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Kürşat Tekbıyık, Graduate Student Member, IEEE, Dogay Altinel, Mustafa Cansiz, Members, IEEE
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Abstract—Exploration of the Red Planet is essential on the
way through both human colonization and establishing a habitat
on the planet. Due to the high costs of space missions, the use of
distributed sensor networks has been investigated to make in situ
explorations affordable. Along with this, the devices with ultra-
low-power receivers, which are called zero-energy (ZE) devices,
can pave the way to further discoveries for the environment
of Mars. This study focuses on wireless power transmission to
provide the power required by ZE devices on the Martian surface.
The main motivation of this study is to investigate whether
conventional harvesters and communication units can supply
the required power for a long distance. The numerical results
show that it is possible to deliver power to ZE devices without
utilizing any sophisticated hardware. In addition, the effects
of pointing error and dust storms on harvesting performance
are investigated. Comprehensive simulation results reveal that
harvester selection and design should be done by considering
propagation channel and transmitter characteristics.

Index Terms—Harvester modeling, Martian environment,
wireless power transmission, ZE devices.

I. INTRODUCTION

Exploring the Red planet, Mars, which has been going
on for half a century, has now evolved to establish a new
habitat and has focused on the search for traces of life in
the past [1]. Studies indicate that there were various water
sources on Mars in the past [2]. Although these results,
obtained as a result of extensive measurements and research,
increase the excitement for human colonization, the need for
much more comprehensive analyzes and exploration continues.
Considering the cost of space missions, economical ways of
conducting in situ explorations have been investigated for
a long time and new methods have been proposed for this
purpose. Among these, the use of wireless sensor networks
for obtaining data such as temperature, pressure, soil properties
related to the Martian environment stands out [3, 4].

Moreover, recent developments in Internet of Things (IoT)
devices pave the way for ultra-long battery life due to low
power consumption and optimization techniques. Furthermore,
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incorporating energy harvesting (EH), it is possible to operate
batteryless as proposed in the literature [5]. Also, it should
be stated that the power consumption of the devices reduced
to a few nWs. To illustrate, the sensor node proposed in [6]
consumes 8.64 nW and 228 pW during data communication
with 120 bps and standby mode, respectively. Recently, ultra-
low-power receivers with EH capability, called zero-energy
(ZE) devices, have been proposed to avoid the need for the
replacement of sensor batteries [7, 8]. In [9], it is shown that
ZE devices can decode messages with power consumption
of less than 120 nW. One more example for ZE sensors
is given in [10] which proposes a temperature sensor with
high accuracy while consuming 80 pW in the worst case.
Considering the ultra-low power consumption of the state-
of-art sensor nodes, it is possible to extend the operating
times of IoT devices to a couple of decades [11]. However,
it should be stated that providing the necessary power for
wireless sensor networks is still an important open issue.
EH and wireless power transmission (WPT) are considered
key enablers for ultra-low-power distributed wireless sensor
networks [11–14]. As a state-of-art study, [15] proposes a
localization system based on batteryless sensor nodes powered
by energy harvesting for Mars missions. Due to the low power
consumption of ZE devices, it is possible to provide the
energy needed by the devices by WPT. In this context, this
study considers WPT for ZE devices on the Martian surface
as illustrated in Fig. 1 and provides initial results. In the
considered context, ZE devices can harvest the required power
from a source that can generate relatively high power from
energy resources based on nuclear, solar, or etc. The power
might be carried by radio-frequency (RF) signals as depicted
in Fig. 1.

Before diving into the details of the study, it would be ap-
propriate to summarize the studies on WPT in space missions
in order to explain the findings of this study. First of all, studies
led by Japan Aerospace Exploration Agency (JAXA) were
carried out to transmit the energy obtained from solar farms
to the Earth [16]. Moreover, JAXA developed an experimental
system for power transmission to moving rovers [17, 18]. Be-
sides JAXA, National Aeronautics and Space Administration
(NASA) is also working on high-power wireless transmission
and is expected to reach TRL 6 by 2028 [19]. In another
study [20], magnetic resonant coupling enabled by WPT for
charging distributed magnetic sensors is discussed. In that
study, a rover on Mars was selected as the energy source.
The RF signal in the high-frequency (HF) band transmitted
from the transmitter units on the rover is used for charging

ar
X

iv
:2

11
2.

