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Abstract The measurement of soil moisture is important for many practical applications. We describe the
theoretical design of a simple, noncontact, electromagnetic probe that complements many existing soil moisture
measurement techniques. The approach uses a low-frequency (i.e., 50-150 MHz) antenna operating in proximity
of the soil. The presence of the soil affects the antenna input impedance, which in turn depends on the distance
between the soil and antenna and the complex dielectric constant of the soil. The latter strongly depends on the soil
wetness, which suggests that bulk soil moisture integrated over a depth of roughly 1 m can be inferred from
antenna impedance measurements. This is in contrast with many current higher-frequency techniques that
penetrate only a few centimeters into the soil and provide only near-surface values of soil wetness. Our work
suggests that under ideal conditions bulk soil moisture can be mapped with an accuracy on the order of 1% over
horizontal scales spanning a few tens of meters to a few kilometers using simple low-frequency antennas.

Plain Language Summary Soil moisture information to depths of 1 m is critical for a variety of
geophysical applications, including the accurate forecasting of precipitation, river flow levels and floods, and
drought prediction and monitoring. While there are a large number of remote sensing techniques available that
measure surface moisture values, relatively few if any can access deeper so-called root-zone depths. We present
theoretical results for a noncontact technique that uses a simple, thin-wire, loop antenna operating at 50—

150 MHz and a height of approximately 1 m above the soil surface to infer bulk soil moisture properties
integrated over a depth of roughly 1 m with an accuracy on the order of 1% under ideal conditions. In principle,
the technique can be applied using a moving vehicle or drone to map soil moisture over horizontal length scales
that bridge the gap between in-situ measurements and regional-scale satellite retrievals.

1. Introduction

The measurement of soil moisture (SM) is important for many practical applications. It is a key hydrologic state
variable that links land surface and atmospheric processes. Its spatial and temporal distribution has a profound
impact on agricultural health, drought and flood forecasting, forest fire prediction, water supply management, and
climate variability and change (Babaeian et al., 2019; Robock, 2003; Seneviratne et al., 2010). The accurate
measurement of soil moisture is critical for the understanding, modeling, and prediction of associated hydrologic
and atmospheric processes that are used to inform a wide range of government agencies and private companies
concerned with weather forecasting and climate prediction, drought mitigation, runoff potential and flood control,
soil erosion and slope failure, and reservoir management (https://weather.ndc.nasa.gov/landprocess/).

There is a wide array of SM measurement techniques spanning many decades of development. Each approach has
its advantages and limitations. Recent reviews that summarize the state-of-the-art can be found throughout the
literature (e.g., Babaeian et al., 2019; Hardie, 2020; Li et al., 2021; Mukhlisin et al., 2021; Susha Lekshmi
et al., 2014). For the purposes of comparison, it is convenient to group the various approaches into remote
(satellite and airborne), proximal (near-ground, noncontact), and ground-based (in-ground, in situ) categories
(Babaeian et al., 2019), with the remote and ground-based systems offering broad-areal and continuous single-
station coverage, respectively, and proximal systems offering the possibility of greater ease of application and
incorporation of mobile techniques allowing for mapping of SM over horizontal scales on the order 10-1,000 m
bridging the gap between point and regional coverage.

Electromagnetic (EM) approaches span all three categories. A comprehensive review can be found in Babaeian
et al. (2019), with a more focused discussion of remote, proximal and ground-based methods presented by Li
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et al. (2021), Hardie (2020), and Mukhlisin et al. (2021), respectively. In particular, Babaeian et al. (2019)
describe a number of proximal EM induction approaches (e.g., see Section 4.2) with a focus on noncontact
methods (e.g., see Figure 4). A more limited review of remote and proximal EM techniques is provided by
Voronovich and Lataitis (2021, 2022).

In this work we consider one proximal EM technique in detail: that of a horizontally-oriented antenna operating in
the near field above the surface of the soil. The presence of the soil affects the input impedance of the antenna,
which depends on the distance between the soil and the antenna and the complex dielectric constant of the soil, the
latter in turn depending strongly on soil wetness. The theoretical basis for this approach was considered in a
number of earlier studies (e.g., Chang, 1973; Kennedy, 1956; Ryu et al., 1970; Spears, 1989; Wait & Spies, 1972),
but the technique as a remote probing tool was not actively pursued at the time, possibly due to insufficient
capabilities of earlier-day electronics.

