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Abstract—This paper explores the nexus of two emerging
Internet of Things (IoT) components in precision agriculture,
which requires vast amounts of agriculture fields to be monitored
from air and soil for food production with efficient resource
utilization. On the one hand, unmanned aerial vehicles (UAVs)
have gained interest in agricultural aerial inspection due to their
ubiquity and observation scale. On the other hand, agricultural
IoT devices, including buried soil sensors, have gained interest
in improving natural resource efficiency in crop production. In
this work, the path loss and fading characteristics in wireless
links between a UAV and underground (UG) nodes (Air2UG
link) are studied to design a UAV altitude optimization solution.
A path loss model is developed for the Air2UG link, including
fading in the channel, where fading is modeled using a Rician
distribution and validated using the Kolmogorov-Smirnov test.
Moreover, Rician-K is found to be dependent on the UAV altitude,
which is modeled with a Gaussian function with an RMSE of
0.4− 1.3 dB. Furthermore, a novel altitude optimization solution
is presented to minimize the bit error rate (BER). Results show
that the lowest possible altitude does not always minimize the
BER. Optimizing the altitude reduces the Air2UG link BER by
as much as 8.6-fold. Likewise, altitude optimization can minimize
the impacts of increasing burial depth on the BER. Our results and
analysis are the first in this field and can be exploited to optimize
the altitude and resources of a UAV node to communicate with
the sensors embedded in the soil efficiently.

Index Terms—UAV, underground Communication, software-
defined radios, wireless underground sensor networks, precision
agriculture.

I. INTRODUCTION

Recently, the Internet of Underground Things (IoUT) field,
which includes buried sensors and communication elements
that communicate through the soil, has become important in
various areas, including precision agriculture and environment
monitoring [1]–[3], including commercial Ag-IoT products that
provide real-time soil moisture and temperature sensing [4]–
[6]. IoUT devices are expected to operate in the different
underground (UG) environments which comprise various soil
mediums, tunnels, and UG mines [7]–[9]. However, in the
majority of IoUT deployments, connectivity infrastructure is
limited. Unmanned aerial vehicles (UAVs) can be utilized
in IoUT to acquire data from the UG sensor nodes without
needing a vertical infrastructure [10], [11]. This approach may
help reduce power consumption, signal interference, and data
collection time. However, the radio propagation characteristics
of air-to-underground (Air2UG) channels are not well known.

For a buried UG device, there are two relevant link types:
(i) UG2UG link when two nodes are buried in the UG
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Fig. 1: Downlink channel between Air and UG radios

medium and (ii) UG2AG (uplink)/AG2UG (downlink) when
one of the nodes is above ground (AG), and other is buried.
Propagation characteristics of UG2UG and UG2AG links have
been characterized separately. In [12], the UG2UG link in
a soil medium was modeled as a three-wave, closed-form
UG channel and validated through testbed experiments. The
channel models of UG2AG and AG2UG links were developed
in [13], [14] and supported by empirical measurements in an
IoUT testbed. In [15], the UG soil medium was considered
to model the statistical propagation characteristics of both
UG2UG and UG2AG links, where antennas were buried in
the soil, and measurements were taken between the antennas,
showing dependence on the soil type, soil moisture, antenna
depth, and transmission frequency, and the root mean square
delay spread of the link followed a log-normal distribution.

Researchers have also shown interest in using UG commu-
nication in Low Power Wide Area Networks (e.g., LoRa). In
[16], authors developed a LoRa-based testbed to study UG2UG
and UG2AG links in four different soils. They found that
the maximum transmission coverage in UG2UG and UG2AG
links depended on the soil properties, varying between 4-20 m
and 100-200 m, respectively. In [17], we considered LoRa
for the UG2AG and AG2UG links. The dependency of LoRa
performance on soil properties was studied. Further, the bit
error rate (BER) of LoRa was formulated as a function of
the soil parameters based on statistical UG channel models
in [15], [18] and validated using measurements in an outdoor
environment. It was also found that the antenna return loss
changes with the burial depth [19]. The main challenge with
IoUT is the relatively lower communication range because of
the attenuation in the soil path. This leads to the need for local
gateways [4], [5].



