Ionosphere (dB) 0.5 0.15 0.1 0.05

Troposphere (dB) 0 0 0 negligible

Gaseous (dB) 0 0 0 0

Cloud (dB) 0 0 0.05 0.1

Rain (dB) 0 0 0 0

Fog (dB) 0 0 0 0.1

Aerosol (dB) 0 0 0 0.1

Dust (dB) 0.1 0.3 1.0 3.0

Total Vertical Losses (dB) 0.5 0.45 1.15 3.35
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challenge for the latency of signals even if they travel at
the speed of light. So, the link budget is mainly made up
of path loss and atmospheric losses. Even atmospheric
losses can be neglectable because, at the S-band and X-
band frequencies such as 2.3 and 8:4 GHz, which are being
used to communicate with Mars, Earth�s atmosphere has
almost no attenuation effect on signals [60].

Generalized received power consisting of possible
losses along with path loss and atmospheric loss is given
by the following expression:

PR … PT LALSLT LTPLRLRPLPGT GR (1)

where PR is the received signal power, PT is the total trans-
mitted power, LA is the atmospheric attenuation, LS is the
space loss, LT is the circuit loss between transmit antenna ter-
minals and radio case due to cabling, LTP is the pointing loss
of the transmit antenna, LR is the circuit loss between receive
antenna and receiver due to cabling, LRP is the pointing loss
of the receive antenna, LP is the polarization loss between
transmit and receive antennas due to mismatch in polariza-
tion patterns, GT is the transmit antenna gain, and GR is the
receive antenna gain [61]. The transmit antenna gain GT is
given in terms of the effective antenna aperture AT as

GT …
4pAT

�2 (2)

where � is the wavelength. Here, AT is given as

AT … mAt (3)

where At is the actual antenna aperture and m is the
antenna ef�ciency. The receive antenna gain is also
de�ned similar to (2). Detailed information about pointing
and polarization losses are given in [62].

In [63], Earth to Mars channel link is divided into three
parts; the near-Earth link, the interstellar link, and the near
planet link. Characteristics of those links are different in
terms of noise and interference. So, there must be different
channel models for each link. In what follows, we investi-
gate these near-Earth, interstellar, and near-planet links.

NEAR-EARTH LINK
Earth�s atmosphere is the main component of the near-
Earth link. Water vapor and oxygen molecules composing
Earth�s atmosphere have an attenuation effect on electro-
magnetic waves. On the other hand, the impact of those
molecules can be ignored when the signal�s frequency is
in the 0:3�10 GHz range. Also, �uctuations can be
observed in the amplitude and phase of the received signal
because of atmospheric scintillation resulting from tropo-
spheric atmospheric turbulence. Several statistical models
were developed to characterize this scintillation, such as
the STHV2 model, ITU-R model, Ortgies-N model, Kara-
sawa model, and van de Kamp model.

There is also rain and fog attenuation in the near-Earth
link. The scattering absorption of rainwater, whose attenu-
ation is highly dependent on local precipitation, is the pri-
mary source of rain attenuation. The Corazza model,
composed of Rician and Lognormal distributions, can
characterize cloudy weather that causes multipath and
shadow effects due to vast volumes of clouds. Similarly,
the dominant factor of signal attenuation in the case of
foggy weather is the density of the fog. As a result, the
Nakagami model can characterize it with a parameter rep-
resenting the density of the fog.

INTERSTELLAR LINK
The interstellar link is the most dominant one when communi-
cating with Mars and other planets. Because electromagnetic
waves cannot be entirely concentrated in a speci�c direction,
the energy collected at a certain point decreases exponentially
as the total distance that electromagnetic waves travel to reach
that point increases. The shortest distance between the two
planets is around 55 � 106 km when Earth passes between
Mars and the Sun. The maximum distance between the two
planets is close to 400 � 106 km when they are on opposite
sides of the Sun. Assuming that isotropic antennas are used,
the loss caused by such long distances is called free-space
path loss, and it is expressed with the famous Friis formula

LFS …
4pd
�

� �2

(4)

where d is the distance between transmitter and receiver in
meters and � is the wavelength in meters. Free space losses
calculated for various frequencies are given in Table 12.
Free space path loss can also be given in terms of dB as

LFSð ÞdB… 20 log f þ 20 log d � 27:55 (5)

where f is the frequency in MHz.