We revisit this concept and use numerical simulations to assess its potential as a practical soil moisture mea-
surement technique. The simulations are based on a theoretical approach that was developed recently for the
calculation of bent, thin-wire antennas operating in free space (Voronovich et al., 2023). We extend this theory to
account for the interaction between a thin-wire, loop antenna and a vertically stratified, dielectric half-space. The
resulting equation for the input impedance of the antenna (or, equivalently, for its resonant frequency) as a
function of the complex dielectric constant is applicable to loop antennas of any shape and can, in particular, be
expressed in closed form for a circular loop antenna. We note that in contrast with earlier work our general result
has no restriction on the type of antenna that can be used for this measurement nor on the proximity of the antenna
to the soil surface. We consider a circular loop antenna only because it yields a relatively straightforward and
easily-computable closed-form solution that allows us to illustrate the main points of this work. Our result is
applicable in both the near- and far-field of the antenna.

Using this result we demonstrate numerically that a low-frequency (i.e., 50-150 MHz) circular loop antenna of
about a meter in diameter, horizontally oriented at a height of the same order above the soil surface, can be used to
retrieve bulk-averaged soil moisture to a good accuracy. We suggest a simple idealized circuit comprising a
variable capacitor and loop antenna driven by a narrowband signal to illustrate in principle how this measurement
could be implemented.

The primary novelty of our approach over existing techniques is that the use of lower frequencies allows for deeper
probing into the soil and a more representative bulk soil wetness measurement, and that its portable, noncontact
nature permits mounting on surface vehicles or drones that can provide soil moisture measurements over horizontal
scales that bridge the gap between in-situ measurements and regional satellite retrievals. These intermediate scales
are typically inaccessible using many current technologies but are important for informing many natural resource
management decisions (e.g., as related to extreme precipitation and flooding, droughts and associated crop failure
and famine, general agricultural health, water resource and dam management, wildfire prediction and mitigation,
and ecosystem health) in addition to allowing for more accurate representations of soil moisture variability in
numerical models leading to improved extreme precipitation and flood forecasts and drought projections. Finally,
this is arelatively simple technique that is straightforward and inexpensive to implement compared to, for example,
manned aircraft measurements that might sample similar intermediate scales.

2. Loop Antenna in Free Space

This section briefly summarizes an earlier theoretical development by Voronovich et al. (2023) for the current j; in
a thin-wire, loop antenna operating in free space. Equation 1 expresses the current in terms of its Fourier har-
monics fn, and Equation 2 below relates the amplitudes of the Fourier harmonics to the electric field incident on
the antenna. These equations together with the supporting expressions (Equations 3—7) are used to evaluate the
complex antenna input impedance described in Sections 3-5.

N
We express the electric current j, excited in a thin-wire, loop antenna by an incident electric field E ;, with angular

frequency w = 2 in free space in terms of its harmonics j, as:

SN s
Js = Z jnexp<27rinz>, €))

n=—0o
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where the governing equation for ]A'n is given by (see Equation 32 in Voronovich et al., 2023):

A 2 () A o . N —ominsL 2 (7 d?sd 5
i EKn 0 (Kna)JO(Kna) + Vo lln + Zm:—oo Vnm]m =1 wL L/ze Ein(RA\') . ds S. ( )

Here L is the total wire length, a is the radius of the wire, s is the arc length along the wire (-L/2 <s<L/2), ﬁs is
a 3D vector at a point on the wire along the arc length s,

? 27 \? 2
K, = (2—(Ln) ) , ImK,, >0, ?3)
c
and
LJiwL/c =2 .wL c? o f 0oL . [.oL .
v, = 41) WeXp(lZ) _EK" Ei tz+m’n —Ei io-—imll, “4)
where
oo ixt
Ei(ix) = / ert (5)
1

is an exponential integral function of imaginary argument. The dimensionless interaction matrix V,,,, doesn't
depend on the wire radius a and is given by the following integral:

w (L2 L2 o
Vin = — f / V(s,s')exp (—i —(ns - ms'))dsds', (6)
cL ) _ipnJ _ip L

where
3 2 2i ; 2.2
w—3V(s, s’) =|- 5+ la)/02 exp(ig|s - s|> +—exp(lcgup/c) (_w f + 2P 1)
c [s=s" (s=) c P c c
(M

- - 2 2 - - - |[= - —

dR; dR, _<a)p+3i%_ )RS—RS,.dRS R,— R, dR,

v 2 ’

ds ds c c P ds P ds N
o~|R-R.|

It is important to note that the singularities that appear within the first parenthesis on the right-hand side (RHS) of
(7) cancel and the function V(s,s’) is in fact non-singular. For the case of a circular loop antenna the matrix V,,,
becomes diagonal and V(s,s") can be expressed in closed form and the corresponding input admittance calculated
numerically.

