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Abstract: In the past few years, one of the largest industries in the world, the agriculture sector,
has faced many challenges, such as climate change and the depletion of limited natural resources.
Smart Agriculture, based on IoT, is considered a transformative force that will play a crucial role
in the further advancement of the agri-food sector. Furthermore, in IoT-based Smart Agriculture
systems, radio wave propagation faces unique challenges (such as attenuation in vegetation and
soil and multiple reflections) because of sensor nodes deployed in agriculture fields at or slightly
above the ground level. In our study, we present, for the first time, several models (Multi-slope,
Weissberger, and COST-235) suitable for planning radio coverage in a cornfield for Smart Agriculture
applications. We received signal level measurements as a function of distance in a corn field (R3 corn
stage) at 0.9 GHz and 2.4 GHz using two transmitting and two receiving antenna heights, with both
horizontal and vertical polarization. The results indicate that radio wave propagation in a corn field is
influenced not only by the surrounding environment (i.e., corn), but also by the antenna polarization
and the positions of the transmitting and receiving antennas relative to the ground.

Keywords: IoT; radio wave propagation; precision agriculture; smart agriculture; attenuation in
vegetation and soil; near-ground propagation; above-ground propagation; wireless communications

1. Introduction

In the past few years, one of the largest industries in the world, the agriculture sector,
has faced many challenges, such as providing more and better food due to the exponential
growth of the world population (from 1.65 billion in 1900 to 10.1 billion in 2050 [1-4]),
climate change (by affecting the crop production by 2030 [5,6]), and the depletion of limited
natural resources. Precision agriculture (PA), also known as smart agriculture, based on
the Internet of Things (IoT), is seen as a transforming force that will play a vital role in
the further development of agriculture in the coming decades [7-9]. Smart agriculture
uses cutting-edge technologies (such as IoT, 5G and wireless sensor networks (WSNs)) for
real-time monitoring of plant growth and health and environment parameters aiming to
improve crop production, while at the same time conserving natural resources and reducing
greenhouse gas emissions [10-14]. For example, with real-time data on soil moisture levels,
temperature, pH, and humidity, farmers can reduce the risk of crop diseases and root rot, as
well as prevent waterlogging and soil compaction. Plant disease diagnosis is another area
where real-time monitoring offers significant benefits. For instance, biosensors enable the
early detection of airborne pathogens, allowing farmers to take quick action and minimize
crop losses. loT-based real-time data collection requires deploying many sensor nodes
in vegetation fields that are spatially distributed and interconnected wirelessly. Each
node consists of a sensor, a microcontroller for signal processing, a transceiver with an
antenna, and a source of energy such as a battery or energy harvester (solar power or radio
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frequency wave energy) [15-17]. The sensor nodes are connected to a server through a
gateway (base station) to exchange, process, and store the collected data using the Internet
environment [17-19]. For supporting real-time data flow in such networks, it is essential
to ensure a reliable and resilient wireless connection between the nodes (sensor(s) and
gateway) [20], as the dynamics of the radio channel directly impact data loss and delay
during node-to-node data exchange [21-23]. Furthermore, in IoT-based smart agriculture
systems, radio wave propagation faces unique challenges (such as attenuation in vegetation
and soil and multiple reflections) because of sensor nodes deployed in agriculture fields at
or slightly above the ground level. For instance, to gather real-time data on soil moisture
levels, temperature, pH, etc., the communication nodes should be positioned in rows
alongside the crop on the ground or elevated up to 0.5 m above ground to reduce the
risk of node damage by tractors and implements. Hence, there is a need for extensive
measurement companies to study radio wave propagation in vegetation fields and find the
model(s) that best represent the propagation characteristics in the communication scenarios
of smart agriculture.