Table 12.

Free Space Losses Between Mars and Earth at Several
Frequencies [57]

Min.
Distance

Max.
Distance

Distance (km) 55 � 106 400 � 106

VHF-Band (300
MHz)

�237 dB �254 dB

S-Band (3 GHz) �257 dB �274 dB

X-Band (10 GHz) �267 dB �284 dB

Ka-Band (32 GHz) �277 dB �294 dB
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During the travel of signals in interstellar space, solar
scintillation also has an undeniable effect. Charged par-
ticles spreading from the Sun via solar winds scatter the
electromagnetic waves if the link between spacecraft and
Earth ground station is close to the Sun. Scattering waves
may cause to multipath effect. In 2003, Morabito devel-
oped the Rician channel model after discovering a link
between the scintillation index and the Rician factor. It
has constantly improved since then. Fluctuations in the
received signal power can decrease telemetry perfor-
mance. The amount of �uctuations caused by solar scintil-
lation in superior conjunction varies with several factors.
The minimum distance from the Sun to ray path of the sig-
nal in the Eart-Mars link, expressed as rmin in Figure 3, is
one of the important factors. When rmin is low enough
Sun-Earth-probe (SEP) angle can be directly used to deter-
mine the ray distance (l in Figure 3) that signal travel
between two planets according to trigonometry. As the
SEP angle decreases, �uctuations in the densities of elec-
trons increase. In other words, the communication link is
substantially disrupted by solar scintillation when the
planets are in superior conjunction. However, if the SEP
angle is in a range where the �uctuations saturate, the
amount of increase in the scintillation intensity fades
away [64]. The solar scintillation intensity, which denotes
the plasma concentration in the solar wind, is measured
using the index m. If m is less than 0:3, the scintillation is
weak. If m is between 0:3 and 1, it is in the transition area.
If m equals to 1, the scintillation is strong. The relationship
between m and the Rician factor can be expressed as

K …
��������������
1 � m2

p

1 �
��������������
1 � m2

p : (6)

NASA has modeled the relation between m and the SEP
angle in the X-band in [64].

The antenna pointing and polarization error loss are the
two main factors of antenna losses. Antenna pointing error
loss occurs when the receiver antenna axis cannot be pointed
in the optimal direction that the energy of the transmitted
signal is maximum. Spacecraft and ground stations have dif-
ferent reasons to face this error. Control accuracy is the main
parameter of the pointing error loss for spacecraft, and rota-
tion accuracy and weather conditions are the main parame-
ters of the loss for ground stations. The antenna�s real gain
and pointing error have the following relation [63]:

G uð Þ … Gme�2:77 u=u0:5ð Þ2
(7)

where u is the antenna pointing error, u0:5 is the beamwidth,
and Gm is the maximum gain of antenna. Hence, the follow-
ing expression can be given for the pointing loss [63]:

Lpe
� �

… Gm‰ � � G uð Þ‰ � … 12 u=u0:5ð Þ2: (8)

In addition, changes in satellite altitude create antenna
polarization loss, preventing polarization matching by the
transceiver antenna. There are also complex cosmic rays
coming from other solar systems, which is considered as
Gaussian distributed random variable with a constant
power spectral density [63].

NEAR-PLANET LINK
Channel analysis is similar to Earth in the Near-Planet link
because it is determined by atmospheric conditions as in
Earth. In the Mars case, the attenuation of electromagnetic
waves is much smaller than on Earth because the atmo-
sphere of Mars is thinner than Earth. Cloud formation,
snowfall, temperatures, the gaseous structure of the atmo-
sphere, terrains, and the occurrence of dust storms are the
major subjects of the near planet link channel model. The

Figure 3.
Earth and Mars�s relative positions to the Sun during their superior conjunction [64].
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Rayleigh and Mie scattering principles are used according
to the particle size and wavelength comparison. If the par-
ticle size is smaller than the wavelength, Rayleigh is cho-
sen, and Mie otherwise. Throughout dust storms, it is
discovered that Mars is far more visible than Earth [65].