An alternative to deploying gateways in agricultural fields
may be to utilize UAVs. UAVs have become very popular in
providing Internet of Things (IoT) communication services.
UAVs have numerous applications in wireless communication,
such as communication relaying and broadband services [20]–
[22]. In IoT, UAVs are utilized for data collection of ground
sensors. For example, we considered a wireless-powered com-
munication network [23], where a UAV was deployed to serve
wireless-powered sensors on the ground by transferring power
in the downlink direction and collecting data in the uplink
direction. UAVs are easily operable and highly maneuverable
and could potentially be used with IoUT devices.

In this work, we consider a novel topology in UG com-
munications where one of the nodes is placed on a UAV,
and the other is placed in the UG medium (i.e., the Air2UG
channel). To the best of our knowledge, this is the first work
that analyzes the Air2UG channel through extensive empirical
evaluations. We study the wireless channel characteristics of the
Air2UG link through outdoor UAV measurements in dynamic
soil conditions. Accordingly, we develop a novel optimal UAV
altitude management mechanism to minimize BER. The main
contributions of this paper are as follows:

• We empirically study the in-field characteristics of the
Air2UG channel by taking path loss measurements of
UAV and UG nodes at multiple depths in the soil.

• We show that the path loss model of the AG2UG link
developed in [18], [24] can be utilized to estimate the
deterministic components of path loss in the Air2UG link
with root-mean-squared error (RMSE) of 1.1− 4.1 dB.

• We show that the small-scale fading of the Air2UG
channel follows a Rician distribution, and we validate
our claim by using the confidence-based equality test.
Accordingly, we develop a new Air2UG channel model
by incorporating the channel fading characteristics in the
path loss model.

• We show that the Rician-K parameter in the Air2UG link
significantly varies with the UAV altitude at all soil depths
and moisture levels. To this end, a Gaussian function
can be used to model the variation with an RMSE of
0.4−1.3 dB, which is essential in estimating the wireless
performance at multiple UAV altitudes.

• We show that the lowest possible altitude does not always
minimize BER. Accordingly, we develop a novel mecha-
nism to optimize the UAV altitude, which minimizes the
BER of DBPSK modulation in a Rician fading channel.
This solution utilizes a Gaussian function to estimate the
Rician-K parameter at multiple UAV altitudes. We present
a closed-form solution and find the best altitude at the
centroid of the Gaussian peak. Accordingly, optimizing
the UAV altitude improves the BER by 4.1 − 8.6-fold at
10− 20 cm soil depths, respectively.

The rest of the paper is organized as follows: In Section II, we
describe the wireless channel model for UG communications
and its dependency on soil properties. Section III details the
experiment setup, measurement steps, and location-specific soil
properties. Results and comparisons are presented in Section

IV. The Air2UG channel model and the UAV altitude opti-
mization mechanism are detailed in Section V. Finally, Section
VI concludes the paper.

II. BACKGROUND

In this section, we present the UG channel characteristics in
the soil medium and the relevant propagation model.

A. Air to Underground Path Loss Model and Link Budget

The downlink communication channel between air and UG
nodes is shown in Fig 1. The path loss model of a similar link
with an above-ground (AG) node was developed in [13], [14],
[18], [24]. The communication link comprises two path compo-
nents: the UG propagation component in the soil medium and
the AG component in the air. The RF propagation path losses
associated with those components are the path loss in the soil
medium (PLUG), the path loss in the air medium (PLOTA),
and the refraction loss due to the air-soil interface (PLR).1 The
total path loss can be written as:

PL[dB] = PLUG(dUG) + PLOTA(dAG) + PLR, (1)

where dUG is the length of the underground signal path
between the ground surface and the UG node, dAG is the length
of the over-the-air signal path between the ground surface
and the Air/AG node as depicted in Fig. 1, and PLR is the
refraction loss at the air-soil interface. The different path loss
terms in (1) are defined as follows:

PLUG(dUG) = 6.4 + 20 log(dUG) + 20 log(β) + 8.69αdUG,

(2)
PLOTA(dAG) = −147.6 + 10η log(dAG) + 20 log(f), (3)

PLR = 10 log

(
cos θI +

√
ϵ′s − sin2(θI)

)2

4 cos θI

√
ϵ′s − sin2(θI)

, (4)

where α and β correspond to the attenuation and phase shift of
the wave in soil, respectively, η is the AG attenuation coefficient
which varies between 2.8 and 3.3 due to attenuation and
reflections [25], f is the carrier frequency of the propagating
signal, ϵ

′

s is the real part of the relative dielectric constant of
the soil-water mixture and θI is the angle of incidence from
Snell’s law.

