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Summary

The aim of the scientific community, towards the investigation of solutions able to

favor a futuristic human settlement on Mars, also concerns ad hoc communication

systems and wireless networks to be deployed over the “Red planet.” However, the

state-of-the-art appears to be missing of realistic and replicable models for under-

standing the radio propagation over precise Martian locations. This means that per-

forming solid simulations, rather than roughly approximated ones, is really a tough

task. Thus, this paper describes the design of a 3D ray-tracing simulator based on

high-resolution digital elevation models (DEMs) for the evaluation of Martian large-

scale and small-scale phenomena in the S and EHF bands. First, by taking advantage

of the Cole–Cole equations, we computed the complex permittivity of the JSC

Mars-1 Martian regolith simulant. Then, we developed a 3D tile-based structure of

the Gale crater, thanks to its DEM, and finally, we implemented a ray-tracing algo-

rithm for outdoor environments able to trace the line of sight (LOS), the first and sec-

ond reflections of a radio frequency (RF) signal between a transmitter (TX) and a

receiver (RX) over the 3D structure. The results focus on estimating path losses,

shadowing values, outage probability, and on the parametrization of multipath chan-

nels for selected areas and subareas, presenting heavily different morphological fea-

tures, of the Gale crater. Moreover, some brief considerations about dust storms and

atmosphere harmful effects on propagation will be drawn.
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1 | INTRODUCTION

At the time we are writing this article, the landing of the “Mars Perseverance rover” on the so-called “Red planet” is only a couple of days away.

As the general excitation about this event increases, we are here hoping that it will all turn out for the best. Indeed, this will be a milestone in the

history of deep space missions, which, hopefully, will take the first flying object, that is, the “Mars Helicopter Scout” or “Ingenuity,” over another
world.1 Besides its absolute importance due to the first lift-off from the Martian surface and the subsequent autonomous flight, we should

highlight its relevance alleging that, in the next few years, Mars will be populated by intelligent machines in the form of landers, rovers, and even

drones, as in this case. For this reason and with the idea of favoring the human settlement, which, as reported in Foust,2 will only be feasible in

2037 “without accepting large technology development, schedule delay, cost overrun, and budget shortfall risks,”3 lately, researchers proposed

wireless network architectures for mobile communications based on the devices already deployed over the Martian environment. For example, in

Sacchi and Bonafini,4 it is described a network architecture for local wireless communications based on landers, treated as eNodeB, that is, the

base station (BS), of the cellular network, and rovers, which basically are the user equipment (UE). The idea, which was enhanced in Bonafini and

Sacchi5 by showing the potentiality of a turbo coded hybrid-LTE embryo, aims at increasing the ability of in situ post processing of gathered data

along with providing wideband and robust communication links. Moreover, the authors claim that the “LTE on Mars” infrastructure will also serve

the astronauts, that will land on the “Red planet,” for the communications, in a first instance, between them and, secondary, to the Earth.

Thus, as far as we consider supporting a future and futuristic astronauts crew on Mars through short- and long-range high data rates

communications—embarking also a sociality aspect—it appears to be of crucial relevance the analysis of communication systems, and extending

the network infrastructure, that the scientific community, and in particular telecommunications engineers, will have to pursue in order to

understand the advantages, limits, and drawbacks of the selected technology to be used on Mars. And to do that, it is needed to perform solid

simulations based on the correct modeling of the environment we are taking into account. However, in Sacchi and Bonafini4,5 as well as in other

pieces of research that later will be discussed, the results appears to be preliminary due to the lack of a model able to realistically evaluate the

radio frequency (RF) propagation over Mars terrains, that is, the knowledge about Martian large-scale and small-scale phenomena.

Generally, software simulations are done to measure the performance of communication systems in terms of quality of service (QoS),

reliability, and resilience metrics. Most of the commercial software, despite being different in their structures and workflows, are parameterized,

in order to simulate a wireless environment, by characterizing the channel through path losses, shadowing values and path delays and gains for

the multipath propagation. On Earth, such variables are easily measured by installing transceivers on urban, suburban, rural, or mountainous areas

and testing the RF propagation, thus gathering samples at the receiver side, from which we obtain the received power and delays of arrivals.

Recently, these on-field tests were partially substituted by exploiting the ray-tracing algorithm, as done in Fuschini et al6 for outdoor environment

or in Hosseinzadeh et al7 for indoor situations, which uses as input a 3D representation of the area we want to study. However, when dealing

with the Martian surface, on-field tests are not, at least for our epoch, feasible—although it is possible to do approximated tests on Martian analog

on Earth or reproducing a similar Martian environment as done by the Rover Operation Control Center in Turin8—and, as far as we know, the

literature does not propose solutions to properly simulate the RF transmission over the surface of the “Red planet” along with in-depth analysis

of the impairments affecting the propagation.

This paper will present, by enhancing the work started in Bonafini and Sacchi,9,10 the design of a ray tracing-based simulator, which estimates

the line of sight (LOS), first reflections, and second reflections of an RF signal generated by the morphology of the Gale crater, represented

through a high-resolution digital elevation model (DEM) puts as input to the MATLAB's implementation. NASA provided a high-resolution DEM

of the Gale crater—1 m/px, which is assumed it was probably a salty iced lake in some Martian epochs.11 Thus, this is a particularly relevant area

to be studied. The model, that we designed, estimates through the Cole–Cole equations the electrical properties of a possible Martian replicant

soil, that is, JSC Mars-1, in order to compute the amount of power lost/reflected into/from the medium, that is, large rocks and cliffs. The DEM is

modeled in MATLAB by implementing a 3D structure composed of tiles, whose side length is equal to the DEM's resolution. The closest vertices

of the tiles are connected in order to build the walls of the structure. The paper will continue by studying the samples gathered from multiple

simulations in terms of large-scale phenomena, that is, path loss and shadowing, and small-scale phenomena, that is, multipath propagation. Few

considerations will be done about the outage probability and other kind of large-scale attenuation, such as dust storms and atmosphere

attenuation—no less important than the other.

The rest of the paper is structured as follows: Section 2 will present an overview of related work, Section 3 will show the proposed

DEM-based ray-tracing methodology for Martian channel modeling, and Section 4 will present and discuss some simulation results. Paper

conclusion and hints for future work will be drawn in Section 5.