The lognormal distribution is used to model the distri-
bution of dust particles on Mars. The Mie scattering theory
is used to determine the connection between visibility and
attenuation per unit distance. When dust particles are ana-
lyzed at the micro level, it can be seen that their size is
widely spread in a range of diameters from tens to hun-
dreds of microns. According to some research studies, log-
normal distribution can determine the distribution of sizes
of dust particles. When the decay rates of water vapor and
oxygen molecules in Earth�s and Mars�s atmospheres are
compared in terms of attenuation, it is observed that the
decay rate on Earth�s atmosphere is roughly 1 � 104 %
and 1 � 105 %, that of Mars, respectively [66].

MARS ENVIRONMENT SIMULATIONS: AN OVERVIEW OF
THE LITERATURE

There are a number of works on 3D Martian channel
modeling in the literature from the past couple of years.
This section will provide a brief overview of these works
to understand Martian channel characteristics better.

In [63], a computer simulation considering ground sta-
tion-orbiter and orbiter-rover link is made on STK. The
ground station is considered to have 35 m antenna aper-
ture, 8:5 GHz received frequency, 2 MHz bandwidth, and
50 % antenna ef�ciency. The orbiter, on the other side, is
considered to have 44:3 dBW transmit power, 8:5 GHz
frequency for ground station, 415 MHz frequency for the
rover, 2:5 m antenna aperture, and 50 % antenna ef�-
ciency. Finally, the rover is considered to have 415 MHz
receive frequency and 2 MHz bandwidth. The computer
simulation period is set from March to April 2021. The
received power from the orbiter to the ground station and
from the ground station to the orbiter for �ve day period is
provided in this study. The received power of the ground
station has been reported to be reducing and reasonably
steady, indicating that Earth and Mars are steadily drifting
apart during the computer simulation period. The rationale
for this steady behavior is claimed to be that the distance
between Earth and Mars is so large that changes in the rel-
ative distance have minimal in�uence. While the in�uence
of the relative distance variation on the orbiter is said to be
very signi�cant, so is the �uctuation of received power.
Furthermore, there were certain discrete points created by
the orbiter�s fast drift at its closest point to Mars, and the
period was quite short, making communication extremely
dif�cult.

In [67], a channel modeling computer simulation is
made using HertzMapper software. Gusev crater is

selected as a simulation environment, one of four possible
landing sites for rovers selected by the Mars exploration
community. For the environment parameters, permittivity
is selected between 2:5 and 9, conductivity as 10�8 S=m,
and pressure as 6:1 mbar. For the communication parame-
ters, 1 m height omnidirectional antenna with 1 W radiated
power at 2:4 GHz is selected. For the receiver, a minimum
requirement of �93 dBm received power for a 1 Mbps
link and a minimum of �84 dBm for a 11 Mbps link is
assumed. According to the results, even with low radiated
power and low antenna heights, areas that are several
thousand meters could be covered at 2:4 GHz. It is claimed
that with such a range, a wireless microcell on Mars might
be built, with the lander functioning as a base/relay station
and rovers/sensors utilizing low cost, IEEE 802.11b wire-
less networking technology. It is also claimed that the data
rates might be enough to send pictures and even low-reso-
lution videos.

In [68], the authors used the same parameters as in [67]
to calculate PDPs for different distances such as 100, 500,
and 1000 m. Results showed that, the RMS delay spread val-
ues calculated for the 100 m points had less than 0:72 s in
92 % of the cases. For the 100 m scenario, the highest delay
spread value determined was 0:7565 s. The RMS delay
spread values calculated for the 500 m points had less than
0:72 s in 70 % of the cases. For the 500 m scenario, the high-
est delay spread value determined was 3:1257 s. Finally, the
RMS delay spread values calculated for the 1000 m points
had less than 0:72 s in 72 % of the cases. For the 1000 m sce-
nario, the highest delay spread value determined was
3:0825 s. The results also revealed that landscape might
cause large RMS delay spread values for an IEEE 802.11b
11 Mbps link, which can exceed 3 s or more than 10 % of the
symbol duration in some situations.