Figure 1 describes the input admittance of a thin-wire, circular loop antenna as a function of loop diameter. It is
copied from an earlier work examining the electrical characteristics of thin-wire antennas (Voronovich
et al., 2023). It is consistent with the development presented here and illustrates the favorable agreement between
the theoretical expressions for the real and imaginary parts of the input admittance for a circular loop antenna with
a 8-gap excitation and the corresponding experimental data presented by Kennedy (1956).
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Figure 1. The theoretical input admittance of a thin-wire, circular loop antenna with a d-gap excitation as a function of the
normalized loop diameter 2pn%/A, where p is the antenna radius, a is the wire radius, and 1 is the free space wavelength. Both
the real and imaginary parts of the admittance (solid and dashed lines, respectively) are shown (Figure 5 from Voronovich
et al., 2023. Measured data from Kennedy, 1956).

3. Loop Antenna Over a Vertically Stratified Half-Space

Now let us consider a loop antenna operating over a vertically stratified half-space. The typical way to feed the
g
antenna is to apply a voltage at a certain point; in this case the incident field E ;, in the RHS of Equation 2 becomes

a delta-function. In this section we consider the general case of an arbitrary Em. We also consider the case of a
loop antenna of arbitrary shape. We assume the properties of the half-space depend only on vertical coordinate z
with the z-axis directed upward, and that its upper boundary is a horizontal plane. Since the EM field radiated by

the loop antenna is partially reflected by the half-space, the incident electric field l_f),-,, in the RHS of Equation 2 is
modified. The corresponding modification to Equation 2 is considered in detail in this section.

First we calculate the electric field generated by an arbitrary distributed current in the loop antenna, which is
represented as a sum of its Fourier harmonics. The calculation proceeds in the Fourier domain, and the
resulting field is expressed as a superposition of plane waves of vertical and horizontal polarization (Equa-
tion 16 below). Each plane wave is reflected from the stratified medium below the antenna with a known
reflection coefficient. (The calculation of the reflection coefficient from a vertically stratified medium is a
separate task and is described in Voronovich and Lataitis (2021) and elsewhere). Using the superposition
principle, we obtain as a result an expression for the field reflected from the soil in terms of the Fourier

harmonics of the current in the antenna. This field has to be added to the original excitation field Ein in the
RHS of Equation 2. As a final result we obtain Equation 27 as the governing expression for the current in a
loop antenna operating over a stratified medium in terms of is Fourie harmonics. We emphasize that the loop
antenna can be of arbitrary shape and arbitrarily close to the soil as no far-field approximation was used in the
development.

The general equation for the electric field E generated by a spatially distributed current with density 7 can be
expressed as (e.g., Jackson, 1999):
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where K is a 3D wave vector. In terms of these Fourier transforms Equation 8 becomes:

a)z/cz_')~ w{rar
; J & Jk
=— . (11)

E
K £y w2/c? —K? + i

We added into the denominator in Equation 11 a small attenuation term i6 (6 > 0), which shifts the poles from the
real axes to ensure fulfillment of the limiting absorption principle, that is, after performing the corresponding
integrations one sets 0—+0 so that the result in fact doesn't depend on 4.