2 | LITERATURE REVIEW

The literature is quite rich when dealing with the topic of RF propagation on Earth, along with all the analysis on attenuation, which negatively

affect the performance of communication systems at the physical (PHY)-layer side. Unfortunately, we cannot say the same for what concerns
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wireless communications on Mars. However, there are few pieces of research that has faced the problem. The early works found in the state of

the art, which analyze the multipath propagation over some precise Martian locations, such as the Meridiani planum—where the Mars Exploration

Rover (MER) “Opportunity” landed to find evidence of liquid water12 in 2004—and the Gusev crater, which is probably an ancient lake13—where

the second rover of the MER mission called “Spirit” landed, are the ones in Chukkala and De Leon14 and Daga et al.15 Chukkala and De Leon,14 as

well as Daga et al,15 exploited the ICS telecom, a proprietary software by ATDI.16 As we know, the environment, in which a communication

occurs, sensibly affects the RF transmission; indeed, the objects in the middle of the path between TX and RX, which can move with a certain

velocity, create reflections of the signal, thus multiple paths characterized by an intrinsic delay due to the increased distance with respect to

the LOS.

This brief explanation almost covers the so-called small-scale phenomena, that is, multipath propagation and Doppler effect, which is a

frequency shift due to the motion of the transceiver. Through the Longley–Rice, or also called “Irregular Terrain Model” (ITM), they presented

few samples of received power and delay spread of simulated RF transmissions in the S band (f¼2:4 (GHz)). They considered DEMs of the two

landing sites of the MER missions with a resolution of 11m/px. The results in Chukkala and De Leon14 exhibit power delay profiles (PDPs) for

various distances in between the transceiver. For a 100-m transmission, the 92% of the computed RMS delay spread values are lower than

0.72 μs with the RMS maximum delay spread around 0.75 μs, which on Earth can be compared to the delay spread experienced on an urban

area.17 As expected, by increasing the distance to 1000m, the percentage of RMS delay spread values below 0.72 μs decreases to the 72%, while

the maximum RMS delay significantly increases to 3.08 μs, which on Earth it could represent a mountainous area. Daga et al15 concentrate more

on the testing of the IEEE 802.11a and b PHY-layer over the MER landing areas. However, they presented also some more results regarding

possible Martian PDPs, introducing also the 5-GHz working frequency, by basically exploiting the methodology in Chukkala and De Leon.14

It is interesting to see that, besides the fact that most of the times the received power and RMS delay spread values, respectively, decrease

and increase with higher distances, some favorable terrain conditions lead to a Fresnel zone clearance, thus to better transmission conditions and

higher received power and lower RMS delay spread. Although these are really solid works, they probably lack in the description of the model;

indeed, the arrangement used in order to estimate the PDPs is not detailed enough to be replicable. Moreover, the ITM, which is a radio

propagation model that makes predictions on the signal attenuation expressed as a function of distance, exhibits shortcomings when dealing with

knife-edge obstacles obstructing the propagation.18 To conclude, the number of samples shown in both works does not allow approximating

realistic Martian channels, neither understanding the behavior of the so-called large-scale phenomena.

For what concerns large-scale phenomena, we can individuate terms that steady decrease the power of an RF signal (path loss), due to the

distance between TX and RX, which fluctuates around the mean (shadowing) due to reflection and scattering during the transmission. To the best

of author's knowledge, in the literature, we can find only a couple of works exposing such a topic for simulation purposes. To be precise in Del Re

et al19 and Pucci et al,20 where the small-scale phenomena are treated by representing a flat Martian area with a Ricean channel (LOS

environment) and a rocky area with a Rayleigh channel (NLOS environment), the path loss is computed by assigning a third-order exponent to the

common free-space path loss (FSPL) in order to approximate for highly scatterers terrains. On the other hand, this evaluation is mostly empirical;

thus, it is difficult to know if this approximation could fit a Martian area, and if so, which Martian area.

Even the atmosphere negatively impacts on the propagation of the signal by attenuating the received power. This happens mostly in the

extremely high-frequency (EHF) band; indeed, at this level, the wavelength of an EHF signal is comparable to the dimension of the molecules and

elements composing the atmosphere. The “collision” between these two parties generates scattering and absorption, which are translated into

attenuation.21 As well as the atmosphere, dust storms, which are really frequent on the surface of Mars, and even clouds and fogs can act as

attenuators. This is well explained in NASA.22 As reported, the troposphere, that is, low atmosphere, is the main agent on the degradation of the

RF signal. Furthermore, for high frequencies (f > 10 GHz), it should be considered the attenuation due to clouds and fogs, which is not negligible.

The last actor to be considered is the attenuation due to dust storms. As commonly known, they are remarkable features of the Martian surface;

indeed, they were documented since the beginning of Mars explorations in the 1960s.23 Most of the spacecrafts and rovers sent to the “Red
planet” noticed such an event, which is really frequent in spring and summer. Dust clouds arise from the surface producing walls of sand with a

spatial dimension that ranges between few kilometers to more than 2000 km to even more, which creates a global dust storm encircling the

whole planet. This can have a strong impact on RF propagation. From NASA,23 the worst case, fixing a 10-km dust storm, can reduce the received

power of 3 dB for a 32-GHz signal.

In the next sections, we will enhance the discussion regarding these kinds of large-scale phenomena by exploiting the information in NASA22

and obtaining few results for a frequency span among 1 and 100 GHz and a distance between TX and RX ranging in the interval d = [1, 10,000] m.

3 | METHODOLOGY

This paper will present in the next paragraph the design of a 3D ray-tracing model for outdoor scenarios taking as input high-resolution DEMs,

which photograph the elevation of Martian areas, such as the Gale crater as considered in this work. Along with the in-depth narration about the

simulator, we will discuss how to properly analyze the gathered data exiting from the simulator in order to estimate large-scale and small-scale
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phenomena occurring on the surface of Mars. This section is divided into Section 3.1, which will detail the simulator, and Section 3.2, which clar-

ifies the workflow.

3.1 | Simulator

Now, we should explain how to implement the core of this activity, that is, the simulator. As already mentioned before, we developed everything

in Matlab environment, a commercial software for programming algorithm and creating models.24 It was chosen among other tools thanks to its

solidity, its exorbitant number of usable ad hoc built-in functions, and its large community that continuously helps the improvement of the

technology with external packages and integrable scripts. The following subsubsections will follow the steps of our workflow, which will then be

resumed in Section 3.2.

3.1.1 | 3D Martian structure from DEM

Few DEMs with a high resolution are available. One of them is, for sure, the “Mars MSL Gale Merged DEM 1m v3” with a resolution of 1 m/px,25

which is absolutely enough when dealing with transmissions of hundreds of meters.