In [69], Pucci et al. considered IEEE 802.15.4 (Zig-
Bee) standard for Mars because of its low cost and low
power consumption across wireless sensor network
(WSN) devices. Simulink and OMNET++ software are
used for computer simulations. The Ricean channel model
having both LOS and non-line-of-sight (NLOS) compo-
nents with a Rice factor K … 10 is considered for low-
medium rock density areas, while the Rayleigh channel
model is considered for high rock density areas. In addi-
tion, three different channel models are used for dust
storms: �faint dust storm channel,� which had low particle
density, faint wind, and mean particle radius of 1 m,
�strong dust storm channel,� which had medium particle
density, strong wind, and mean particle radius of 10 m,
and �heavy dust storm channel,� which had high particle
density, heavy wind, and mean particle radius of 20 m.
The bit error rate (BER) of offset quadrature phase shift
keying modulation featured in the IEEE 802.15.4 standard
is measured. Acceptable BER values for �standard case,�
�faint sandstorm,� and �strong sandstorm� are observed
relative to other cases. The BER trends in the scenarios of
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high rock density (�worst case�) and �heavy sandstorm�
are said to be quite similar and could be assumed to repre-
sent the worst cases among the given channel models.
Also, computer simulations on OMNET++ considering an
IEEE 802.15.4 network transmission system consisting of
a mobile rover and 40 sensors that are randomly placed in
a 100 m2 area are made. Simulation results revealed that
an IEEE802.15.4-based WSN might be deployed in the
Mars exploration. It is claimed that such a WSN could
perform nicely, even when transmitting inside terrains
with a high density of rocks.

In [70], the use of IEEE 802.11a/b wireless local area
network (W-LAN) standards for proximity wireless net-
works on the Martian surface are investigated. Gusev cra-
ter and Meridiani Planum (Hematite) are chosen to
simulate the RF environment on the Martian surface.
Then, path loss models obtained from these computer sim-
ulations are used in a PHY simulation. Results are
reported to indicate that Martian terrain can cause multi-
path effects, which in�uence the performance of 802.11a
and b. However, over distances up to a few hundred
meters, orthogonal frequency division multiplexing
(OFDM)-based IEEE 802.11a standard could have quite
strong PHY performance in terms of BER and packet error
rate (PER) with a very low radiated power on the order of
mW and antenna heights of 1 � 2 m. 2:4 and 5:25 GHz
carrier frequencies are used for IEEE 802.11b and
802.11a, respectively. With the help of those parameters,
PDP, received power, and RMS delay spread at various
distances to the transmitter are computed. In the study, it
is noted that despite increasing distances, there are some
circumstances when the RMS delay spread is lower, and
the received power is higher owing to advantageous topo-
graphical conditions.

In [71], a long-term evolution (LTE)-based Martian
wireless network architecture called LTE-M is proposed.
In the study, a space mission�s communication objectives
are considered to be twofold as follows: �rst, the various
uncrewed (and, in the near future, human) exploration
entities should share information among themselves; sec-
ond, the gathered and analyzed data should be relayed to
Earth. The study claimed that LTE-M would provide sta-
ble and adaptable communication with high bandwidth
accessibility for rover and lander communications, as well
as effective human-to-human data transmission when
crewed missions are planned. Simulating the RF Martian
environment with signi�cant propagation limitations is
used to assess the adaptability of terrestrial LTE uplink
and downlink transmission. The obtained data are utilized
to provide some guidelines for future LTE-M implementa-
tions. In the design, LTE user equipment (UEs) with lower
radiated power, lower energy consumption, smaller size,
and weight are given to rovers and, in the future, to human
astronauts. The LTE-M cellular network is said to manage
in situ bidirectional data transfers between rovers, landers,

and people. As with terrestrial LTE, the designated band-
width for LTE-M is considered to be in the ultrahigh fre-
quency domain. The aerial satellite is stated to be in
charge of the long-distance link to Earth as well as a rela-
tively short-distance link to surface operators spread on
the Martian surface. According to the study, satellites may
operate in the X-band or contemplate using higher fre-
quency bands such as Ka-band or mmWave bands to take
advantage of bigger spectral bands. The path loss model
of [67] and the multipath channel model of [68] are used
in this work. Gusev crater and Meridiani Planum are con-
sidered Martian computer simulation environments. The
delay spread observed in the Gusev crater is calculated as
0:2 s, whereas that of Meridiani Planum is 0:625 s, using a
frequency of 2:4 GHz and a reference distance of 50 m.
SIMULINK computer simulations are used to investigate
the possibility of LTE transmission on Mars. Speci�ca-
tions given in Table 13 are used for uplink and downlink.
Channel coding is noted to be not taken into account in
these simulations. It is reported that without FEC coding,
4-QAM and 16-QAM uplinks may operate properly in the
Gusev Crater, reaching full spectral ef�ciencies of 2
b=s=Hz and 4 b=s=Hz, respectively. 64-QAM uplink, on
the other hand, needs at least 5=6-rate turbo coding to
achieve the desired BER, according to the study. It is
reported that Meridiani Planum is a more challenging
environment for transmission and required a stronger
turbo code for both modulations. In the case of downlink,
all tested modulations are claimed to work without coding
in Gusev crater, but when examining the downlink in Mer-
idiani Planum, only 4-QAM could function without
coding.