Pioneering measurements were conducted at 2.4 GHz to study radio wave propagation
in corn fields [22,24,25]. A distance from 70 m up to 100 m was defined as a stable
communication distance between the sensor node and the base station at 2.4 GHz at a
fixed base station antenna height (1 m, 2 m, and 3 m) [22] and in obstructed line-of-sight
(O-LoS) scenarios, i.e., vegetation between Tx-Rx in LoS. Moreover, in most previous studies
of radio wave propagation in vegetation environments, the antenna of the sensor node
(i.e., antenna in the vegetation field) has been placed between 0.9 m and 3 m [22,24,26,27]
above the ground. However, this placement does not allow for a proper evaluation of
the actual characteristics of wireless channels for real Smart Agriculture scenarios for
near-ground communications [28]. Moreover, to achieve an IoT-based system capable
of supporting real-time data exchange for remote monitoring in precision agriculture,
a variety of wireless communication standards and technologies for IoT applications,
including the SigFox (0.868-0.869 GHz and 0.902-0.928 GHz), LoRaWAN (Long Range Wide
Area Network) (0.867-0.869 GHz and 0.902-0.928 GHz), Narrowband-Internet of Things
(NB-IoT) (B3, B8, and B20), ZigBee (0.867, 0.914 GHz), and Bluetooth (2.4-2.4835 GHz),
have been proposed [14,29-34].

In this paper, we present, for the first time, several models (Multi-slope, Weissberger,
and COST-235) suitable for planning radio coverage in a corn field for smart agriculture
applications. Radio wave propagation measurements for real smart agriculture scenarios
in a corn field at two different frequencies (0.9 GHz and 2.4 GHz) using reference dipoles
are presented. The dipole within the corn field was located at one-third of the wavelength
(0.11 m and 0.04 m at 0.9 GHz and 2.4 GHz, respectively) and 0.5 m above ground to
represent near-ground and above-ground propagation. In addition, we present path loss
at 0.9 GHz and 2.4 GHz under the two transmitting and two receiving antenna heights
at horizontal and vertical polarization based on the measurement data in the corn field.
Finally, we compare the measured path loss to the different propagation models to find
the model(s) that best represent the propagation characteristics of various communication
scenarios of smart agriculture in a corn field.

2. Radio Wave Propagation Measurements in a Corn Field
2.1. Measurement Environment

We conducted measurements in a corn field in an agricultural area (Figure 1) near
Dabravata Village, Yablanitsa Municipality, Bulgaria, in the summer of 2024 at the corn
reproductive (R3) stage. It is important to note that, from emergence (VE) to physiolog-
ical maturity (R6), corn growth is divided into two key stages—the vegetative (V) and
reproductive (R) stages. The corn plant reaches full height, and all leaves emerge at the
end of the vegetative growth stage. The reproductive stages begin at silking (R1) and
at the end at maturity or “black layer” (R6). Plants at R2 have reached their maximum
height, and the kernel size is rapidly increasing. At stages R3, R4, R5, and R6, the kernels’
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moisture content is approximately 80%, 70%, 55%, and 30-35%, respectively [35-37]. We
chose to observe the radio wave propagation at stage R3 (known as the milk growth stage
due to the milky white fluid in the kernel) because, at this stage, the leaves and stalk
almost do not change, the kernels contain approximately 80% moisture, and starch starts
to accumulate within them [35-37]. Moreover, in stage R3, we expect the highest signal
attenuation due to the highest density of leaf and kernel moisture in this stage. In the
chosen agricultural field for the experiment, the corn was planted in rows with a row
spacing of 0.70 & 0.05 m. The distance between individual corn plants within each row
was 0.20 £ 0.03 m. The average number of plants per hectare was 70,000. The average
height of the corn plants was 2.6 & 0.2 m, and the average leaf number was 12 + 1. We
chose to study radio wave propagation in the corn field because corn is one of the most
widely produced crops globally [38,39], making it an excellent choice for implementing
smart agriculture.

R 20m 40m 60m 50m 100m 120m 140 m
¢ :

(b)

Figure 1. Measurements in a corn field in the agricultural area near Dabravata Village, Yablanitsa

Municipality, Bulgaria: (a) Google Earth image; (b) photo from the corn field.

2.2. Measurement Equipment and Setup

Figure 2 shows the configuration of the measurement setup consisting of a portable RF
signal generator (AS108, Pico Technology, Tyler, TX, USA, frequency range 300 kHz-8 GHz)
directly connected to a reference dipole. The RF generator was configured to generate a
continuous wave (CW) signal with a frequency of 0.9 GHz or 2.4 GHz and a power level of
0 dBm. The generator and the antenna were positioned in the corn field and relocated, as
illustrated in Figure 3a,d. The transmitted CW signal was captured by a real-time spectrum
analyzer (R5550-427, thinkRF, Ottawa, ON, Canada, frequency range 9 kHz-27 GHz) using
a reference dipole antenna and stored on a laptop connected to the analyzer through an
Ethernet interface for post-processing. The spectral analyzer and antenna were located
outside the cornfield, as shown in Figure 3b. The coordinates of the receiving antenna
are 43°05'19” N 24°02/17" E.
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Figure 2. Configuration of the measurement setup.