The signal propagation in the soil medium is mostly affected
by the permittivity of the soil, which is dependent on the
soil properties including moisture, textural composition, and
bulk density [12]. Therefore, it is important to characterize
the impacts of the permittivity of soil on wireless propagation.
The complex-valued permittivity of the soil can be defined as
ϵs = ϵ

′

s− ιϵ
′′

s , where ϵ
′

s and ϵ
′′

s are the real and imaginary parts
of relative permittivity of the soil. For the frequency range

1Note that the refraction loss PLR of uplink and downlink communication
directions are defined separately and can not be interchanged [13], [18], [24].



of 300-1300 MHz, ϵ
′

s and ϵ
′′

s are experimentally characterized
as [26]:

ϵ
′

s = 1.15

[
1 +

ρb
ρs

(
ϵδm − 1

)
+ (mv)

v
′

(ϵ
′

fw)
δ −mv

] 1
δ

− 0.68,

(5)

ϵ
′′

s =

[
(mv)

v
′′

(ϵ
′′

fw)
δ

] 1
δ

, (6)

where ρs and ρb correspond to the particle density and bulk
density of the soil, respectively. ϵm is the dielectric constant of
the soil solids and is defined as ϵm = (1.01+0.44ρs)

2−0.062,
mv is the volumetric moisture content, δ = 0.65 is the empir-
ically determined constant, v

′
and v

′′
are the soil dependent

constants which are also determined empirically and defined as
v

′
= 1.2748−0.519S−0.152C and v

′′
= 1.33797−0.603S−

0.166C, where C and S are the mass fractions of clay and
sand in the soil mixture, respectively. The quantities ϵ

′

fw, and
ϵ
′′

fw are the real and imaginary parts of the dielectric constant
of water which are explained in [9], [24], [26]. Moreover, the
complex propagation constant γ of the electromagnetic wave
in the soil is defined as γ = β + ια, where α and β can be
found as:

α = ω

√√√√µϵ′s
2

[√
1 +

(
ϵ′′s
ϵ′s

)2

− 1

]
, (7)

β = ω

√√√√µϵ′s
2

[√
1 +

(
ϵ′′s
ϵ′s

)2

+ 1

]
, (8)

where ω is the angular velocity and µ is the magnetic perme-
ability of the soil. Based on the path loss in (1), the link budget
is given by [25]:

PRX = PTX+GRX+GTX+10 log10

(
1−10−

RL
10

)
−PL, (9)

where PTX and PRX are the transmit and received power of the
signal, GTX and GRX are the transmitter and receiver antenna
gains, respectively, and RL is the return loss of the antenna in
the UG soil medium. It is well known that the return loss of the
antenna changes when buried in the soil [19]. In this paper, we
utilize a patented wide-band antenna in the soil medium [27].
Moreover, we utilize the model in (1) to estimate the path
loss in the Air2UG downlink channel.2 We only consider the
downlink channel in this work, but we also aim to study the
uplink channel in the future.

III. EXPERIMENT SETUP

We first present the software-defined radio (SDR)-based
measurement system which we utilize to take the outdoor
measurements, followed by the details of the measurement
setup and area-specific soil properties.

2Note that the Air2UG channel in this work observes higher vertical distance
through aerial platform compared to the AG2UG channel in [13], [18].

TABLE I: Measurement system parameters

Parameter Value
Carrier Frequency 1.241 GHz
TX Power 15.5 dBm
Sampling rate 300K samples/seconds
TX Antenna Tri-band (SMA-703)
RX Antenna Custom wide-band
Transmit signal Sine wave
Radiation pattern Omni Directional
UAV DJI Matrice 300 RTK