In [72], a realistic Martian channel model is developed
by analyzing large-scale propagation phenomena on the
Martian surface. The digital elevation model (DEM) of
the Gale crater is used in the computer simulations. The

Table 13.

Computer Simulation Parameters of the LTE-M Link
Adopted From [71]

Parameter Value

Carrier frequency 2:4 GHz

Number of subcarriers 2048

Subcarrier spacing 15 kHz

Modulation constellation 4-QAM, 16-QAM,
64-QAM

Baud-rate 30:72 Mbaud=sec

Number of users 4

Cyclic pre�x length 512
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LOS power is estimated over the 3D environment created
from DEM using a ray-tracing technique that models the
movement of an EM signal produced by an isotropic
antenna. For the 2:4 GHz operating frequency under
consideration, a complex dielectric permittivity value
is determined, which affects the propagation of electro-
magnetic waves. Cole�Cole equations and The Johnson
Space Center Mars-1 Martian regolith simulant are used
to calculate permittivity. The angle of incidence, polariza-
tion, and permittivity is used to get the Fresnel coef�-
cients. Then, path loss samples are calculated for different
distances between the transmitter and receiver. For each
distance, the samples are averaged, and the path loss expo-
nent, which indicates the roughness of the terrain, is calcu-
lated by locating the path loss curve that best �ts the
averaged samples. Simulations are made on two subareas
of the Gale crater; one is considerably �at, and the other is
rocky. As a result, the �at area�s path loss exponent is
found to be 2:12, whereas the rocky one�s parameter is
2:37. Finally, the standard deviation of the shadow fading
is obtained as 11:41 dB for the �at area and 13:26 dB for
the rocky area.

In [73], the same ray-tracing technique developed
in [72] is implemented, considering the DEM of Gale
crater. Various outputs covering large and small-scale
effects such as outage probability, shadowing parame-
ters, path losses, and PDPs are presented. Operating fre-
quencies of 2:5 and 39:0 GHz, corresponding to the S
and EHF bands, are used. Calculations are made on dis-
tances of 100 and 200 m between transmitter and
receiver. The path loss exponent of the �at area is found
to be 2, which corresponds to free space path loss.
However, the path loss of the rocky area is calculated
around 2:6, which corresponds to terrestrial urban area.
In addition, compared to the �at area, the shadowing
parameter of the rocky one was signi�cantly higher,
reaching approximately 12 dB. Although mean delays
were close to each other for the �at and rocky areas, the
standard deviation for the rocky area was greater than
the �at area considering the 200 m distance. Also, path
attenuation in the rocky area was more signi�cant than
in the �at area in most cases.

In [74], the results of the 3D ray-tracing analysis on
�at and rocky Gale crater areas in [73] are expanded.
LOS, �rst and second re�ections, and total received
powers are plotted versus distance for both �at and
rocky areas. According to the results, there are more
received power samples below a certain threshold in the
rocky area. Then, the outage probability is calculated as
the ratio of the number of samples received below the
threshold and the total number of samples. In the �at
area, the average outage probability was less than 7 %
for both operating frequencies, 2.5 and 39:0 GHz, while
for the second subareas, the outage probability could
reach 40 %.

A summary of the channel modeling studies reviewed
in this section is provided in Table 14.