Four reference dipoles with A/4 parallel conductor balun using a 3.6 mm diameter
semi-rigid cable were constructed according to IEC/IEEE 62209-1528:2020 Std. [40] to carry
out the measurements. Two dipoles operated at 0.9 GHz and the other two at 2.4 GHz. The
mechanical dimensions and |51 | of the dipoles are presented in Table 1. A vector network
analyzer (Tektronix TTR503A, Tektronix, Inc., Beaverton, OR, USA) was used to measure
S parameters. Before measurements, an Open-Short-Load calibration was performed.

Table 1. Mechanical dimensions and 151 | of the constructed reference dipoles.

Length of Diameter of IS111 at Operating
*
Frequency Dipole Arms ** the Dipol ** Connector Type Frequency

0.9 150 3.6 N —-15.1

2.4 52 3.6 N —-10.3

* The frequency indicated in the table is in GHz. ** The lengths and diameters in the table are in millimeters.

To study the near- and above-ground radio wave propagation in real-world smart
agriculture scenarios, the transmitting (Tx) dipole antenna (more specifically its feed point)
was positioned in the corn field at a distance from the ground equal to one-third of the
wavelength (0.11 m and 0.04 m at 0.9 GHz and 2.4 GHz, respectively) and 0.5 m above the
ground. We experimentally determined the minimum height for installing the Tx dipole
above the soil by measuring the S;; parameters at different heights. It is well known that
the proximity of the dipole to the ground can significantly impact the antenna’s parameters
and characteristics. Figure 4 displays the measured |5y, | at a distance from the ground
equal to one-third of the wavelength. The results show that placing the dipole at a distance
less than 0.3A m from the ground significantly affects antenna characteristics, including
resonant frequency and input impedance, due to proximity effects.

The receiving (Rx) dipole antenna positioned outside the cornfield was at a height of
2.0 m and 3.4 m above the ground, as shown in Figure 3b,c. We selected 29 transmitter—
receiver locations in obstructed line-of-sight (O-LoS) conditions to perform measurements
for vertically and horizontally polarized antennas. Received signal levels (Rx Levels) from
the spectrum analyzer were recorded at 1 m, 5 m, and every 5 m after that as the transmitter
moved away from the receiver, resulting in 29 locations total for co-polarized vertical-to-
vertical (V-V) antennas at both 0.9 GHz and 2.4 GHz. The procedure was repeated using
co-polarized horizontal-to-horizontal (H-H) antennas. In addition, Tx and Rx antennas
were located so that the line connecting the antennas was perpendicular to the corn rows,
as depicted in Figure 3d. For each of the presented scenarios, ten consecutive values of
the received signal level were measured for each location of the transmitting antenna. The
graphs show the average values of the ten measurements.
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Figure 3. Measurement site: (a) Google Earth image with Tx and Rx antenna locations in the corn
field; (b) photo of Rx antenna placed below the corn height; (c) photo of Rx antenna placed above the
corn height; (d) direction of measurement at the experimental corn field.
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Figure 4. Measured reflection coefficients for the two dipoles: (a) reference dipole used for measure-
ments at 0.9 GHz; (b) reference dipole used for measurements at 2.4 GHz.
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Rx Level (dBm)

Frequency 0.9 GHz, h;,=0.11m

3. Results and Discussion
3.1. Measurement Results

In this subsection, we present the received signal level as a function of distance for
measurements in a cornfield (R3 corn stage) at 0.9 GHz and 2.4 GHz under two transmitting
and two receiving antenna heights at horizontal and vertical polarization.

Figures 5-8 show the received signal level variation with distance for the following
scenarios: near-ground (transmitting antenna is placed at a height of A/3 m above ground,
hrx = A/3 m) and above-ground (transmitting antenna is placed at a height of 0.5 m above
ground, htx = 0.5 m) installation of a sensor node in the corn field for two heights of the
receiving antenna below (hgry = 2.0 m above ground) and above (hry = 3.4 m above ground)
corn height, at two frequencies of 0.9 GHz and 2.4 GHz for co-polarized horizontal-to-
horizontal (H-H) and vertical-to-vertical (V-V) antennas. In all scenarios, the transmitter
was positioned in the cornfield and relocated, as illustrated in Figure 3a.