TX
USRP

RX
USRP #1

RX
USRP #2

Ethernet

UG-10

UG-20

UG-30

Wireless Channel

GNU
RadioUAV

Fig. 2: Measurement system setup

A. Measurement System

We utilize USRP E312 SDRs [28] on both transmitter and
receiver to take path loss measurements. USRP E312 can work
in two different modes: (i) embedded mode: when the USRP
can operate standalone to transmit and receive the In-Phase
and Quadrature (IQ) samples and does not require any external
connection, and (ii) network mode: when the USRP needs
a host machine for command and control. We utilize both
modes of the USRP in this work and design a system that
comprises three USRP E312 as depicted in Fig. 2. We mount
one of the USRPs on the commercial UAV as shown in Fig.
3b (top), which operates in standalone mode to transmit a
continuous sinusoidal signal at a particular carrier frequency.
The other two USRPs work in network mode using a single
host PC to capture the transmitted signal at three buried receiver
antennas. Note that each USRP E312 has two RF chains that
can simultaneously capture the signal. Further, we utilize the
GNU Radio flowgraph at the receiver to record received signal
samples which are post-processed in MATLAB to generate
results. Also, we employ an omnidirectional antenna on the
UAV which is useful to communicate with a large number of
UG sensor nodes in the field with limited sweeping. The rest
of the measurement system parameters are listed in Table I.

B. Measurement Plan

We are interested in measuring the path loss to characterize
the channel and check the validity of the path loss model
described in Section II-A on the Air2UG link. For this purpose,
the measurements are taken in the topology which is shown
in Fig. 3a, where three antennas are buried in the soil at 10,
20, and 30 cm depths. The depths are chosen to represent the
typical soil moisture sensor deployments, which capture the
root zone of a crop. All the receiver antennas are connected
with USRPs through 50 cm long cables, and the horizontal
separation between each antenna is 50 cm. The UAV flies
directly above the antenna at the 20 cm depth and changes
its altitude between 5 and 26 meters. The UAV hovers every 3
meters for 20 seconds through an automated flight plan. Since



the transmitter is set to continuous transmission, the transmitted
signal data is captured at all receiver antennas during the
hover time of the UAV. The aerial view of the measurement
site is given in Fig. 3b (bottom). The measurement location
is enclosed in a wooden fort structure with an open interior
courtyard and high trees in the vicinity.

5 meters

26 meters

3 meters

Waypoints

Altitude

Under-Ground Soil

 Antenna

10 CM
20 CM

30 CM

50 CMGround Level

(a) (b)

Fig. 3: (a) Measurement topology, (b) UAV-based SDR plat-
form (Top), Aerial view of the site (Bottom)

For soil moisture measurements, three Watermark moisture
sensors [29] are buried side by side with the UG antennas.
The measured soil moisture sensor values reflect soil water
tension in centibars (cB), which is inversely proportional to
soil moisture. All the communication measurements are taken
at two different soil moisture levels with measured soil water
tension values of 0 centibars (cB) (saturated wet soil) and 8 cB
(dry soil). To achieve different moisture levels, first, the soil is
saturated with water, followed by wet soil experiments. Then,
after the moisture level changes from 0 to 8 cB, the dry soil
experiments are performed.

C. Soil Properties

The soil texture at the measurement location is sandy clay
loam at all depths. The soil’s bulk density and the textural
composition (sand, silt, and clay percentages) marginally vary
with depth. At 10 cm, the percentages of sand, silt, and clay
contents in the soil are 56, 23, and 21, respectively. Similarly,
at 20 cm, the percentages are 56, 20, and 24, and at 30 cm,
the percentages are 59, 17, and 24. The bulk density values
at 10, 20, and 30 cm depths are 0.58, 0.89, and 0.70 gr/cm3,
respectively.

IV. INFIELD CHARACTERIZATION OF THE AIR2UG
CHANNEL

In this section, we present our results by post-processing the
received IQ data which includes calculating the received signal
magnitude and path loss at all the receiver antennas. We also
analyze the return loss of the wide-band antenna. The results
are given as follows.

A. Antenna Return Loss

The return loss of the wide-band antenna, as shown in Fig. 4,
is measured using a vector network analyzer in the AG and
UG settings. The return loss of the transmitter antenna which