NEW COMPUTER SIMULATIONS FOR MARS CHANNEL
MODELING

Against this background, we have performed extensive
computer simulations on the Mars environment using
Remcom Wireless Insite software [75]. Wireless Insite
is an enhanced ray tracing-based channel modeling
software capable of calculating various channel-related
parameters of the target scenario built using the tools
given by the program. In challenging urban, indoor,
rural, and mixed path situations, this RF propagation
program offers practical and precise calculations of
communication channel parameters. Insite has a linear
approach to building a communication system. First,
the simulation environment should be built within the
software or imported as a supported �le format. Differ-
ent materials can be assigned to the environment or
subparts of it. Then, the waveforms and antennas that
will be used in the simulations should be created. As
the most critical part, transmitters, and receivers should
be placed using the project view as a visual reference.
Different sets of transmitters and receivers might be
used, such as points, polygon, route, trajectory, and
XY grid. Finally, a study area should be created where
the user determines various parameters such as the
propagation model, the number of re�ections and dif-
fractions, atmosphere parameters, and output requests.
We chose two small 3D areas created from images
captured by the Perseverance Rover�s Mastcam-Zs,
Navcams, and Hazcams as a starting point. One of the
areas is �at [76], roughly 16 m � 16 m in x-y axis and
the other one considerably inclined and rocky [77], as
shown in Figure 4. The scalebar in these models is
10 m long and 1 m wide, and it heads north. To
increase the contrast of the models, the colors are
brightened and gamma-corrected by the creator.1

There are four parameters that need to be set to create
a new material for the Martian surface; thickness (m),
roughness (m), conductivity (S=m), and permittivity.
Thickness is set to 1 m just for display purposes since
Insite does not use this parameter in calculations. The
mean global total vertical roughness for Mars was calcu-
lated in [78]. Conductivity and permittivity are set to
10�8 S=m and 4F=m, respectively, as in [70]. We created
a new material called �Dry Mars� using these three param-
eters. When creating a new waveform, the Insite menu

1This work is licensed under the Creative Commons Attribution 4.0
International License. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/ or send a letter to Creative
Commons, PO Box 1866, Mountain View, CA 94042, USA.
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requires three essential parameters: carrier frequency,
effective bandwidth, and phase [79]. These values are set
to 2:4 GHz, 40 MHz, and 0, respectively. Isotropic anten-
nas with 0 dBi of maximum gain are assigned to transmit-
ters and receivers. X3D is utilized as the propagation
model. The number of re�ections and diffractions are set
to 3 and 1, respectively, which may be enough for Martian
outdoor propagation. Atmosphere parameters of tempera-
ture (�C), pressure (mbar), and humidity ð%Þ are set to
�63, 6:1, and 20. These parameters are commonly used in
all computer simulations presented in this work. The
placement of transmitters and receivers on the two 3D
models is shown in Figure 5. The height of the transmitters
on both models is 2 m, which is approximately equal to the
height of the Perseverance rover. Two grids of receivers
were enough to cover the Hogwallow area because of its

�at nature. On the other hand, even �ve grids of receivers
were not enough to cover the Rocky area. Because the
software does not automatically place receivers relative to
given terrain, some of the receivers remain under the ter-
rain. The received powers of those points are automati-
cally assigned to �250 dB because there is not even a
single path from the transmitter to them. So, we eliminated
those values in the calculations.

Two outputs are essential to our work. One is the
received power given in dB with its corresponding dis-
tance. It enabled us to calculate the path loss exponent
using the minimum mean square error method. The other
one is complex impulse response, which gives received
powers of ray paths in dBm with their corresponding mean
time of arrivals in second. These data helped us to deliver
PDPs with corresponding RMS delay spread (s) values.

Table 14.

An Overview of the Studies on Martian Channel Modeling

Study Computer
Simulation
Software

Summary

[63] STK A computer simulation is made, considering the ground station-orbiter and
orbiter-rover link. Various results are provided, such as losses, Doppler shift,
and scintillation index.

[67] HertzMapper A channel modeling computer simulation is made on Gusev crater. Results
have shown that even with low radiated power and low antenna heights, areas
that are several thousand meters could be covered at 2:4 GHz.

[68] HertzMapper The authors used the same parameters as in [67] to calculate PDPs for different
distances. The results revealed that landscape might cause large RMS delay
spread values for an IEEE 802.11b link.

[69] SIMULINK &
OMNET++

The authors considered the ZigBee standard for Mars because of its low cost
and power consumption. Simulation results revealed that an IEEE802.15.4-
based WSN might perform well, even when transmitting inside terrains with a
high density of rocks.

[70] MATLAB The use of IEEE 802.11a/b W-LAN standards for proximity wireless networks on
the Gusev crater and Meridiani Planum are investigated. Results are reported to
indicate that Martian terrain can cause multipath effects, which in�uence the
performance of 802.11a and b.