In all scenarios under obstructed line-of-sight (O-LoS) conditions, the general trend
was that the signal strength was reduced, with distance varying due to constructive and
destructive interference. The peak signal strength at a receiving antenna height of 2 m
occurred when the distance between the transmitting and receiving antennas was 1 m. Ata
receiving antenna height of 3.4 m (above the height of the corn), the peak signal strength
occurred when the Tx-Rx distance was 5 m (see Figures 5 and 6).

Frequency 0.9 GHz, h, =0.50 m

Rx antenna height 2.0 m, H-H Rx antenna height 2.0 m, H-H
=400\ 0 feeees Rx antenna height 3.4 m, H-H =404\ 0 e Rx antenna height 3.4 m, H-H
Rx antenna height 2.0 m, V-V Rx antenna height 2.0 m, V-V
------- Rx antenna height 3.4 m, V-V E ------- Rx antenna height 3.4 m, V-V
-60 1% @ -60\%
' i)
2
-804 3 —-80
------- x
14
-100 - -1004
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Tx-Rx Distance (m) Tx-Rx Distance (m)
(a) (b)

Figure 5. Received signal level variation with distance at 0.9 GHz for co-polarized H-H and V-V
antennas: (a) transmitting antenna is placed at a height of A/3 m above ground (hTx = 0.11 m);
(b) transmitting antenna is placed at a height of 0.5 m above ground (hTx = 0.5 m).

Thus, we can see from Figures 5 and 6 that, when the receiving antenna height was
below the corn height (hgry = 2.0 m), for H-H antennas at 0.9 GHz, the peak values of
the received signal were —38.7 dBm (at ht = 0.11 m) and —39.1 dBm (at ht = 0.5 m),
while at 2.4 GHz, the peak values of the received signal were —53.7 dBm (at hry = 0.04 m)
and —48.6 dBm (at hx = 0.5 m). When comparing the curves shown in Figure 5 for H-H
antennas at hyy = A/3 m, it is evident that raising the receiving antenna above the corn
(from 2.0 m to 3.4 m) reduced the oscillations in the received signal. This reduction occurred
due to the decreased destructive interference at 0.9 GHz. This effect was less noticeable
at hty = 0.5 m (Figure 5b), as in the case of co-polarized vertical-to-vertical antennas. At
2.4 GHz, the height of the receiving antenna did not affect the received signal level when
the transmitting antenna in the corn field was at a height of A/3 m.
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Frequency 2.4 GHz, h;, =0.04 m

Frequency 2.4 GHz, h, =0.50 m

Rx antenna height 2.0 m, H-H Rx antenna height 2.0 m, H-H
=404 e Rx antenna height 3.4 m, H-H =404 e Rx antenna height 3.4 m, H-H
Rx antenna height 2.0 m, V-V Rx antenna height 2.0 m, V-V
,g ------- Rx antenna height 3.4 m, V-V ,g P B S Rx antenna height 3.4 m, V-V
@ -60{\ @ -604 M.
E E
e —-80+ e —-80+
X X
x x
-100+ -100+
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Tx-Rx Distance (m) Tx-Rx Distance (m)
(@) (b)
Figure 6. Received signal level variation with distance at 2.4 GHz for co-polarized H-H and V-V
antennas: (a) transmitting antenna is placed at a height of A/3 m above ground (hry = 0.04 m);
(b) transmitting antenna is placed at a height of 0.5 m above ground (htx = 0.5 m).
Figures 7 and 8 depict how the transmitting antenna height (sensor node antenna)
influenced the received signal level and communication range. We observed that, at 0.9 GHz,
H-H antennas, the receiving signal level increased, on average, by 8.7 dB (at hgry = 2.0,
Figure 7a) and 9.6 dB (at hry = 3.4, Figure 7b) after increasing the transmitting antenna height
from 0.11 m to 0.5 m above ground. This effect was less noticeable at 2.4 GHz (Figure 8), as in
the case of co-polarized vertical-to-vertical antennas (Figures 7 and 8). Comparing the curves
in Figure 8, we can see that at 2.4 GHz, the received signal levels for transmitting antenna
heights of 0.04 m and 0.5 m were nearly equal at a receiving antenna height of 2.0 m.
Frequency 0.9 GHz, hg, =2.0 m Frequency 0.9 GHz, hgy =3.4 m
Tx antenna height 0.11 m, H-H Tx antenna height 0.11 m, H-H
=404\ | Tx antenna height 0.50 m, H-H =40 ——F— e Tx antenna height 0.50 m, H-H
Tx antenna height 0.11 m, V-V / ) Tx antenna height 0.11 m, V-V
E """" Tx antenna height 0.50 m, V-V E SN Tx antenna height 0.50 m, V-V
m -60- m -60-
Z Z
E E
- -804 - -804
X X
m ....... m
-100+ — -100+
0 20 60 80 100 120 140 0O 20 40 60 80 100 120 140
Tx-Rx Distance (m) Tx-Rx Distance (m)
(@) (b)