02
15

4v
3 

 [
ee

ss
.S

P]
  4

 J
un

 2
02

2



2

Power 
Source

Zero-Energy 
Devices

Wireless Power 
Transfer

Fig. 1. Illustration for wireless transmission from an energy source to remote
ZE devices.

the magnetic sensors. Since the aforementioned studies aim to
transmit ultra-high power, a long-term development process is
needed in order to be used practically.

On the other hand, as mentioned above, a decrease in the
power consumption by the state-of-art sensors can pave the
way for low-power WPT. Considering the recent attention on
the spatially distributed sensors and data fusion for exploration
missions and the open issue on energy sources for distributed
nodes, we investigate a possible solution based on WPT to the
open issue. In this regard, the contributions of this study can
be summarized as:
C1 To the best knowledge of authors, this study firstly con-

siders WPT for ZE devices on the Martian surface.
C2 WPT performance is investigated under misalignment fad-

ing and dust storms for different harvester designs.
C3 Last but not least, this study shows that the channel charac-

teristics, operating environment, and transmitter capacity
must be considered during harvester selection.

The remainder of the paper is organized as follows: Sec-
tion II gives a brief summary on the environmental character-
istics of Mars and reasoning for using RF-based harvesting.
Section III addresses the mathematical background of the
WPT system on the Martian surface. In Section IV, the
harvested power depending on transmission power, distance,
dust storms, and pointing error is discussed over numerical
results. Section V addresses the open issues of this study
and provides direction for future work. Finally, Section VI
concludes the paper.

II. ENVIRONMENTAL CONDITIONS AND ENERGY ON
MARS

Martian atmosphere consists mainly of carbon dioxide and
the atmospheric pressure of the Mars slightly lower than 1%
of the atmospheric pressure at the surface of Earth [21].
This atmosphere consists of approximately 95.5% carbon
dioxide, 2.7% nitrogen, 1.6% argon, 0.15% oxygen and other

gases [22]. There are suspended dust particles in the Martian
atmosphere, and based on local and global storms, the amounts
of these dust particles change daily and seasonally [23]. In
each Martian year, global dust storms may occur one or two
times on occasion in planetary scale. The duration of these
global dust storms may change from 35 to 70 days or more.
Compared to the global dust storms, the intensity of local dust
storms is lower and they disappear in a few days or less [23].
A Martian year is 1.88 terrestrial years and a Martian day is
24.62 terrestrial hours.

Dust particles in the Martian atmosphere reduce the solar
intensity at the surface of the Mars. The amount of dust
particles in the atmosphere is measured by optical depth which
have no unit. Based on the latitude, season, and dust storms,
the value of optical depth can change from less than 0.4 to
more than 4 [21]. The dust particles in the atmosphere affect
the solar spectrum and intensity at the surface of the Mars.
Dust particles scatter in the red end of the solar spectrum
and absorb in the blue end [21]. The effects of dust particles
on the solar intensity on the surface have been investigated
by the various researchers [24]. On the Pathfinder mission,
performance of the solar cells was also analyzed. Pathfinder
was designed to deliver an instrumented lander and the first
ever robotic rover to the Martian surface and accomplished
that purpose. Pathfinder was landed on the surface of Mars on
July 4, 1997.

In terms of the air temperature, Mars is a very cold planet
compared to the Earth. During a Martian year, the temperatures
of the air at a height of 1.6 meters above the surface were
acquired by Viking Lander 1 and 2 (including global and local
dust storms). NASA’s Viking Project became the first United
States mission to land a spacecraft safely on the Martian
surface and send photographs of the surface. Viking Lander 1
and 2 were landed on the surface of Mars July 20, 1976 and
September 3, 1976, respectively. The surface temperature of
the Mars varies from 130 °K to 300 °K (with an average of
215 °K) [22]. Low temperature may affect the performance of
electronic devices. Due to the thin atmosphere of the Mars,
wind speeds are averagely not very high and wind force
is not strength. At the Viking Lander 2, the average wind
speed was measured as approximately 2 m/s [25]. Besides,
the wind speed was measured over 17 m/s less than 1% of the
observation time.