[71] SIMULINK An LTE-based Martian wireless network architecture called LTE-M is proposed
and simulated on the Gusev crater and Meridiani Planum. The study claimed
that LTE-M would provide stable and adaptable communication for rover and
lander communications.

[72] MATLAB A realistic Martian channel model for Gale crater was developed by analyzing
large-scale propagation phenomena on the Martian surface. Path loss
exponent and shadow fading parameters are presented for each scenario.

[73] MATLAB The same ray-tracing technique developed in [72] is implemented, considering
the DEM of Gale crater. Outage probability, shadowing parameters, path
losses, and PDPs are presented.

[74] MATLAB The results of the 3D ray-tracing analysis on Gale crater in [73] are expanded.
LOS, �rst and second re�ections, and total received powers are plotted versus
distance for each scenario.
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The path loss exponent is estimated as 1:9272 for Hog-
wallow Flats, as shown in Figure 6(a). This value is slightly
lower than the path loss exponent value of the free space,
which is 2. It makes sense because the area is small and
�at; therefore, there is strong LOS. Also, the re�ected ray
paths may have a constructive effect on the received signal.
The shadowing parameter is calculated as 5:3141 dB for
this area, which can be considered to be low as well
because there are not many obstacles between the transmit-
ter and the receivers. On the other side, the path loss expo-
nent of the rocky area is higher with respect to the �at area
as expected, reaching 2:8389. This value is in the range of
terrestrial urban areas, as shown in [80, Table 3.2]. The
shadowing parameter is 16:2670 dB, higher than the �at
area because of NLOS components and blockage from
rocks. So, path loss exponent and shadowing parameters
are comparable to the rocky area of [73]. PDPs of the two
areas are graphically represented in Figure 7(a). When plot-
ting PDPs, we selected a noise threshold that neglects the
samples that are ten times lower than the strongest multi-
path. The mean time-of-arrivals of multipath components
are lower in Hogwallow Flats compared to Rocky Top, as

predicted. PDP can be used to calculate the mean excess
delay ð�tÞ, RMS delay spread ðstÞ, and excess delay spread
of a multipath channel. The mean excess delay and RMS
delay spread are often used to quantify the time dispersive
features of wideband multipath channels. The mean excess
delay is de�ned as the �rst moment of the PDP [80]

�t …

X

k
P tkð Þtk

X

k
P tkð Þ

: (9)

The RMS delay spread is de�ned as the square root of the
second central moment of the PDP [80]

st …
������������������
�t2 � �tð Þ2

q
(10)
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�t2 …
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P tkð Þt2

k

X

k
P tkð Þ

: (11)

Figure 4.
3D models created from high-resolution photos captured by the Perseverance rover. (a) Hogwallow Flats: combination of images taken on
Sols 449-461. (b) Rocky Top: combination of images taken on Sols 459-470. (a) 3D model of Hogwallow Flats, Sol 461. (b) 3D model of
Rocky Top, Sol 466.

Figure 5.
Placement of transmitters and receivers on 3D models. Green and red cubes represent transmitters and receivers, respectively. (a) Placement
of transmitter and receivers on Hogwallow Flats. (b) Placement of transmitters and receivers on Rocky Top.
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Here, tk denotes the time delay and Pk denotes the
received power for the kth multipath. Using (9), (10), and
(11), we calculated the RMS delay spread of �at and rocky
areas as 3:4859 ns and 4:3235 ns, respectively. Typically,
RMS delay spread is on the order of ns in indoor environ-
ments and on the order of s in outdoor environments. Our
results are similar to indoor channels because the consid-
ered areas are relatively small.

In the next step, we have expanded our work by ana-
lyzing the impact craters on Mars, considering the future
large-scale deployment of crewed missions. For this, we
have chosen the Gale crater, the landing site of the Curios-
ity rover. One of our reasons for choosing the Gale crater
is that it has been studied for over a decade, which means
a good deal of scienti�c data is available about this crater.
Another reason is that some of the studies we covered
before also used this crater in their computer simulations.
Gale crater is roughly 155 km (96 mi) in diameter and
5:5 km (18; 000 ft) in height relative to the minimum

terrain level. We used a 3D model of the Gale crater pro-
vided by NASA [81]. Then, we rescaled it on the x, y, and
z-axis at the same amount in a way that its depth �ts into
the actual measures. However, this was not enough
because the models were vertically exaggerated to
increase visuality. So, we rescaled it one more time on the
x and y-axis at the same amount in a way that its diameter
�ts into the actual measures, as shown in Figure 8.