Figure 7. Received signal level variation with distance at 0.9 GHz for co-polarized H-H and V-V
antennas: (a) receiving antenna height below the corn height (hryx = 2.0 m); (b) receiving antenna
height above the corn height (hgry = 3.4 m).
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Frequency 2.4 GHz, hgy, =2.0 m

Frequency 2.4 GHz, hgy, =3.4 m

Tx antenna height 0.04 m, H-H Tx antenna height 0.04 m, H-H
=404 e Tx antenna height 0.50 m, H-H =404 e Tx antenna height 0.50 m, H-H
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Figure 8. Received signal level variation with distance at 2.4 GHz for co-polarized H-H and V-V
antennas: (a) receiving antenna height below the corn height (hgy = 2.0 m); (b) receiving antenna
height above the corn height (hgy = 3.4 m).

The results show that higher receiving levels were measured for co-polarized H-H
antennas than for co-polarized V-V antennas for all scenarios in O-LoS conditions. The
difference in the received signal level for vertical and horizontal polarization was due to
the density of vegetation, its structure (leaves and stalks), and the water content [41], but
predominantly (mainly) because in the corn field, the biomass was concentrated in the
vertically oriented stalks planted in rows, as described in Section 2.1. For horizontally
polarized waves, the electric field was perpendicular to the corn stalks. For vertically
polarized waves, the electric field was parallel to the corn stalks, coupling strongly. By
comparing the curves of Figure 5, we observe that at 0.9 GHz co-polarized H-H antennas,
the receiving signal level increased, on average, by 12.5 dB (at htx = 0.11 m, hgy = 2.0,
Figure 5a), 11.6 dB (at htyx = 0.11 m, hgy = 3.4, Figure 5a), and 16 dB (at hty = 0.5 m,
hgrx = 2.0 and hgy = 3.4, Figure 5b) in the same cases of co-polarized V-V antennas. From the
results, we can conclude that at 0.9 GHz, the antenna polarization has an essential impact
on the received signal level in the wireless sensor networks deployed in an agricultural
environment for IoT-based smart agriculture.

From the obtained results (Figures 5-8) summarized in Tables 2 and 3, we can examine
how the height of the transmitting and receiving antennas impacted the coverage area of a
wireless sensor network for IoT-based smart agriculture. We assume that, for a reliable data
connection between the sensor node (transmitter) and the gateway (receiver), the minimum
received level should be —106 dBm (there would not be successful data transmission if
the level fell below this threshold). Our analysis revealed that increasing the height of
the receiving antenna above the corn height, from 2.0 m to 3.4 m, expanded the coverage
area. Thus, at 0.9 GHz, for H-H antennas, with ht, = 0.11 m (ht, = A/3 m) and an Rx
antenna height of 3.4 m, the distance range was 105 m, whereas at an Rx antenna height
of 2.0 m, it was 90 m. At 2.4 GHz, for H-H antennas, with ht, = 0.04 m (ht, = A/3 m)
and an Rx antenna height of 3.4 m, the communication distance range was 45 m, whereas
at an Rx height of 2.0 m, it was 40 m. Also, we observed a more significant increase in
the communication distance between the Tx-Rx antennas by increasing the transmitting
antenna height from hx =A/3 (0.11 m at 0.9 GHz and 0.04 m at 2.4 GHz) to 0.5 m above
ground level. Consequently, we can conclude that connectivity in a wireless sensor network
for agriculture applications in a corn field is more sensitive to the sensor antenna’s height
from the ground than to the gateway antenna’s height from the ground.
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Based on the results presented in Tables 2 and 3, it is evident that at 0.9 GHz, the
coverage radius (maximum communication distance) for sensors placed near the ground
(htx = A/3 m) was less affected by antenna polarization compared to sensors positioned
0.5 m above the ground. Additionally, at 2.4 GHz, antenna polarization had minimal impact
on the coverage area.