Solar and nuclear energy systems can be used to operate
the spacecraft on Mars missions. Each energy system has its
own advantages and disadvantages. Mars has quite different
environmental conditions from the Earth, and these environ-
mental conditions affect the performance of solar cell array.
The main factors impacting the performance of solar cell array
at the surface of the Mars can be listed as follows [26]:

• Low solar intensity (due to further distance of Mars from
Sun compared to Earth)

• Suspended dust particles in the Martian atmosphere (these
particles modify the solar spectrum and intensity)

• Low operating temperature
• Deposition of dust particles on the solar cell array

On the other hand, the power generated by the solar cell
arrays must be stored in an energy storage system for use at
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the Martian nights. Sodium-sulfur, secondary lithium batteries,
silver-zinc and hydrogen-oxygen alkaline regenerative fuel
cells were considered as advanced energy storage systems.
Because of the high specific energy density, the hydrogen-
oxygen alkaline regenerative fuel cells were selected as ad-
vanced energy storage system for the long storage periods [27].

Nuclear energy can be used when the power produced
by the solar cell arrays is not sufficient. Nuclear energy
systems have many advantages such as ease of packaging and
compactness. Besides, nuclear energy systems are insensitive
to the environmental conditions, and can generate power in the
absence of sunlight at the Martian nights [28]. Despite its many
advantages, this energy system can pollute the environment.

The mission of Mars rover Perseverance is to detect the
signs of life and collect the soil and rock samples for sending
to Earth. Perseverance was successfully landed on the surface
of Mars Feb. 18, 2021. The electric power for Perseverance
is provided by a system called a multi-mission radioisotope
thermoelectric generator. Multi-mission radioisotope thermo-
electric generator is essentially a nuclear battery and it uses
the heat from the radioactive decay of plutonium to generate
electric power.

As given in [8], the main outstanding feature of RF EH is
to have low hardware complexity. On the other hand, solar
EH can provide more energy but it should be noted that this
comparison is given for the Earth and the longer distance
between Mars and Sun results in lower solar flux density. To
explain briefly, the amount of solar radiation reaching the Earth
is inversely proportional to the square of its distance from the
Sun. The Sun-Mars mean distance is 1.5236915 AU; therefore,
the amount of incident solar power on Mars is almost 43% of
the amount of power on the Earth [23]. It is worth saying that
this comparison does not even include any dust storms. On
the other hand, harvesting from other energy sources requires
sophisticated hardware even though their energy provisions
are quite high. Thanks to reducing the power requirement of
sensor nodes, RF EH can supply sufficient energy to sensor
nodes without using any sophisticated hardware. Although it is
possible to use various energy sources on Mars, novel methods
are needed to meet the energy needs of the sensor networks
that are moving and distributed for discovery missions. For this
aim, WPT is considered as a promising solution. In general,
preliminary studies have been carried out for the use of laser
beams [29] and RF waves [30] for WPT. The weight, size,
mass, and limited operation temperature of the laser systems
increase the space mission costs. Moreover, laser systems are
still considered immature [31]. Therefore, RF-based WPT is
discussed in this study.

III. WIRELESS TRANSMISSION ON MARTIAN SURFACE

This section provides basic information about the propa-
gation medium on the Martian surface and the mathematical
background on the impact of environmental factors on WPT.

A. RF Path Loss Modeling

Although studies on propagation modeling for the Martian
environment are limited and immature, some recent findings

on this issue provide information about RF propagation on
Mars. In early studies on propagation models for Martian
surface such as [32–34], the proposed propagation models
are mainly based on terrestrial assumptions. And therefore
there is a need for comprehensive analysis of RF propagation
on the Martian surface and atmosphere based on appropriate
approaches and assumptions. A recent study [35] presented
realistic RF propagation models with 3D ray tracing based on
high resolution digital elevation model (DEM) of the Martian
surface. The employed DEM shows Gale Crater which is con-
sidered a dry lake. This region constitutes an important pillar
of the search for life on Mars. The main reason behind this is
that Gale Crater has shown strong indications that there was
water on Mars in the past. As it will be remembered, NASA’s
Curiosity spacecraft also landed in this region in August 2012
and collected data about the geology and environment of the
region [36–38].