It is the “elevation” photo of the Gale crater, an area probably formed 3.7 billion years ago from the downfall of a meteor, which was selected

to be the landing site of the “Curiosity” rover in 2012. It is mostly characterized by flat areas made of layered sediments and a central peak, as

correctly depicted by Kevin Gill in Figure 1. Researchers found that, with any luck, water flowed into the Gale crater from rivers fed by rains and

melting snow. Thus, it became a lake as in Figure 1. Its importance is so justified by the probability of discovering signs of the presence of water,

therefore, proof of possible lifeforms in some Martian era. However, for the purposes described in our paper, this area has been exploited in order

to construct a 3D structure upon which implementing our RF propagation simulator.

We cropped the DEM into two areas, strongly presenting differences in their morphological structure. The first area, which will be called for

simplicity “Gale Crater—Area 1” (GA1), is extruded from the center of the DEM. Consequently, its center point is the middle point of the entire

DEM. The second area is obtained by dividing the DEM into three equally spaced slices, where the center of the “Gale Crater—Area 2” (GA2) is
the intersection between the lowest red dotted line and the vertical one in Figure 2B. The two areas, both with side length of 1000 m, represent,

respectively, an almost flat area and a rocky yet steep one, as clearly visible from Figure 3, where the blue squares are the subdivision of the main

areas along their diagonals. However, we will return on this when we will discuss the results in Section 4. Now, what is really demanding to point

out is how to create the 3D areas in Matlab.

F IGURE 1 Hypothetic lake onto the Gale crater rendered thanks to CTX orthoimagery, digital terrain model data, and Blender with Cycles.
Credit: Kevin Gill
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A DEM is an array of pixel, whose values are the quote of the area they are representing. Consequently, by defining a set of points P¼
½p1, p2,p3, p4� in a three-dimensional space, each pixel can be modeled as a tile with side length equal to the DEM's resolution. With n¼ ½1,2, :::N�
the nth pixel of the cropped area, the 3D structure is built by interpolating the closest vertices of the nth tile along the z-axis. If we consider pixel

n as in Figure 4, the walls between pixel n, n�1 and n, n+1 are easily obtained, respectively, by connecting p1(n) and p4(n�1), p2(n) and p3(n�1),

p3(n) and p2(n+1), and p4(n) and p1(n+1). The repetition of this operation along the x-axis and y-axis direction, for the total number of pixel, leads

to a floor matrix and a wall matrix, which are both used as input to the 3D ray-tracing algorithm. Thus, the Martian environment is, now, geometri-

cally reproduced by the 3D tile-based structure.

F IGURE 2 (A) 3D plot of the “Mars MSL Gale Merged DEM 1m v3” better highlighting the gradient of the area. (B) 2D plot of the “Mars MSL
Gale Merged DEM 1m v3” highlighting the slopes of the central peak, or mountainous area, which raises from the crater. The orange squares

depict the cropped areas
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3.1.2 | Complex permittivity of Martian soil

The geometrical representation of the area is necessary when we estimate the reflections of the RF signal propagated over the structure. How-

ever, it is not enough to characterize the Martian environment. Indeed, as commonly known, the electrical characteristic of a material, in the form

of complex permittivity, impacts on the amount of power transmitted/reflected into/from a medium made of the same material.26 In order to sup-

port the scientific research, the international space agencies, for example, NASA, replicated several Martian terrains thanks to some terrestrial

analogs. An example of these studies is the JSC Mars-1, a Martian soil replicant obtained from the ash of the Pu'u Nene, which is a volcano

located in Hawaii.27 This was considered to be a Martian terrain analog due to its spectral similitude to the bright regions of Mars.28 We consid-

ered it due to the huge amount of information in the literature about it, which has made possible a solid estimation of its complex permittivity. By

expressing the complex permittivity as ϵ̂¼ ϵ0r � iϵ00r , we can compute the real part ϵ0 and the imaginary part ϵ0 0 thanks to the Cole–Cole

equations:29

ϵ0 ¼ ϵ∞þðϵDC�ϵ∞Þ 1þðωτÞ1�α sin απ=2

1þ2ðωτÞ1�α sin απ=2þðωτÞ2ð1�αÞ , ð1Þ

F IGURE 3 (A) Plot of the 3D tile-based structure of the “Gale Crater—Area 1.” In blue the cropped subareas with side length 250 m. (B) Plot
of the 3D tile-based structure of the “Gale Crater—Area 2.” In blue the cropped subareas with side length 250 m

F IGURE 4 Pictorial representation of the interpolation between tiles constructing the 3D structure in Matlab
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ϵ00 ¼ ðϵDC�ϵ∞ÞðωτÞ1�α cos απ=2

1þ2ðωτÞ1�α sin απ=2þðωτÞ2ð1�αÞ , ð2Þ

with the angular velocity ω¼2πf, the infinite and static dielectric permittivity defined as ϵ∞ and ϵDC, the relaxation time constant τ, and the

Cole–Cole distribution α. The frequency dependence of this computation will be analyzed later through results by initializing the Cole–Cole

equations with the parameters value in Stillman and Olhoeft.30

3.1.3 | Fresnel coefficients

The estimate of the complex dielectric permittivity ϵ̂ is needed in order to understand the amount of power that will be “dissipated” during RF

propagation. This is due to the scattering of the electromagnetic signal caused by the outdoor environment. Indeed, when the signal has a

wavelength λ comparable to the dimension of an object, which is obstructing its propagation—a Martian rock or cliff, the so-called

transmission and reflection phenomena happen. Transmission is meant the power transmitted T and lost into the medium, while reflection is

the phenomena from which the incident power I is reflected (R) from the medium. In this case of study, the reflected power characterizes the

power of the signal replica generated from the collision with the terrain along with the increased distance with respect the LOS. As we will

see later, the ray traveling from TX to RX experiences a reflection when hitting a tile of the 3D structure. This means that only a percentage

of the total amount of power incident to the interface will be redirected to another tile composing the terrain, while the transmitted power

into the medium will be dissipated.

Thanks to the Fresnel coefficients and remembering the classical EM theory, where the incident power is I¼ TþR, we are able to compute

the transmitted TTE,TM and reflected RTE, TM power, where the formulation is reported in the work provided in31

TTE ¼ abs
1� γ2
� � �e �i 2π

λ �warea

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ̂�sin2ðθIÞ

p
�1

� �� �� �
1� γ2e�2i 2π

λ �warea �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ̂�sin2ðθIÞ

p� �� �
0
BB@

1
CCA with γ¼ cosðθIÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ̂� sin2ðθIÞ

p
cosðθIÞþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ̂� sin2ðθIÞ

p
 !