In what follows it will be convenient to split the wave vector into its horizontal and vertical projections, that is,

K = k +k, €, and similarly split the 3D coordinate vector R = 7 + z¢ , into its transverse and longitudinal

L . . o 1 2 . .
directions. Let us introduce the unit polarization vectors ﬁ% E ?% for waves of vertical and horizontal po-

oz

larization, respectively:

(2) XK
N
- _ 12
P k (12)
and
N —
€. Xk
) c— @ c(> z c1 —
Py == KX P = (F k) x— = (¥ -kT) (3)

g —Q2) , . NG)) . .
where k = | k |. Note, that p 7 doesn't depend on k_ (in contrast to p ) Itis clear from Equation 11 that

K- _);( = 0 (i.e., the longitudinal component of the electric field is absent, as it should be). Hence, Equation 11

can be represented as follows:

T LIPS + (7o 72 )72
iw k’k: k ’kz k ’k: k,k; k 7kz Z

goc? o —K? +i6

2

—
E.=

%

(14)

Now we substitute Equation 14 into Equation 9. Assuming z < 0, we can calculate the electric field below the loop
by integrating over k_ using a residue at k., = —¢,, where

e = (0> = 12)"?, Im g, > 0. (15)

One then obtains:
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Equation 16 represents an expansion of the electric field radiated by the current in the loop downward into a
superposition of plane waves of vertical and horizontal polarization. Let us assume that the boundary of the half-
space is located at a level z = —h, h > 0. When propagating downwards to the boundary of the half-space and back,
the waves of both polarizations acquire a phase factor exp (2ig;/). Due to reflection the amplitude of each plane
wave has to be multiplied also by the corresponding reflection coefficient V,({l) or Vf) , where the upper index
stands for vertical (1) or horizontal (2) polarization, and each plane wave has to change the sign of vertical
component of the wave vector. As a result, the electric field of the reflected waves becomes:

—

E o 7 O (1) =) = @\, =2 | sig it i+ig9K
Ere (7, ) = — - . _>—> \% + - PV e U T 17
! ‘ £oc? / k=g P K—q) * P ?,q/\ J k—q; P k kP % qr a7

This electric field should be added to E,-,, in Equation 2, which results in the following additional term in the RHS
of Equation 2:

dregc® (M7 s dR a (2 rdk
I, =i TEYC f e—2;rms/LE)ref (ﬁ)‘) . Sds = —i i/ ds f e
wL iy ’ ds L L2 Gk

—
- ) ) dR; |
X - . - - — |V
(j k—q k F‘Ik) ks ds k
dR -
N . -0\ -0 S (2) 2iqkh+iZ< v +iggz, ,—2nins/L
+<j Ta pZ») P2 Vi e e . (18)
From Equation 10 one finds:
g 1 g —ﬂ;«7+iq 4
2 =— ze “dR 19
= |7 (19

Integrating over the cross-section of the thin wire one obtains the total current in the wire at a point s multiplied by

. . . . . . - .. . . . .
the unit vector directed along the wire axis at this point d R ;/ds. The remaining integration becomes an integration
over s and one finds:

I
7o o [ e PR 20)
/'3 (277:) —Lp2 ds

Substituting into Equation 20 j; from Equation 1 yields:

7 ! Y2 i T dR
j - - \©® 3 gims/L—ik - 1 +igz, 4T
U (2”)3 Z;n:_me ./:L/z (4 k 7 ds. (21)
Substituting Equation 21 into Equation 18 one obtains:
In =—i Z anim9 (22)
m=—0oo

where
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2zLJ 4 —L/2 -L2
dR dR dR dR
(1) —(1) T e s =@ || =@ s |y,
x||==-7 i | 7R it A v 23
as P ?ch P ?,qk ds |'* ds % P X ds |'* 23)

We can simplify the expression for the matrix R,,, in Equation 23 as follows. Note that p(l)_) = p(_lz and
k k

() @

P, = —pZ3. Introducing the following expressions:
- k
L/2 ~ —
e s L) P o0
k —-L/2 ds ds k a
L/2 . —
BY = f ek T oviaz |47 | B | 50 25)
P _1n ds ds -~ k
one finds:
1 [d¥ Digeh (4D AC-m) (1) _ ) pl=m) 1 /2)
= | L i (A_,A D _ g gy ) (26)
27L ) qx k - k -k

Adding Equation 22 to the RHS of Equation 2 one obtains the following equation, which describes the behavior of
a the loop antenna located over a horizontally stratified half-space:

. c? 2 © . 2
<lﬂ EKﬁH(()l)(Kna)JO (Kna) + Vn).]n + Zm=_oo(vnm + anm)]m

> pL2 =
. 4”806 —27rins/LE~) 1_{ dR s
=1 e in s

oL J ;. ds

ds. @27

The only difference compared to the free space result in Equation 2 is the additional term iR,,,, in the summation
over m. Note that the Fourier amplitudes of the current are complex. For a delta-excitation of the antenna the
current at the point of excitation (which is given by the sum of all Fourier harmonics at that point) will also be
complex, and the ratio of the feeding voltage to the total current yields the both real- and imaginary part of the
impedance.