The received signal at the input of harvester can be defined
as follows:

y(t) =
1√
PLtot

h(t)m(t)x(t), (1)

where x(t), h(t), and m(t) denote the transmitted signal with
transmit power of PTX , small-scale fading, and misalignment
fading, respectively. PLtot stands for the total path loss
including free-space path loss with shadowing and attenuation
due to dust storms.

First, we will discuss on large-scale fading. In the proposed
propagation model [35], the generic path loss and log-normal
shadowing are utilized with the new parameters which have
been obtained through 3D ray tracing over DEM. Therefore,
we employ log-distance path loss model in this study. The
log-distance path loss model is given as follows:

PL = 10αlog(K) + χ (dB), (2)

where α is the path loss exponent. χ ∼ N (0, σ) denotes zero
mean shadow fading in dB. K is free space path loss in Watt
given as follows:

K =
4πd

λ
, (3)

where λ and d denote wavelength of the emitted signal
and the distance between the source and harvesting device,
respectively. In [35], the path loss exponent and shadowing
values are found (2.12, 11.41) and (2.37, 13.26) for two
different areas (i.e., Area 1 and Area 2) in Gale Crater,
respectively. Considering the values for Area 2, it is seen
that the propagation environment is lossier and the number
of multipath is higher compared to Area 1. As stated in [35],
Area 2 is rocky whereas Area 1 has a flat environment.

Second, dust storms can heavily affect radio propagation on
Martian terrain. Therefore, we adopted the attenuation owing
to dust storms in the total path loss model. The attenuation
due to dust storms is modeled as follows [39]:

PDS =
1.029 · 103Im(ε)

λ
[
(Re(ε) + 2)

2
+ Im(ε)

2
]NT ρ−3

p d (dB), (4)

where ε is the dielectric permittivity of dust particles and it
is 4.56 + i0.251 at 2.45 GHz [40]. Also, Re(·) and Im(·)
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Fig. 2. Illustration of the pointing error, r, between receiver antenna with
effective beam aperture radius, β, and the transmitter antenna with beam waist,
rd at distance d.

denote the real and imaginary part of a complex number,
respectively. NT is particle density which means the total
number of particles in unit volume. ρp is also mean particle
radius. It should be noted that d is the propagation distance in
meter.

The received power at the input of harvester at t can be
given as follows:

PRX = PTX −H −M − PL− PDS +GT +GR (dB),
(5)

where H = 20 log(h(t)) and M = 20 log(m(t)). GT and
GR stand for the transmitter and receiver antenna gains,
respectively.

B. Misalignment Fading

In the previous section, we mentioned the misalignment fad-
ing without diving into details. However, it is required to give
some preliminary details to understand the numerical results.
Thus, this section is devoted to giving some preliminaries on
the misalignment fading.

A proper alignment between the source and receiver anten-
nas is essential to receive the power required for operation of
ZE devices. Because of low-complex hardware and compu-
tation capacity of ZE devices, proper beam alignment might
not be satisfied. Therefore, some alignment errors might be
expected. The misalignment fading at a time t can be modeled
as a random variable. The remainder of this section follows
the steps to obtain the distribution for the random variable.

First, we assume that the beams are circular. As depicted
in Fig. 2, for two beams with radial distance r between their
centers, the misalignment coefficient, m = m(t), is given as
follows [41]:

m(r; d) ≈ A0 exp

(
− 2r2

w2
eq

)
, (6)
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Fig. 3. Harvester power conversion efficiency versus incident power for
different harvester types.

where weq is the equivalent beamwidth. A0 shows the power
fraction for aligned antenna pair (i.e., r = 0) and it is defined
as follows:

A0 =

[
erf

(√
πβ√
2rd

)]2
, (7)

where erf(·) and rd are the error function and the beam waist
at distance d, respectively. Also, the radius of the receiver
antenna’s effective area is denoted by β. The displacement
error in two axis can be modeled by identical Gaussian
distribution; thus, the radial distance, r, follows Rayleigh
distribution given by

fr(r) =
r

σ2
s

exp

(
− r2

2σ2
s

)
, r > 0, (8)

where σ2
s denotes jitter variance. Utilizing (6) and (8) jointly

exhibits the misalignment fading with the following distribu-
tion:

fm(ζ) =
γ2

Aγ
2

0

ζγ
2−1, 0 ≤ ζ ≤ A0, (9)

where γ =
w2

eq

2σ2
s

[42]. By the analysis given above, it is shown
that the jitter variance and the aperture size appear as a crucial
factor on misalignment fading and for the harvested power as
well.

C. Harvester Efficiency

Although harvesters are at the endpoint of energy trans-
mission systems, they are essential for receiving and storing
energy [43]. It should be noted here that due to the subject
of this study, only RF energy harvesters are discussed. The
seminal works on energy-harvesting wireless systems [44]
consider the harvesters as linear devices whose efficiency
is independent of the input power. However, the practical
experiments denote that harvesters are nonlinear devices and
conversion efficiency is a nonlinear function of the input
power [45]. As the efficiency of the harvesters has a direct



5

effect on the amount of harvested power, and many studies
have been carried out in recent years to increase the efficiency
of the harvesters [46, 47].

As stated above, the harvester efficiency is practically
modeled as a nonlinear function of input power. In this regard,
several models have been proposed, but the heuristic model is
reported with the smallest fitting error [45]. Another reason
behind using this model is that it allows modeling in a wide
scope of input power. The energy conversion efficiency of a
harvester is defined with the heuristic model as follows:

η[PRX ] =
a2P

2
RX + a1PRX + a0

P 3
RX + b2P 2

RX + b1PRX + b0
, (10)

where PRX denotes the input power in mW. By employing
this model, it is possible to analyze harvesters designed for
different input power levels. For example, for infinitely small
input power, the efficiency is limited by the a0/b0 term, for
very large input values, the efficiency is on the order of
1/PRX . As a result, the harvested power, Ph, would be given
as follows:

Ph = PRX × η[PRX ],

=
a2P

3
RX + a1P

2
RX + a0PRX

P 3
RX + b2P 2

RX + b1PRX + b0
. (11)

In this study, we utilize three different harvesters with
different input power levels to investigate the amount of
harvested power under several circumstances. Our motivation
in selecting harvesters is to cover a wide scope of input
power since the input power would be affected by the channel
conditions and misalignment. As detailed in Section III-A,
the received power fluctuates in a wide region due to a
relatively high shadowing effect in rocky areas. Hence, the
harvester to be used on Mars requires to support a wide
input power region. Furthermore, efficiency is another key
factor in harvester selection in this study. But, it should be
noted that the harvesters pose a trade-off between wide input
range and energy conversion efficiency. Since we are aiming to
provide an end-to-end analysis on power transfer on Martian
surface for ZE devices, we need to choose each element of
analysis in harmony. Therefore, the utilized harvesters can
operate at 2.45 GHz since channel modeling studies have
been focused on that frequency band. To the best knowledge
of the authors, the following harvesters seem to comply with
the specified conditions: Harvester A [48], Harvester B [49],
and Harvester C [50]. The first two are based on discrete
components (e.g., Schottky diode) and the latter is fabricated in
CMOS technology. It is worth mentioning the main difference
between the two approaches in short. The main advantage
of using discrete components in harvester design is to have
low loss feature compared to CMOS-based harvesters. Low
resistivity silicon substrate in CMOS process induces low Q-
factor while the discrete components’ Q-factor is quite high,
which conduces efficient energy storage [51]. Because of the
promoting features of the Schottky diode such as low forward
voltage drop, low power consumption, high switching, and low
loss, it stands out in the discrete components [52]. However,
the size of discrete harvesters is larger compared to CMOS-
based architectures.

TABLE I
MODEL PARAMETERS FOR ENERGY CONVERSION EFFICIENCIES OF THREE

HARVESTERS INVESTIGATED THROUGHOUT THIS STUDY.