is mounted on the UAV is also shown in Fig. 4. Since 10 dB
return loss corresponds to 90% of the transmitted power. We
consider a return loss of -10 dB as a threshold to compare
the results at all frequencies. It can be seen that the return
loss of the wide-band antenna significantly changes in the UG
soil compared to the AG. For instance, the return loss at 0.1
GHz in the AG is significantly higher than the -10 dB while in
the UG, the return loss is lower than the -10 dB at all depths
which infers that the 0.1 GHz frequency can be utilized for
transmission in UG. Contrary, the return loss at 0.58 GHz in
the AG is lower than the -10 dB threshold while in the UG,
the return loss is above the -10 dB threshold at all depths.
Following, at the transmission frequency 1.241 GHz, the return
loss of the wide-band antenna in the UG is lower than -10 dB
at 10 cm, and 20 cm depths while at 30 cm, the return loss
is almost equal to the -10 dB. Similarly, the return loss of the
TX antenna mounted on the UAV is significantly lower than
-10 dB at the transmission frequency which infers that the TX
antenna is suitable to communicate with the wide-band antenna
buried in the UG. Moreover, the impact of soil moisture on the
return loss of wide-band antenna in the UG can be found in
[30].
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Fig. 4: Return loss of the TX antenna mounted on UAV, and
the custom wide-band antenna placed at AG and UG.

B. Air2UG Channel Path Loss

The measured path loss values are calculated for measure-
ment topology using the received IQ samples. The path loss
results at all UG antennas for the measurement topology are
shown in Fig. 5. It can be seen that the path loss increases
with the increase in direct distance between UG antennas and
UAV at all antenna depths. At 8 cB (dry soil), the path loss
increases by 5.9 dB and 17.6 dB on average when the antenna
depth changes from 10 cm to 20 cm and 20 cm to 30 cm,
respectively. The path loss variation at 0 cB (wet soil), and
10-20 cm antenna depth is very similar to that of 8 cB results
while at 30 cm, the path loss values show that the received
signal is lost after 5 m altitude. The increase in soil moisture
shows that the path loss increases by 3.0 dB, and 4.5 dB at 10
cm, and 20 cm depths, respectively. Also, note that the fading
in the path loss (error bars) is not consistent with the altitude,
and the highest fading is found at 26 m altitude.

Next, the path loss is estimated at 10-30 cm antenna depths
using the path loss model in Section II-A. The estimated path
loss results are also shown in Fig. 5, while the measurement
area-specific soil parameters used in the model are listed in
Table II. It is found that the path loss model fits our results
well and the RMSE values between the estimated and measured
results at 10 cm and 20 cm depths, and soil moisture 0 cB are



3.8 dB and 1.6 dB, respectively. Similarly, at 8 cB, RMSE
values are 4.1 dB, and 1.1 dB. For the 30 cm depth, we
estimated the path loss at only 8 cB and the RMSE value is 2.8
dB. Also, it is found that the UG 30 cm antenna has a very high
penetration loss and low signal-to-noise ratio which becomes
more severe with the increase in soil moisture. Therefore, we
do not include the results at 30 cm soil depth in the further
analysis. The comparison between measured and estimated
results shows that the AG2UG link model can be utilized to
model the path loss in the Air2UG channel.

TABLE II: Soil parameters

Parameter Value
ρs(gr/cm3) 2.65 [31]
ρb(gr/cm

3) 0.58 (10 cm), 0.89 (20 cm), 0.70 (30 cm)
mv 0.35 [32], [33]
S 0.56 (10, 20 cm), 0.59 (30 cm)
C 0.21 (10 cm), 0.24 (20, 30 cm)

ϵo, ϵ
′
fw , µ, ϵw0, ϵw∞ 55.26 [17], 79.71, 6 [34], 80.1 [33], 4.9 [33]

ϵ
′′
fw 25.31 (10 cm), 40.27 (20 cm), 31.81 (30 cm)

δeff 0.08 (10 cm), 0.17 (20 cm), 0.11 (30 cm)
2πτw(s) 0.58× 10−10 [33]
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Fig. 5: Path loss at multiple altitudes, antenna depths, and soil
moisture levels.

C. Small-scale fading

The received signal magnitude results are utilized to model
fading in the Air2UG channel. We model small-scale fading
in our measurements with a Rician distribution due to the
line of sight scenario between the UAV and ground path. For
each waypoint, the Rician distribution function is fitted on the
measured signal using the maximum likelihood estimation. As
a result, the Rician distribution parameters (i.e., non-centrality
(s) and scale (σ)) are generated. Furthermore, the Rician-K
value is calculated, which is defined as the ratio between the
power in the direct radio propagation path and the reflected or
scattered paths (i.e., K = s2/2σ2).