We emphasize that the interaction between a plane wave and a vertically stratified half-space is completely
characterized by the corresponding reflection coefficients, and Equation 23 applies to any such half-space. For the

case of a homogeneous half-space V,(cl’z) become the Fresnel reflection coefficients.

4. The Case of a Circular Loop Antenna

Let us assume that the loop is circular with radius r, located horizontally at the level z = 0. Setting

N
k
= cos 8¢, + sin H?y (28)
and introducing polar angle ¢ = s/r, one finds:
d7s L= -
15 = —singe, + cospe,, 29)
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Simple calculations give:

A% =-z %VOW_MHM/Z [Jn—1(kr0) + i1 (kro)], (30)

B% — l-ﬂroeinﬂ—inn/Z [Jn—l (kro) — Jn+l (kr())], (31)

where J, is the Bessel function. The substitution ? - —E’ is equivalent to the replacement 8 — € + =z, and one
also has J_,(z) = (—1)"J,(z). Taking this into account one notes that the products A@A(_f,) and B(ﬂ B(_i")) are both
k

proportional to exp [i(n—m)@]. For this reason, the integration in (26) over d? = kdkd® with respect polar angle
yields 275,,,. As a result one obtains:

R'ZWI = 6nmRn’ (32)

where

T © kdk . 2
R, = 5"0/ e 32'q‘h< <_F>q%[‘]n—l (kro) + Jut1 (kro)]2V/(<l) + [Jpm1 (krg) = Jyi (kro)]ZV/EZ)>- (33)
0

The matrix V,,, for a circular loop is also diagonal (Voronovich et al., 2023), and the solution of the equation set in
Equation 27 in this case reduces to a straightforward calculation.

5. A Soil Moisture Probe

In Figure 2 we show the dependence of the real and imaginary parts of the input impedance Z of a circular loop
antenna as a function of frequency. The dielectric constant of the soil € was calculated using the Mironov
et al. (2020) model for a dry soil density of 1.575 g/cm® and a 9.1% clay fraction at a temperature of 20° Celsius.
The volumetric soil moisture was set to m, = 0.2 g/cm? (corresponding to a soil saturation level of 20%) yielding a
dielectric constant € = 11.2 4 2.1i. One can see that at frequencies exceeding 100 MHz the difference between the
free-space and dielectric half-space impedance is generally quite noticeable. The question arises if this difference
can be used to measure soil moisture. Based on the theory developed in the previous section we will estimate
below the feasibility of the corresponding measurements.

An idealized circuit diagram for a potential SM probe is shown in Figure 3. It is based on a simple, series, LC
resonant circuit. The loop antenna constitutes the purely inductive load L. The circuit is at resonance when the
corresponding reactances X; = 2zafL and X = 1/2zfC are equal. Solving for C the resonant condition can be
expressed as C = 1/2zfX,. We assume that a continuous signal at a fixed frequency f;, passes through a
narrowband filter and feeds the loop antenna. The antenna's input reactance is purely inductive and given by Im

(Z(fo))-

Therefore, when

1

AT .
the compensation is complete and the current in the circuit will be a maximum (i.e., the circuit will be at reso-
nance). At a fixed elevation of the antenna the input impedance Z, and therefore the resonant capacitance C, are
functions of the dielectric constant of soil, which depends on SM. Thus, by scanning the capacitance to find its
resonant value and moving the antenna along the soil surface at a given height one can essentially map variations
of the bulk SM.

Figure 4 depicts the real and imaginary parts of the input impedance and the corresponding resonant capacitance C
as a function of the volumetric soil moisture m, (in g/cm?) for an excitation frequency f, = 115 MHz. The parameter

VORONOVICH ET AL.