Harvester a2 a1 a0 b2 b1 b0

A [48] 100.1 181.2 -4.43e-2 -6.74e-2 3.185 10.1e-2
B [49] -5.28e3 9.46e5 -2.04e4 -150.6 1.292e4 9874
C [50] 114.6 -1.613 7.66e-3 1.133 9.84e-3 4.5e-3

0 20 40 60 80 100

Transmitted Power (W)

0

5

10

15

20

25

30

R
e

c
e

iv
e

d
 P

o
w

e
r 

(m
W

)

Ideal

Dust Storm (5 10-3, 104)

Misalignment (  = 1, 
s
 = 0.1)

Fig. 4. The incident power with respect to transmit power when the
propagation distance is 50 m.

As depicted in Fig. 3, the harvesters operate at different
incident power range with different efficiency levels, which
provides a holistic analysis. By utilizing their measurement
data, we employed curve fitting to model the harvesters input
power-efficiency relation by the heuristic model given in (10).
The model parameters are given in Table I for each harvester.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, WPT on the Martian surface is analyzed
in different regions of Gale Crater and under different en-
vironmental effects. In all analyzes, the operating frequency
was set to 2.45 GHz. This is because - as noted above - the
channel modeling studies have generally focused on this band.
In addition, while the transmitter antenna gain, GT , is 28 dB,
receiver antenna gain, GR, is chosen as 0 dB, assuming that
there is no antenna gain due to the simple structure of the
receivers. The dust permittivity, ε, is 4.56 + i0.251 at 2.45
GHz [40]. Unless otherwise is stated, the beam waist, rd,
the distance between harvesters and the energy source, and
the transmitted power are 7λ, 50 m, and 10 W, respectively.
Moreover, the path loss exponent and shadowing effect were
selected according to propagation medium which is detailed
in Section III-A.

Since we focus directly on how the harvested power changes
under various conditions in the rest of this section, it is
convenient to give the relationship between the received power
and the transmitted power in Fig. 4 as an insight for the
following results. It is worth noting that Fig. 4 shows the
behavior under different conditions, which we describe in
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Fig. 5. The harvested power by three different harvesters in (a) Gale Crater Area 1 and (b) Gale Crater Area 2 versus varying transmit power when propagation
distance is 50 m. Due to high path loss and shadowing in Area 2, the harvested power is low.

detail below, apart from the ideal situation. As expected, there
is a linear relationship between received power and transmitted
power. However, it should not be forgotten that the harvested
power exhibits nonlinear behavior. It can be seen in Fig. 4
that a very small pointing error causes serious energy loss.
On the other hand, even in intense dust storms, a maximum
of 50% loss is experienced in the amount of power taken
compared to the ideal situation. This shows the benefit of
RF-based transmission compared to optical transmission. A
detailed discussion of ideal and practical cases particularly
shown is given later in this section.

It has been stated above that harvesters are nonlinear de-
vices. For this reason, the relationship between the harvested
power and the transmitted power is also nonlinear. First, to
examine this nonlinear relationship, under ideal conditions
with perfectly aligned antennas and the absence of dust storms,
we investigate how the harvested power by different harvesters
versus varying transmit power changes. The power of the
transmitted signal ranges from 1 to 100 W. Fig. 5(a) shows that
Harvester A and C can provide 200 µW when the transmitted
power is 20 W. However, the incident power lies in the region
of Harvester B where the efficiency is low. Furthermore, it is
observed that A and C operate in their linear region since the
incident power changes in between -10 and 0 dBm. In Area 2,
which is more challenging in terms of signal transmission,
the incident power is much lower and is usually outside the
working area of the harvesters. Although it is seen in Fig. 5(b)
that the harvested power is sufficient for ZE devices, it is more
appropriate to consider novel harvesters for this region.