For measurement topology (Fig. 3a), the Rician-K values at
soil moisture levels 0 cB and 8 cB are shown in Fig. 6a. It can
be seen that in all cases, the Rician-K value first increases and
then decreases with the altitude of the UAV. The increase in soil
moisture decreases the Rician-K value by 4.3 dB and 2.4 dB
(on average) at the depths of 10 cm and 20 cm, respectively.
At 8 cB, the antenna at a depth of 10 cm performs better
overall. On the other hand at 0 cB, the 20 cm-depth antenna
has performance gains over the 10 cm-depth antenna at most
altitudes. The reasons for the performance gain of the 20 cm-
depth antenna are the better return loss at the transmission
frequency and the variation of soil properties from 10 to 20
cm depth. Note that Rician distribution can be approximated
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Fig. 6: Results at multiple altitudes/waypoints (WP), soil
depths, and moisture levels (a) Rician-K, (b) Empirical CDF of
the received signal magnitude (emp), and corresponding fitted
Rician CDF (fit).

by a Gaussian when K >> 1.3 Gaussian is a much simpler
distribution than Rician.

Last, the two-sample K-S test is performed on the results to
check the goodness-of-fit of the proposed fading distribution on
the measured results. The two-sample K-S test is an equality
test that is useful for testing whether the two observed sets
of samples are from the same distribution. Therefore, the
empirical CDF of the measured data and the CDF of the
respective fitted Rician distribution are calculated, and the K-
S test is performed on all the waypoints in the measurement
topology. The empirical CDF of the received signal magnitude
and corresponding fitted Rician CDF at waypoints 1-6 (5-20
m altitudes) in measurement topology are shown in Fig. 6b. It
can be seen that the fitted Rician CDF follows the empirical
CDF at all waypoints with an error less than 10−10. It is also
found that the K-S test is passed at all the waypoints with a
10% significance level which shows that the small-scale fading
in the Air2UG link follows Rician distribution and it can be
utilized to predict wireless communication performance in the
Air2UG link.

V. PROPOSED MODEL AND ALTITUDE OPTIMIZATION

In this section, we utilized the findings in the previous
section to develop new models. More specifically, we present
a path loss model for the Air2UG channel, fading distribution
variation model as a function of UAV altitude, and a novel
optimal UAV altitude mechanism while minimizing the BER
performance.

A. Air2UG Path Loss and Fading Distribution Model

We found that the path loss in the Air2UG channel follows
the model in (1) and the fading in the received signal follows
a Rician distribution. Therefore, we present a model for path
loss in the Air2UG channel (downlink) which is defined as

PL[dB] = PLUG(dUG) + PLOTA(dAG) + PLR + κ , (10)

3We observed elevated Rician-K values which will be further investigated
in future work.
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where κ is a random variable that follows a Rician distribution,
and PLUG(dUG), PLOTA(dAG),4 and PLR are defined in (2)-
(4), respectively.

As shown in Fig. 6a, the Rician-K value of the Air2UG
channel changes with the UAV altitude. Next, we show that
the Rician-K value can be captured by a Gaussian function as
a function of the UAV altitude. More specifically, the Gaussian
function with altitude, χ, can be defined as:

g(χ) = a exp

(
− (χ− b)2

2c2

)
, (11)

where a, b, and c are the amplitude, centroid, and width of the
Gaussian peak, respectively. Following, we fitted the Gaussian
function on the Rician-K values in Fig. 6a. The results are
shown in Fig. 7. It can be seen that the Gaussian function
captures the estimated Rician-K values well at all soil depths
and moisture values. The RMSE ranges between 0.4-1.3 dB,
where the highest error is mostly found at the maximum value
of the Rician-K across all altitudes. The set of fitted Gaussian
function parameters {a, b, c} at 10 cm soil depth are {14.5, 5.1,
39.5} at 0 cB moisture level, and {18.8, 14.3, 25.7} at 8 cB
moisture level. Similarly, at 20 cm, the set of fitted Gaussian
function parameters are {14.8, 13.3, 20.8} at 0 cB, and {17.4,
12.7, 22.1} at 8 cB. It is observed that the {a, b, c} values vary
with soil depth and moisture values. Also, the peak value of
the Gaussian peak is significantly reduced by the soil moisture
compared to soil depth. We can conclude that the Gaussian
function can be used to estimate Rician-K values at all UAV
altitudes.