, ð3Þ

TTM ¼ abs
1�κ2
� � �e �i 2π

λ �warea

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ̂�sin2ðθIÞ

p
�1

� �� �� �
1�κ2e�2i 2π

λ �warea�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ̂�sin2ðθIÞ

p� �� �
0
BB@

1
CCA with κ¼ ϵ̂ �cosðθIÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ̂� sin2ðθIÞ

p
ϵ̂ �cosðθIÞþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ̂þ sin2ðθIÞ

p
 !

, ð4Þ

where θI is the angle of incidence, λ = c/fm is the wavelength, c is the speed of light, and warea is the thickness of the terrain. Indeed, we decided

to compute the Fresnel coefficients by considering a thickness dependence of the attenuation introduced by the medium in order to simulate the

width of the area, which otherwise would be infinitesimal.

The transmission power lost into the medium, which is characterized by a thickness warea, is simply subtracted from the unitary power, to

reduce the increase of the computational load, thus obtaining the reflected one RTE,TM ¼1�TTE,TM.

3.1.4 | 3D ray tracing

We started from the work provided by Hosseinzadeh32 and well explained in Hosseinzadeh et al.33 Hosseinzadeh et al. studied the

propagation of the LoRa modulation by considering an indoor environment. They compared the performance of nondeterministic models,

such as International Telecommunication Union (ITU) and log-distance, with deterministic ones, for example, multiwall and ray-tracing models.

From the results, they found that for the estimation of the LoRa propagation, the best choice was the multiwall model in terms of accuracy,

similar to the one obtained with the ray-tracing model, and reduced computational load with respect ray tracing. However, this is not true

when dealing with strong small-scale fading, as correctly highlighted in Hosseinzadeh et al.33 Thus, a 3D ray-tracing algorithm is

recommended when the objective is the overall characterization of propagation impairments, especially over outdoor environments, although

the computational complexity is really high and can be a limit, especially thinking to the required simulation time. The ray-tracing algorithm

is based on geometrical optics as in McKown and Hamilton,34 and it implements the procedures clearly shown in Figure 5. As briefly

introduced before, it takes as input the 3D structure, or tile area, modeled on the basis of the DEM. It is iterated for the number of RXs that

we choose to displace on the 3D tile area. Furthermore, it would be possible to consider multiple transmitter simply by iterating the process

for the number of TXs and adapting the various matrices dimensions. However, this will not be considered in this work, but it will be subject

of future analysis.
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First, it traces the LOS with the aim of finding the received power of the signal in the location where the RX is placed. Obviously, between TX

and RX, there can be rocks or cliffs obstructing the LOS and dissipating power in the terrain. Thus, we find the intersection between TX and RX in

order to account for the power lost, thanks to the Fresnel coefficients, into the medium as follows:

PdBWLOS ¼PdBWTX �10log10
4πdTX,RX

λ

� �2

þ10log10ðTTE,TM
TX,RX ÞþGdBW

TX þGdBW
RX , ð5Þ

where dTX, RX is the distance between TX and RX, 10log10ðTTE,TM
TX,RX Þ is the power lost in dB with 0 < T<1, and GdBW

TX and GdBW
RX are the TX and RX

antenna gains. Now, the power of the first reflections and second reflections are needed to obtain the total received power at the RX side and to

analyze the effect of the small-scale phenomena on the propagation. For the sake of completeness, the first reflection means the path traveled by

the signal which is reflected only one time from a reflection point (RP) before reaching the RX, while the second reflection is the replica of the sig-

nal which arrives to the RX by reflecting on two RPs. The algorithm finds the projection of TX on each tile, thus allowing to estimate the

F IGURE 5 Flowgraph of the 3D ray-tracing algorithm for outdoor environment
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reflections, or mirrors, of the selected TX on each tile composing the 3D structure. The power of the first reflection is computed by searching for

the RP1 characterizing the path between TX and RX. If there is actually a RP1, the “ray tracer” proceeds to the computation of the reflection coef-

ficients in order to estimate the amount of reflected power from the RP1. Then, it finds the walls between the path TX-RP1 and RP1-RX by

understanding the amount of power transmitted into each intersecting tiles. The received power due to the first reflection is based on the follow-

ing equation:

PdBW1stRefl ¼PdBWTX �20log10
4πdTX,RPn þdRPn ,RX

λ

� �
þ10log10ðTTE,TM

TX,RPn
Þ

þ10log10ðRTE,TM
RPn

Þþ10log10ðTTE,TM
RPn ,RX

ÞþGdBW
TX þGdBW

RX :

ð6Þ

The second reflections are evaluated through the same process of the first with the exception that, if there is a RP2, we need to obtain the RP1

between TX-RP2. Then, two RPs mean that we will have to compute the reflected power from the RP1 and RP2, as well as finding the tiles, or

walls, intersecting the paths TX-RP1, RP1-RP2, and RP2-RX. The transmission coefficients are estimated for each intersection, and the power of

the second reflection is based on the following computation:

PdBW
2ndRefl

¼PdBWTX �20log10
4πdTX,RPn þdRPn ,RPnþ1 þdRPnþ1,RX

λ

� �
þ10log10ðTTE,TM

TX,RPn
Þ

þ10log10ðRTE,TM
RPn

Þþ10log10ðTTE,TM
RPn ,RPnþ1

Þþ10log10ðRTE,TM
RPnþ1

Þþ10log10ðTTE,TM
RPnþ1 ,RX

ÞþGdBW
TX þGdBW

RX :

ð7Þ

3.1.5 | Post-process and other propagation impairments

The knowledge coming out from the “ray tracer” allows us to process data for the analysis of large-scale and small-scale phenomena. Moreover,

as introduced in Section 2, we can integrate the formulation representing other propagation impairments about atmosphere, cloud and fog, aero-

sol, and dust storm attenuation, which are not directly studied through the main algorithm, in order to get a complete overview of the effect alter-

ing the RF propagation. The first analysis that should be made is the computation of the outage probability, which is the probability of having a

completely blocked RF propagation due to big obstacles, such as big rocks and cliffs, obstructing the signal. This can be easily approximated by

imposing a threshold on the minimum detectable signal (MDS), which is defined as follows:

MDSðdBmÞ¼10 � log10ðk �T �1000ÞþNFdBþ10 � log10ðBwÞ, ð8Þ

where k is the Boltzmann's constant, T is the temperature in K, NF is the noise figure expressed in dB, and Bw is the receiver bandwidth. Then, by

counting the occurrence of the samples below the threshold, in terms of received power PRX, the percentage representing the blocking probability

is obtained. From the data regarding the received power and the distance traveled from the LOS, first reflection, and second reflection, we can

estimate, in a first instance, the RMS delay spread στ, which is defined as shown here below:35

στ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2�ðτÞ2

q
with τ2 ¼

P
PðτkÞτ2kP
Pðτ2k Þ

and τ¼
P

PðτkÞτkP
PðτkÞ , ð9Þ

where τ¼ dRefl:�dLOS
c is the path delay of the jth signal replica, with c the speed of light, dLOS the path traveled by the LOS, and dRefl. the distance trav-

eled by the jth signal replica. For what concerns the PDP, in order to get the behavior for which the path replicas are attenuated as the delay with

respect the LOS increases, the Curve Fitting Toolbox of Matlab can be exploited to fit the attenuation of each path replica and estimate a PDP ana-

lytical model.10 The received power of the samples representing the LOS (PLOS), for a certain distance between TX and RX and over precise Mar-

tian locations, can be used to derive a path loss exponent value, similar to what is done in Bonafini and Sacchi.9 By varying the path loss exponent

p in the following equation, we can fit the gathered samples and estimate an average path loss exponent for our results:

LðdÞ¼ 4πdTX,RX
λ

� �p

: ð10Þ

Moreover, the standard deviation of the LOS received power gives us an indication of the fluctuation of the power, due to the morphology of

the area in which we are simulating, around the mean, that is, the shadowing effect.
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Other kind of attenuation, that is, the ones cited above, can be accounted by referring to the formulation and data found in NASA.22,23 For

example, the attenuation due to cloud and fog can be accounted by applying the following equation:

ki ¼0:4343
6π
λ
Im �Kc�1

Kcþ2

� �
, ð11Þ

where ki is the attenuation coefficient (dB/km/gm/m3) and Kc is the complex dielectric permittivity of water or ice.22 Instead, dust storms attenua-

tion can be expressed as follows:

ADSðλÞ¼ 1:029�106ε0
0

λ � ½ðε0 þ2Þ2þ ε002�
NTr

3, ð12Þ

where the real and imaginary part of the dielectric permittivity of dust particles are ε0 and ε
0 0
, the total particle density for m3 is NT, and the mean

particle radius, expressed in m, is ‾r.23 Finally, by considering the ITU model about large-scale atmospheric attenuation, which is implemented in

Matlab through the gaspl function, we can roughly estimate the attenuation on the propagation introduced by the Martian atmosphere.36

3.2 | Simulation workflow

The simulator follows various steps in order to finally estimate statistically relevant and solid Martian channels to be used for testing of network

infrastructures and communication systems. Indeed, with this work, we aim to provide a tool through which it will be possible to correctly initialize

software, such as GNU Radio, LabVIEW, Simulink, and Matlab, mostly for the evaluation of performance at data link and PHY-layer side. In

Figure 6, we show how the simulator is designed. As visible, the first step was the selection of the DEM representing the Gale crater to be used

F IGURE 6 Flowgraph of the developed simulator showing all the Steps from 1 to 5.a and 5.b for the evaluation of Martian propagation
phenomena
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as input for the 3D ray-tracing algorithm. The DEM is modeled to construct a 3D structure in Matlab to be used for simulating the RF propagation

(Step 1). Then, we estimated the permittivity of a possible Martian soil, for example, the Martian replicant soil JSC Mars-1, thanks to the

Cole–Cole equations in order to electrically characterize the 3D structure. The complex permittivity value coming out from Step 2 is imported in

the computation of the Fresnel coefficients. Consequently, we are able to understand the amount of power transmitted/reflected into/from the

medium, that is, the Martian soil (Step 3). At this time, the 3D ray-tracing algorithm comes into play by tracing the LOS, first reflection, and second

reflection of an RF signal sent from one specific location to another over the 3D structure (Step 4). The Fresnel coefficients allow considering not

only the distance traveled by each signal replicas over the terrain but also accounting for the power lost due to the incidence of the signal on the

terrain. The information about the number of generated signal replicas, the received power of each signal replicas, and the LOS, the total received

power in a certain location, and the path delays with respect to the LOS are put as input to the post-process script, which computes path losses,

shadowing values, outage probability, and PDPs. From both Steps 5.a and 5.b, where we analyze through the propagation impairments due to the

troposphere, clouds and fogs, aerosol, and dust storms, we estimate a complete framework describing the effect of Mars on the RF propagation.

These data become relevant when dealing with the modeling of statistical channels in commercial software as the ones cited above.

4 | RESULTS

The implementation of the model, that we proposed in the previous section, will be accompanied by a collection of results spreading from the

large-scale and small-scale phenomena to the computation of the outage probability, that is, the probability of experimenting a blockage in the

transmission. Moreover, to characterize the results, first, we will analyze the environment, thus the GA1 and GA2, from a statistical perspective.

This will give us the dimension of the gathered data, in the sense that we will better understand and contextualize the results. We will start by

showing the samples regarding the LOS and the estimated signal replicas for each subarea (SA). Then, we will compute the blocking probability

for each SA, a discussion that will be linked to the intrinsic morphology of the SA. Large-scale phenomena and small-scale phenomena will be

studied by averaging the whole amount of realization for each SA, thus focusing on the overall area. We considered transmissions with a euclid-

ean distance between TX and RX dTX,RX ¼f100, 200g, which represents the radius of common terrestrial picocells. We selected all the possible

locations distant dTX,RX from the TX, which is located in the origins of the Cartesian coordinate system. To conclude, we initialized the model with

the working frequencies f¼f2:5, 39:0gGHz, that is, S band and EHF band, respectively, that are indicated by Verizon as carrier frequencies of

the terrestrial 5G. Everything is designed, implemented, and analyzed thanks to Matlab.