By investigating the amount of energy harvested depending
on the transmission distance as well as the transmission power,
an insight can be created about how often the resources should
be placed. For this aim, the variation of the harvested power
depending on the distance was investigated under constant
transmit power by considering the two regions of Gale Crater
separately. The transmit power is selected as 10 W and
the environmental conditions are assumed ideal. As seen in
Fig. 6(a), the harvested power remains above 50 µW up to 70

m; however, the power decreases and gets meaningless from
the point of practical usage for longer distances. It is observed
that using Harvester A up to 30 m would be more efficient. If
the distance between source and destination nodes is planned
to be longer, the harvester selection requires more attention.
It is worth saying that the planning strategies for the source
deployments should be addressed in further studies. On the
other hand, numerical results regarding Area 2 are plotted in
Fig. 6(b). The harvested power is above 50 µW up to 40 m
distance in Area 2. It reveals that energy sources should be
placed more frequently within this region. Up to this point,
we considered WPT under ideal conditions. Therefore, the
difference in the performance of the three harvesters may not
be well observed. It should also be noted that ZE devices
operate in low power region; thus, a small difference between
harvested power by the harvesters can substantially change
the efficiency of operation. The rest of this section is devoted
to understanding the behavior of harvested power under some
practical conditions.

As mentioned above, dust storms in the Martian atmosphere
have a degrading effect on the quality of RF propagation,
and thus the harvested power decreases according to the dust
density and the size of dust particles. The simulation results
regarding dust storms are depicted in Fig. 7. In the simulation,
we investigate the harvested power under the assumption of
large particles to show the robustness of RF WPT against dust
storms. In this simulation, the distance between source and
destination is 50 m and the transmit power is 10 W. In both
areas of Gale Crater, the Harvester B is underperforming the
others. As seen, in case the particle size is 100 µm, it is seen
that there is no significant change in the amount of energy
harvested until the particle density increases to 105 m−3. As
known, particle radius in dust storms on Mars [53] is far below
the value used in this simulation. This shows that RF WPT is
more robust than transmission with visible light or laser [54].

Finally, the effect of the alignment between the receiver
and transmitter antennas is investigated. As it is known, it is
desired to increase efficiency by using sharp beams in power
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Fig. 6. The harvested power by three different harvesters in (a) Gale Crater Area 1 and (b) Gale Crater Area 2 versus propagation distance when the transmit
power is 10 W.
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Fig. 7. The harvested power by three different harvesters in (a) Gale Crater Area 1 and (b) Gale Crater Area 2 versus dust particle density when the transmit
power and distance are 10 W and 50 m, respectively. The solid lines and dashed lines denote the particle sizes of 1× 10−4 and 5× 10−3 m, respectively.
It should be noted that the particle sizes are selected higher than measured values to show the robustness of RF propagation under dust storms.

transmission. In that case, high-resolution channel estimation
is required to adjust antenna alignment. But channel estimation
is computationally complex. Moreover, since ZE devices have
limited computational capabilities and simple transceivers,
both estimation and alignment pose a challenging task for ZE
devices.

Therefore, some misalignment between the transceiver an-
tennas is expected. Depending on the standard deviation of the
pointing error and the radius of the receiver beam aperture,
harvested power is simulated for both areas. As expected,
increasing misalignment jitter degrades the harvested power.
As given in Fig. 8, there is an almost linear relationship
between harvested power and pointing error when the standard
deviation of pointing error is between 0.4 and 1 m. On the
other hand, the power loss owing to misalignment fading can
be tolerated by increasing antenna aperture of the receiver. It
should be noted that due to the limited antenna capabilities of
ZE devices, it is obvious that there is a strict limit for aperture

size. Harvester B generally shows poor performance compared
to its peers. Especially in the case of high pointing error which
causes drops in the incident power, the performance decrease
is more pronounced. This result is in line with the results
depicted in Fig. 3. While it is possible to use devices with
relatively smaller antenna apertures in Area 1 of Gale Crater,
much larger antenna apertures and/or more robust antenna
alignment are needed in Area 2. At this point, a system
design problem arises, which requires evaluating resources and
constraints to determine a strategy for optimum harvesting.