B. UAV Altitude Optimization

We present a novel UAV altitude optimization mechanism to
minimize the BER of the Air2UG link. Usually, the communi-
cation rate requirement in an IoT network is limited. Therefore,
we utilize the BER expression of DBPSK modulation in the
Rician fading channel given in [35] as a performance metric
to optimize the UAV altitude. The BER as a function of UAV
altitude in the Rician fading channel for DBPSK modulation
can be written as:

Pb(χ) =

(
1 + K̂(χ)

)
2
(
1 + K̂(χ) + γ(χ)

) exp

[
− K̂(χ)γ(χ)

1 + K̂(χ) + γ(χ)

]
,

(12)
where γ(x) is the average SNR for the Rician fading distribu-
tion channel and is defined as γ(χ) = (1 + K̂(χ))2σ2Eb/N0,

4The OTA distance in our experiment correspond to the vertical distance.
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K̂(χ) is the estimated value of Rician-K parameter using the
Gaussian model in (11), i.e., K̂(χ) = g(χ), and altitude χ
is the same vertical distance as the dAG in (10). The altitude
optimization problem to minimize the BER can be written as:

min
χ

Pb(χ) (13a)

s.t. C1 : λmin ≤ λ , C2 : χmin ≤ χ ≤ χmax ,

where λ = Eb

N0
, λmin corresponds to the minimum signal-

to-noise ratio per bit required for reliable communication, and
χmin and χmax are the minimum and maximum altitude for
the safe operation of the UAV, respectively. The objective
function (13a) is convex with respect to the UAV altitude, χ,
where d2

dχ2Pb(χ) > 0,∀χ > 0. Therefore, problem (13) can
be solved by taking the first order derivative of the objective
function (13a) with respect to χ i.e., d

dχPb(χ) = 0 and finding
the close form solution for the χ. Moreover, to satisfy the
constraint C1, we assume minimal signal-to-noise ratio per
bit for transmission in (13a) i.e., λ = λmin. By solving
d
dχPb(χ) = 0 to find χ, we found that χ = b which means
that the optimum altitude of UAV is found at the centroid of
the Gaussian peak and to satisfy the constraint C2, the final
optimal solution can be written as:

χ∗ = min{max{b, χmin}, χmax} . (14)

Fig. 8 shows the BER calculated for different UAV altitudes
at multiple antenna depths and moisture values. An important
observation is that the lowest possible altitude does not mini-
mize the BER, Pb, which first decreases and then increases with
the altitude. Accordingly, the best altitude in Fig. 8 is calculated
using the solution of the proposed optimization problem given
in (14), where we assume χmin = 5 and χmax = 25. The best
altitude varies with the soil depth and moisture values. At 0
cB (wet soil), by optimizing the UAV altitude, similar bit-level
performance can be achieved for antennas buried at different
soil depths. Accordingly, UAV altitude optimization minimizes
the impacts of increasing burial depth. This allows for better
root monitoring capabilities with deeper soil moisture sensor
deployments. Moreover, by utilizing the proposed solution in
(14) to optimize the UAV altitude, the BER at 10 cm soil depth
improves by 4.19 − 4.25-fold (0 cB-8 cB), and at 20 cm, the
BER improves by 6.49−8.61-fold, when compared with worst
performing altitude. Our results and findings can be utilized
in the designing and deployment of Air-UG communication
networks.



VI. CONCLUSION

In this paper, we study the wireless channel characteristics
in the downlink between UAV and UG antennas buried at
different soil depths. The impact of soil depth and moisture
on the path loss and fading in the Air2UG link is shown
through real outdoor measurements in the field. The derived
path loss model of the AG2UG link is leveraged to estimate
the path loss of the Air2UG link with minimal errors. The
distribution of the measured fading is analyzed at UG antennas
and it is shown that the small-scale fading in the Air2UG link
follows Rician distribution which is verified through the K-S
test. A new path loss model is proposed for the Air2UG link
which includes the fading in the environment. Following this,
the Rician-K parameter is calculated and analyzed at multiple
UAV altitudes. It is shown that the Rician-K parameter depends
on the UAV altitude and the Gaussian function can be used to
estimate Rician-K at multiple UAV altitudes which is beneficial
in estimating the wireless performance of the link. Moreover,
a novel altitude optimization problem is proposed and solved
which finds the best altitude of the UAV to provide significant
performance improvement by minimizing the BER of DBPSK
modulation with possible extension to other PSK modulation
techniques. In the future, we plan to extend our analysis in this
work for more soil types and moisture levels.
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