4.1 | Simulated testing environment

As written in Section 3.1.1, we took the DEM of the Gale crater with a resolution of 1 m/px. We cropped it into two areas of 1000 � 1000 m, a

flat one and a rocky one, called, respectively, GA1 and GA2, depicted in Figure 3A,B. We downsampled them in order to decrease the impact in

terms of computational load, which is one of the major drawback of the 3D ray tracing. The areas are divided along the diagonals into eight SAs,

each one with a side length of 250 m. It is interesting to characterize mathematically these SAs through common statistical measures, as mean

and standard deviation, and the gradient operation, which is already shown in Figure 2B and better highlights the slopes of the Gale crater. From

Tables 1 and 2, it is easily demonstrated the deep heterogeneity of the areas, both globally and locally. The GA1 is situated �4500 m below the

“sea” level, while the GA2 is located on the rise of the Gale crater central peak at more or less �3100 m. However, the SAs of the GA2 extend

from �3235.5 to �3071.8 m. As we can see, the maximum gradient for the GA2 is the one of the SA3, which is 98.64 m of excursion, while for

TABLE 1 Statistical representation of the “Gale Crater—Area 1” morphology

Subareaj“Gale Crater—Area 1” Mean elevation (m) Maximum gradient (m) Standard deviation (dB)

Subarea 1 �4499.2 13.57 4.98

Subarea 2 �4500.3 10.18 2.25

Subarea 3 �4500.8 6.56 1.54

Subarea 4 �4499.0 11.80 3.84

Subarea 5 �4501.4 8.03 2.30

Subarea 6 �4502.9 5.86 1.23

Subarea 7 �4499.7 5.80 0.56

Subarea 8 �4497.1 10.50 3.68

Note: Standard deviation stands for the fluctuation around the mean elevation.
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the GA1, the maximum value is 13.98 m of the SA1. From this and from the standard deviation of each SA for both the areas, we can expect

severe alterations on the RF propagation for the GA2, which results to be really rocky and steep with respect the GA1. This will especially be evi-

dent in terms of path loss exponent, shadowing, and overall outage probability; indeed, big obstacles are the major contributions of these effects

for what concerns the degradation of the signal.

4.2 | Propagation impairments

We iterated 64 times the model in order to initialize the system with f¼f2:5, 39:0gGHz and dTX,RX ¼f100, 200g for each SA composing GA1 and

GA2. As discussed before and visible from Figure 6, we need to estimate the complex permittivity for the chosen frequency in order to compute

the Fresnel coefficients and estimate the transmitted and reflected power into/from the terrain. In order to do that, we exploited the values in

Stillman and Olhoeft30 for the JSC Mars-1, where ρ¼1:60 (g/cm3), ϵ∞ ¼5:30, ϵDC ¼2:86, τ∞ ¼9:3�10�5, E¼0:175 (eV), α¼0:13, and μr1.00.

Thus, the complex permittivity is defined as ϵ̂ð2:5GHzÞ¼2:90�0:15i and ϵ̂ð39:0GHzÞ¼2:87�0:01i.

Where demanded, we considered an average Martian temperature T¼210K, which is equal to �63� C.37 Clearly, this is a generic assump-

tion, which should be revised for further work by taking into account a certain fluctuation around the average temperature.

Now, let's see the gathered samples coming out from the “ray tracer.” Figures 7 and 8 show the samples obtained for each SA of the GA1

and GA2. The samples related to the GA1 shows, especially from Figure 7D, few samples with a really low received power PRX with respect to a

free-space propagation. These values are concentrated on the SA2, SA3, SA5, and SA7. Very different is the situation of the GA2. Figure 8A

shows samples well below the MDS (blue and red dotted lines), which will be defined in a while. For both the considered working frequencies,

each SA presents very attenuated LOS propagation, except for the SA2, which from Table 2 results to be the terrain with the highest standard

deviation. However, the statistical analysis does not consider the TX elevation with respect the RX. Indeed, if a TX is placed on a cliff and the RXs

are situated on a valley, the transmission will not be affected by severe alterations due to the clearance of the Fresnel zone. This will be clear in

the following discussion.

4.2.1 | Outage probability

The blue dotted line and the red dotted line in Figures 7 and 8 represent the MDS, where we considered for the f¼2:5GHz a receiver bandwidth

Bw ¼100MHz and for the f¼39:0GHz Bw ¼400MHz.38 These thresholds are MDSð2:5GHzÞ¼�117:23dB and MDSð2:5GHzÞ¼�111:21dB,

which are used to count the samples of nondetectable signals at the RX side, thus computing the outage probability. Indeed, the outage probabil-

ity is the phenomena describing the probability of not being able to detect the transmitted signal. Typically, it is mostly caused by the geometry of

the environment in which the RF propagation happens, then, obviously, by the distance, which increasing increases also the probability of finding

an obstruction, by the frequency (higher frequencies correspond to shorter wavelengths), and by the electrical properties of the environment. As

expected, the distance acts on the probability of obstruction of the RF propagation, as well as the frequency. The data gathered for f ¼39:0GHz

exhibits lower power, as understandable, with respect to the f¼2:5GHz. The objects obstructing the RF propagation lead to higher amount of

lost power for higher frequencies, thus lower wavelengths. However, the morphology of the terrain is the main actor on the increase of the out-

age probability. This is shown in Figure 9, where Figure 9D exhibits a blocking percentage of about 50% for the SA4. In the context of a communi-

cation systems working on such an environment, we will have one out of two possibilities of not being able to even detect the signal at RX side

for, more or less, both frequencies and dTX,RX ¼200m. Analyzing the SA8 of the GA2 for example, it is interesting to highlight that, despite the fact

TABLE 2 Statistical representation of the “Gale Crater—Area 2” morphology

Subareaj“Gale Crater—Area 2” Mean elevation (m) Maximum gradient (m) Standard deviation (dB)

Subarea 1 �3235.5 34.44 8.15

Subarea 2 �3196.2 85.45 13.54

Subarea 3 �3149.2 98.64 13.98

Subarea 4 �3071.8 82.83 11.31

Subarea 5 �3193.7 88.01 12.69

Subarea 6 �3199.4 84.64 12.88

Subarea 7 �3157.6 84.00 12.77

Subarea 8 �3168.9 88.94 12.79

Note: Standard deviation stands for the fluctuation around the mean elevation.
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of showing low outage probability with respect the other SAs, from Table 2, we see its maximum gradient of about 89m and the standard devia-

tion of 12.79 dB, the third highest between the other SAs. However, the TX is placed in this case at �3140m while the RXs at the two considered

distances are displaced on a valley at �3200m and a hill at �3160m. This lead to that clearance of the Fresnel zone, that we briefly debated

above, with respect to other cases, as for example the SA2 of the GA1, where we have lower gradient, lower standard deviation but still a higher

outage probability.