The Curiosity rover landed on Bradbury Landing
site, north of the Gale crater, and made its way to Kim-
berley, Pahrump Hills, and Ogunquit Beach. After that,
it climbed Ver Rubin Ridge and headed to Mount Sharp.
In the �rst scenario, we wanted to simulate the north side
of the Gale crater and the discovery route of the Curios-
ity rover at the same time. We covered this large area
with a �at polygon called �Rx_Grid,� as shown in
Figure 8(a). There are 972 receiver points in this area.
We placed the transmitter in the middle of the Salagnos
crater and Peace Vallis.

Figure 7.
PDPs of different Mars scenarios. (a) PDP of hogwallow �ats and rocky top. (b) PDPs of various Gale crater scenarios.

Figure 6.
Received power samples versus distance. (a) Hogwallow �ats. (b) Rocky top.
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Received power samples and estimated path loss expo-
nent, which is 2:1658, are shown in Figure 9(a). This value
is slightly higher than the free-space path loss exponent
because most of the points are actually in the LOS. The shad-
owing parameter is 21:7214 dB, which is considerably high
because the farthest points are in the blockage. In addition,
received power values are noticeably low in this simulation
because the area is extremely huge such that the farthest
point to the transmitter is roughly 100 km far away. So, this
area can be considered an extremely large macro cell.

In the second scenario, we simulated an even bigger
area covering almost all the bases of the Gale crater. We
used two �at polygons; �Rx_Grid1� to cover the south and
�Rx_Grid2� to cover the north, as shown in Figure 8(b).
We placed the transmitter on the hills near Farah Vallis to
increase the coverage, even though it may not be appropri-
ate to place a BS at the edge of a crater because of the dan-
gerous impacts that dust storms could have on the
equipment. Actually, those hills are the highest point
around the Gale crater, which is the reason why the path
loss exponent is again close to the free-space path loss
exponent, as shown in Figure 9(b). Shadowing parameter is
14:3744 dB in this case. When calculating these parame-
ters, we combined the results of two grids and reordered
them in terms of distance to analyze the area as a whole. In
general, the path loss exponent and shadowing parameter
increase as the number of receivers with no direct link to
the transmitter increases.

PDPs of three different receiver grids on the Gale cra-
ter are given in Figure 7(b). Delay in Rx_Grid is low as

expected because the transmitter is close to the receivers
compared to other grids. Rx_Grid1, the south side of the
Gale crater, is worse than Rx_Grid because of its higher
distance. On the other side, Rx_Grid1 is better than
Rx_Grid2 because of its LOS dominance. Rx_Grid2 is the
worst because Aeolis Mons (Mount Sharp) interrupts LOS
paths and creates blind zones at the edge. RMS delay
spreads of Rx_Grid, Rx_Grid1, Rx_Grid2 are calculated
as 7:7848 s, 19:354 s, and 56:158 s, respectively.

In addition, we have made computer simulations on
other craters, such as the Beagle crater located east of the
landing site for the ESA�s Beagle 2 lander. Beagle crater
is roughly 42 km in diameter [82]. The Beagle crater sce-
nario can be seen in Figure 8(c). There are plenty of con-
ceptual works on how humans should colonize Mars and
how they should build their settlements in the most opti-
mal and bene�cial way. Those works meet on a common
point: to use Mars craters as base points. One of those
works is given in [83], which has won the Mars Colony
Design contest held by Mars Society. The Star City com-
prises villages placed inside the side wall of a crater and
public institutions such as schools, hospitals, universities,
and arts in the center of the crater. Communication infra-
structures built to provide a connection between villages
and public institutions should also be crucial in the design.
Taking inspiration from this concept, we placed the trans-
mitter on the side wall of the crater where the villages
would conceptually be placed. The receiver grid is placed
so that it covers the center of the crater. Although the Bea-
gle crater is considerably large and irregular for such a

Figure 8.
Placements of transmitters and set of receivers for different communication scenarios in Mars craters. (a) Gale crater - Rx_Grid. (b) Gale cra-
ter - Rx_Grid1 & Rx_Grid2. (c) Beagle crater. (d) Jezero crater.
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