8 of 11



A7

MA\I Radio Science 10.1029/2023RS007857
ADVANCING EARTH
AND SPACE SCIENCES
Input impedance (Re)
350 T T T T T
300,k a=3cm
/ = 0.5m
—~250 [ = -
= / hy=1m
5200 - m, = 0.2 g/cm;i
) .
T \__76>=11.2+2.1l_
100 [~ .
50 1 1 1 1 1
40 60 80 100 120 140 160
F (MHz)
Input impedance (Im)
250 T T T T T
200 | -
§ 150 - .
N
£ 100 .
50 - -
0
40 60 80 100 120 140 160
F (MHz)
Figure 2. The theoretical dependence of the real (top) and imaginary (bottom) parts of the input impedance Z on frequency F
for a circular loop antenna of radius 7, = 0.5 m and wire radius a = 3 cm located A, = 1 m above the soil surface. The solid
line describes the free space impedance and the dashed line the impedance in the presence of the dielectric half-space.
Z, is the loop's impedance in the free space. One can see that the dependence of C on m, is strong for relatively low
values of SM but tends to weaken for wetter soils, which suggests that the measurement sensitivity dC/dm,, de-
creases for wetter soils. As a lower bound on the measurement sensitivity we note that for extremely wet soils (i.e.,
m, ~ 0.4 g/cm® and greater) dC/dm, ~ 20 pF/(1 gm/cm?), which should be readily detectable (e.g., see Ashrafi &
Golnabi, 1999). The reduction of sensitivity for large m,, is most likely due to a significant increase in dielectric
constant, which makes the soil surface behave as a perfect reflector. One can mitigate the decrease in measurement
sensitivity for higher soil wetness using a multi-turn loop antenna.
6. Discussion
In principle, this technique can be applied using a moving vehicle or low-
flying drone to map soil moisture over scales not accessible to satellite
measurements nor to more local in-situ contact probes. There are a few po-
E—— tential areas of concern regarding the practical application of this technique.
Compensating esri]ge::lor Filter First, there is a need to adequately control the elevation of the antenna. This
Capacitor can be accomplished using an ultrasonic sensor. For acoustic frequencies in
| B Loop the range of 20-30 KHz scattering from vegetation compared to surface
} = : Antenna reflection should be relatively weak, and measuring elevation with centimeter
¢ f accuracy should be attainable. Second, there is a need to have a very stable
é f signal generator. A quartz-based device should provide the required frequency

Figure 3. Idealized circuit diagram for a noncontact soil moisture probe
comprising a circular loop antenna excited by a filtered continuous wave
signal of frequency f, coupled to a compensating capacitor of capacitance C.

stability. Third, the compensating capacitance needs to be measured with
sufficient accuracy. There are a number technologies that can be applied that
should provide the needed accuracy and precision. As examples, we refer
interested readers to recent work by Moayyed et al. (2021) and Shirkolaei and
Aslinezhad (2020).
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Figure 4. The theoretical dependence of the real (top) and imaginary (center) parts of the input impedance Z, and the
corresponding resonant capacitance C (bottom), on volumetric soil moisture m,, for a circular loop antenna of radius r, = 0.5
m with wire radius @ = 3 cm located s, = 1 m above the soil surface. The excitation frequency f, = 115 MHz.

7. Conclusions

We have extended an earlier theoretical development for the current in an arbitrary thin-wire loop antenna
operating in free space to include a dielectric half-space. We have considered the case of a circular loop antenna in
detail and noted the measurable difference between the free-space impedance and that in the presence of a
dielectric half-space for frequencies above 100 MHz. We have shown that a simple, series, LC resonant circuit can
be used to exploit this difference to infer changes in SM. This can be accomplished by varying the capacitance to
compensate for the inductive load presented by the loop antenna, which leads to a resonance condition and a
current maximum. Equation 34 describes the relation between the resonant capacitance and the antenna's
inductive reactance given by Im[Z( f;)], where the impedance Z for a small circular loop antenna is theoretically
evaluated as a function of antenna circuit and soil parameters in Sections 2—4. In particular, we show in Figure 4
that for a signal frequency f, = 115 MHz, and an antenna radius of 0.5 m, wire radius of 3 cm, and antenna height
of 1 m, the antenna reactance Im[Z( f;,)] varies approximately from 20 to 60 €2 and the resonant capacitance C from
60 to 20 pF for volumetric soil moisture values spanning 0-0.4 g/cm?®. This range of sensitivities suggests that
under ideal conditions bulk soil moisture can be retrieved with an accuracy on the order of 1% over horizontal
scales spanning a few tens of meters to a few kilometers. Future work will focus on a proof-of-concept exper-
imental verification of our results.

Data Availability Statement

This paper is a theoretical presentation. Data were not used nor created for this research.
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