4.2.2 | Large-scale phenomena

Large-scale phenomena attenuates the signal constantly over the whole bandwidth. Among them, we can indicate the path loss, which is the

attenuation due to the wavelength and the distance traveled by the signal, the shadowing, that is, the fluctuation of the received power PRX

F IGURE 7 (A) LOS received power for the working frequency f¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 1.”
(B) First reflection received power for the working frequency f ¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 1.”
(C) Second reflection received power for the working frequency f ¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 1.”
(D) Total received power for the working frequency f¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 1”
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among the mean, and the atmospheric attenuation. As discussed before, for Mars, we should consider also the attenuation due to the dust storms

and to the clouds or fogs. This last term will not be treated in this work, except for the brief introduction in Section 3.1.5, because it was exten-

sively described in NASA,22 while the other values will be analyzed in the following paragraphs.

Path loss and shadowing

We took the received powers PRX for each signal samples acquired over the GA1 and GA2 and averaged them in order to characterize the propa-

gation for each SA. The path loss exponents were then obtained by fitting the PRX of the ith realization with the path loss value computed by iter-

ating the exponent p in Equation (10) between [1.8 : 0.01 : 4]. Tables 3 and 4 refer, respectively, to the GA1 and GA2. Here, the morphology of

F IGURE 8 (A) LOS received power for the working frequency f¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 2.”
(B) First reflection received power for the working frequency f ¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 2.”
(C) Second reflection received power for the working frequency f ¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 2.”
(D) Total received power for the working frequency f¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 2”
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the two areas strongly acts on the received power by heavily reducing it in the case of a rocky and steep environment, such as the GA2. Indeed,

the GA1, from our estimation, is characterized by an average path loss exponent of about 2, which basically is the FSPL. This is something

expected just by visualizing the area in Figure 3A. The lack of big rocks and cliffs lead to such kind of RF propagation. Instead, Table 4 exhibits

higher path loss exponents. The mean is around 2.6, which is near to the path loss exponent of a terrestrial urban area. Furthermore, with respect

F IGURE 9 (A) LOS received power for the working frequency f¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 1.”
(B) First reflection received power for the working frequency f ¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 1.”
(C) Second reflection received power for the working frequency f ¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 2.”
(D) Total received power for the working frequency f¼f2:5, 39:0gGHz versus subareas composing the “Gale Crater—Area 2”

TABLE 3 Estimated path loss exponent and shadowing effect for the “Gale Crater—Area 1”

“Gale Crater—Area 1” Mean PL exponent Maximum PL exponent Minimum PL exponent Standard deviation (dB)

f ¼2:5GHz 1.99 2.11 1.95 3.69

f ¼39:0GHz 2.00 2.09 1.96 3.70

Note: Standard deviation is computed on the logarithmic value of the LOS over each terrain.

TABLE 4 Estimated path loss exponent and shadowing effect for the “Gale Crater—Area 2”

“Gale Crater—Area 2” Mean PL exponent Maximum PL exponent Minimum PL exponent Standard deviation (dB)

f ¼2:5GHz 2.63 4.56 1.96 11.79

f ¼39:0GHz 2.57 3.87 1.97 11.99

Note: Stdandard deviation is computed on the logarithmic value of the LOS over each terrain.
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the GA1, the shadowing value is way stronger reaching �12 dB. The fluctuation of the received power, which is so really evident, is due to the

big obstacles, in form of big rocks and cliffs, obstructing the free propagation.

Atmosphere and dust storms

For what concerns these kinds of attenuation, we exploited, first, the gaspl function, which is integrated in Matlab. It performs the atmospheric

gas attenuation model of the ITU.36 The atmospheric attenuation is primarily caused by oxygen and water vapor. Thus, by initializing the gaspl

function with an average surface pressure of 610 Pa39 and the water vapor density of 0.0013 g/m3,40 we can roughly estimate the spectral reso-

nance of the atmospheric attenuation on Mars. Figure 10A shows a peak at around 25 GHz, which is mostly due to the water vapor, while

between 60 and 70 GHz, we have the highest attenuation caused by the oxygen molecules, as also similarly achieved in NASA.41 As we can see,

as the distance between TX and RX increases, the attenuation increases too following a logarithmic behavior.

Although this model is not perfectly fitted to the Martian environment—being a terrestrial model and not considering the most recurrent gas

in the atmosphere of Mars (carbon dioxide and nitrogen), it gives us an indication on the severe atmospheric attenuation for certain frequencies.

f¼f2:5, 39:0gGHz are not affected by the spectral resonance of the H20 and 02, which can cause 30 dB of attenuation for a path of 10 km and a

working frequency between 60 and 70GHz. Thus, they can be used as working frequencies of ad hoc communication systems without particular

problems for what concerns atmospheric attenuation. Moreover, for cellular networks with dimensions of hundreds of meters, the atmospheric

attenuation are negligible.

The attenuation led by dust storms was computed upon the formulation of Equation (12) and considering the complex permittivity of the JSC

Mars-1, which varies with frequency. Figure 10B shows that with the increase of frequency, the attenuation in dB/km remains, more or less, con-

stant. However, as we consider a higher particle radius, we experiment a solid increase in the attenuation up to 0.055 dB/km. For sizes of pic-

ocells, it should be irrelevant but for longer paths, and taking into account that dust storms can cover the whole Mars, it is for sure a term that

negatively affects the RF propagation.

4.2.3 | Small-scale phenomena

The multipath fading refers to rapid fluctuations in the received signal, which causes constructive or destructive interference and shifts in the sig-

nal phase. This is due to the multiple paths that the signal travels in order to reach the RX. These paths are generated by the collisions of the signal

with the environment surrounding it. Indeed, big obstacles reflect the propagation to other RPs, which reflect the signal another time until, with a

certain probability, it reaches its destination.

The multipath fading is then modeled through the formulation expressed by Equation (9), where the RMS delay spread στ expresses the dif-

ference in time between the first and last arrived signal replica. However, in this brief last discussion, we decided to concentrate on the needed

values in order to model the multipath channel. Thus, in Tables 5 and 7, we present the average, maximum, and minimum delays experimented

F IGURE 10 (A) Attenuation due to Martian atmosphere for a frequency span between 1 and 100 GHz versus distance. (B) Attenuation due
to Martian dust storms for a frequency span between 1 and 100 GHz versus mean particle radius NT
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over the GA1 and GA2, while, in Tables 6 and 8, we estimate the mean, maximum, and minimum received power for the considered distances, fre-

quencies, and areas. Furthermore, the standard deviation depicts the dispersion of the sample delay and attenuation around the reported mean.