The long and the short of it is shown that the harvested
power by the destination node is above a couple of µW
although under pointing error and dust storms. Considering
the numerical results and power requirements of the novel ZE
devices [6, 10], it can be readily said that the power can be
supplied for ZE devices on the Martian surface by WPT with
the conventional and simple harvesters.
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Fig. 8. The harvested power by three different harvesters in (a) Gale Crater Area 1 and (b) Gale Crater Area 2 versus the standard deviation of pointing error
when the transmit power and distance are 10 W and 50 m, respectively. The solid lines and dashed lines denote the radius of receiver beam aperture of 0.5
and 1 m, respectively. It is shown that Area 2 needs both robust alignment and a wider receiver beam aperture.

V. OPEN ISSUES AND FUTURE DIRECTIONS

Although the results given in the previous section show that
WPT on the Martian surface is promising for ZE devices, there
are many open issues that need to be addressed. We discuss
some of them in this section.

a) Channel Models for Martian Propagation Environ-
ment: In this study, we discussed how the harvested power
changes according to distance, transmission power, dust
storms, and pointing error. The wireless channel model that
we employed in this study is valid for Gale Crater, and there
is a need to create channel models for the remaining regions
of Mars. Consistent channel models should be obtained so that
the results given in this study can be generalized to the whole
of Mars. Furthermore, even though some recent papers [3, 55]
assume the multipath channel is Rayleigh when considering
the small-scale fading in Mars, the research on small-scale
characteristics of the Martian propagation medium is scarce.
To develop accurate models and investigate the harvesting
performance, the mature channel models including small-
scale characteristics are strictly needed. Therefore, studies on
channel modeling for Mars should be addressed in future
scientific publications first.

b) Harvester Design and Efficiency Models: In addition,
there may be a need to design novel harvesters for the purpose
addressed in this study, not being limited to the three harvester
models used above. Also, for novel harvesters to be designed,
it may not be possible to express the relation of harvester
efficiency with incident power with the heuristic model, or the
fitting error for the heuristic model may be high. Therefore,
there may be a need for new efficiency models that include
the effect of environmental conditions such as temperature.

c) Non-line-of-sight Wireless Power Transmission: Al-
though it is assumed that ZE devices are located in the
transmitter’s line-of-sight throughout the study, analyzes and
new methods are also required for non-line-of-sight (NLOS)
propagation. Harvested power is expected to decrease signif-
icantly in NLOS conditions. The initial results of the studies

on the reconfigurable intelligent surface-aided WPT show that
the harvested power amount can be increased compared to
the harvested power in NLOS case by properly positioning a
reflective surfaces between the source and the destination [56,
57]. Also, the reflective surfaces can focus RF beam through
the destination [58].

d) Battery Recharging Time Analysis: Because of the
sporadic and random nature of the harvested power, it may
not be directly utilized by the ZE devices [59]. In general,
the harvested power is stored in rechargeable batteries. Thus,
modeling battery recharging time becomes crucial in the
system design perspective. Hence, recharging time for batteries
suitable for the Mars environment should be statistically
modeled in order to determine the transmit power, battery
selection, and so on.

e) Multi-source Harvesting: Along with RF power trans-
mission, it is possible to design hybrid systems by making use
of other energy sources in the Martian environment such as
solar, wind, vibration, etc [60]. In addition, wireless power
can be transmitted from multiple RF sources [61]. On the
other hand, EH from other energy sources in the Martian
environment is still an open issue. Although EH from other
energy sources can supply more power [8], the hardware
complexity of harvesters is quite high for ZE devices. More-
over, it should be noted that most of the non-RF harvesters
have been designed to operate on Earth contrary to what
we proposed in this work. It is yet an open issue how such
harvesters can operate in the Martian environment and what
their efficiency will be. Also, the conformal integrated solar
panel antennas [62] can pave the way for joint utilization of
solar and RF harvesting.

VI. CONCLUSION

In this study, a preliminary investigation is carried out to
provide the power required by ZE devices with WPT under
the environmental conditions of Mars. First, the efficiencies
of different harvesters designed recently are modeled and
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RF path loss models are discussed in the Mars propagation
environment. Furthermore, the effect of dust storms on Mars
and beam misalignment between the source and destinations
on harvested power is also being studied. The initial results
show that the power required for the proper operation of ZE
devices can be provided without employing any sophisticated
hardware. In addition, the open issues in this study are detailed
and the direction for future studies is provided.
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