Comparing Tables 5 and 7, we notice a stronger mean delay for what concerns the GA2 with respect to the GA1. The rocky area increases the

possibility of having RPs between TX and RX, thus creating longer paths. The same behavior can be found when dealing with the received power

P( j )RX of the jth replica. The nature of the GA2 impacts on the received power by, overall, lowering it, compared to the values gathered for the

GA1. If we take a look to the minðPRXÞ (fourth column of Tables 6 and 8), the values are generally well below the MDS. From this, we get that such

replicas do not impact on the demodulation process of the signal at the receiver side, because they are not even discernible, both for the GA1 and

GA2.

The parameters on the tables can be exploited to model possible Martian channels. For example, it is possible to model channels made of six

path replicas, divided into three first reflections and three second reflections from Tables 5 and 7, which are associated to the received power

values in Tables 6 and 8. By normalizing the received power of the signal replicas, the PDP can be easily obtained for the two considered dis-

tances, frequencies, and areas. The attention should be, however, put to the minimum received power, in order to take into account the MDS,

previously detailed. This will not be covered by this work, but it will be matter of study of future analysis.

4.3 | Limitations

There are few limitations, which are fair to point out. First, the model has a sensible impact on the computational load. For this reason, we limited

our analysis to few distances between TX and RX and we downsampled by a factor of 5 the DEM's resolution. However, this was only a matter of

TABLE 5 Statistical representation of the path delays generated due to the first and second signal reflections over the “Gale Crater—Area 1”

“Gale Crater—Area 1” Mean delay (s) Maximum delay (s) Minimum delay (s) Standard deviation

First Refl. (dTX,RX ¼100m) 5.47e-07 8.11e-07 3.40e-07 1.86e-07

Second Refl. (dTX,RX ¼100m) 9.85e-07 1.16e-06 7.79e-07 1.45e-07

First Refl. (dTX,RX ¼200m) 7.76e-07 8.34e-07 7.37e-07 3.50e-08

Second Refl. (dTX,RX ¼200m) 9.78e-07 1.11e-06 8.23e-07 1.05e-08

Standard deviation is computed on the mean path delays characterizing each subarea.

TABLE 7 Statistical representation of the path delays generated due to the first and second signal reflections over the “Gale Crater—Area 2”

“Gale Crater—Area 2” Mean delay (s) Maximum delay (s) Minimum delay (s) Standard deviation

First Refl. (dTX,RX ¼100m) 5.06e-07 8.41e-07 4.03e-07 1.73e-07

Second Refl. (dTX,RX ¼100m) 7.36e-07 9.09e-07 6.14e-07 1.14e-07

First Refl. (dTX,RX ¼200m) 7.60e-07 8.54e-07 7.02e-07 5.26e-08

Second Refl. (dTX,RX ¼200m) 9.77e-07 1.10e-06 9.10e-07 7.60e-08

Note: Standard deviation is computed on the mean path delays characterizing each subarea.

TABLE 6 Statistical representation of the path attenuation generated due to the first and second signal reflections over the “Gale Crater—
Area 1”

“Gale Crater—Area 1” Mean PRX (W) Maximum PRX (W) Minimum PRX (W) Standard deviation

First Refl. (dTX,RX ¼100m, f ¼2:5GHz) 1.76e-09 4.34e-09 2.73e-19 1.53e-09

Second Refl. (dTX,RX ¼100m, f ¼2:5GHz) 2.82e-10 5.35e-10 4.08e-20 2.37e-10

First Refl. (dTX,RX ¼200m, f ¼2:5GHz) 5.45e-10 1.31e-09 7.49e-21 6.12e-10

Second Refl. (dTX,RX ¼200m, f ¼2:5GHz) 1.99e-10 4.62e-10 1.80e-15 2.16e-10

First Refl. (dTX,RX ¼100m, f ¼39:0GHz) 8.33e-12 1.78e-11 2.28e-26 6.56e-12

Second Refl. (dTX,RX ¼100m, f ¼39:0GHz) 2.64e-12 6.48e-12 9.39e-28 2.91e-12

First Refl. (dTX,RX ¼200m, f ¼39:0GHz) 1.59e-12 3.70e-12 3.95e-27 1.37e-12

Second Refl. (dTX,RX ¼200m, f ¼39:0GHz) 9.29e-13 2.24e-12 4.82e-20 9.88e-13

Note: Standard deviation is computed on the mean path attenuation characterizing each subarea.
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time; indeed, further work will broaden the study by considering longer path lengths. Moreover, we put the thickness of the area equal to the

DEM's resolution in order to give depth to our 3D structure. This is clearly an approximation for what concerns the computation of the Fresnel

coefficients and the amount of transmitted and reflected power. However, it was done to not increase even more the complexity of the system,

thus the time required for the simulations. To conclude, the electrical analysis, which characterizes the Martian soil in terms of

frequency-dependent complex permittivity, is based on the JSC Mars-1, actually a replicant of a possible Martian sediment. Although a certain

degree of approximation is introduced, this was the best choice from our perspective as samples of Mars soil have not yet returned back to

Earth. Further work will be addressed at improving and refining our simulator, while also optimizing the trade-off between complexity and

performance.

5 | CONCLUSIONS

This paper has provided the tools for implementing a simulator for the understanding of the RF propagation over Mars thanks to high-resolution

DEMs and a 3D ray-tracing algorithm. We deeply detailed each followed step for the design of the model, and the results were analyzed in terms

of large-scale and small-scale phenomena. Moreover, we outlined a way for the computation of the outage probability, which is a really relevant

term when developing and parameterizing ad hoc communication systems. Achieved results seem promising and cover the meaningful topic of

providing a realistic and replicable RF propagation model on Mars, encompassing large-scale and small-scale phenomena in the presence of flat

and rocky environments. The obtained parameterization of multipath propagation in terms of delays and power attenuation of the scattered rep-

licas allows exploiting well-known channel models used in communication system simulations, like, for example, the tapped delay one.

The discussion can be widened in future work, for instance, by cropping new and larger high-resolution areas of the Martian surface and

increasing the distance between transmit and receive antennas, thus experimenting longer paths, and, eventually, their height or by sweeping the

working frequency. Moreover, a broadened analysis of the gathered data, also from a statistical point of view, could be helpful when selecting

similar locations to test communication infrastructures to be deployed on Mars.
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