Table 2. Maximum communication distance between Tx and Rx at co-polarized H-H antennas.

Frequency * Transmitting Antenna Receiving Antenna Maximum Communication
q Y (Tx) Height ** (Rx) Height ** Distance Between Tx and Rx **

0.11 2.0 90

0.9 0.11 34 105

: 0.50 2.0 140

0.50 34 140

0.04 2.0 40

0.50 34 65

* The frequency indicated in the table is in GHz. ** The antenna height and distance indicated in the table are in meters.

Table 3. Maximum communication distance between Tx and Rx at co-polarized V-V antennas.

Frequency * Transmitting Antenna Receiving Antenna Maximum Communication
9 y (Tx) Height ** (Rx) Height ** Distance Between Tx and Rx **
0.11 2.0 80
) 0.50 2.0 120
0.50 3.4 110
0.04 34 45
24 0.50 2.0 20

* The frequency indicated in the table is in GHz. ** The antenna height and distance indicated in the table are in meters.

3.2. Model Selection and Application for Short-Range Propagation in a Corn Field

In this section, we present the propagation data and compare the measured path loss
to different propagation models to find the model(s) that best represent the propagation
characteristics in a corn field in several scenarios of smart agriculture applications.

Calculation of Path Loss

The measured path loss Ly in dB as a function of the distance (d) is computed using
the following formula [42]:

Lym(d) =Pt + Gt + Gr — Pr(d), 1)
where:

- Pris the transmitted power (which remains constant Pt = 0 dBm);

- Pgr (in dBm) is the received power, varying as a function of distance;

- Gr and Gg represent the gains of the transmitting and receiving reference dipole
antennas, which are both 2.15 dBi.

Figures 9-12 show comparisons of the measured path loss for various scenarios,
with predictions from two of the most commonly used models predicting the additional
attenuation of a wireless link passing through vegetation—the Weissberger and COST-235
models [43,44]. These models are modified exponential decay models and have the generic
form given by [45]:

L(f,d) = A x FB x d¢, )
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where:
- L is attenuation loss in dB;
- Fis the frequency in MHz or GHz;
- dis the depth of the vegetation along the line-of-sight path in meters;
- A, B, and C are model parameters. They are presented in Table 4.
Table 4. Basic input parameters values for Weissberger, COST-235, and Multi-slope models.
Basic Input Parameters
Model Names A B C ng ny  Frequency Units Note
Weissberger * 1.33 0.284 0.588 - - GHz 14m < d <400 m
& 0.45 0.284 - - - GHz Om<d<lim
15.6 —0.009 0.26 - - MHz in leaf
COST-235™ 26.6 02 05 . MHz out of leaf
4 - - - 20 - - d<d,
Multi-sl del - P
itirsiope mode ; - - 20 40 - d > dy,

* The range of frequencies for the Weissberger model is from 0.23 GHz to 9.2 GHz. ** The range of frequencies for
the COST-235 model is from 9.6 GHz to 57.6 GHz.

The additional attenuation caused by vegetation for each model is added to the basic
free-space loss to calculate the predicted path loss shown in Figures 9-12.
The basic free-space transmission loss (L) in decibels (dB) is calculated by [46]:

Lis(f,d) = 32.4 + 20logF + 20logd 3)
where:

- Fis the frequency in MHz;
- d is the distance in kilometers.

In the Weissberger and COST-235 models for transmission loss in the vegetation, the
loss between antennas is expressed as the sum of free-space basic transmission loss, Ly,
and additional loss, L, such as foliage losses in crop or forestry scenarios [43]. In addition, in
the modified exponential decay models, L5 and L are frequency- and distance-dependent
and independent of the antenna height.

Furthermore, the results presented in Figures 5-8 and Tables 2 and 3 in Section 3.1
indicate that radio wave propagation in the corn field is impacted not only by the surround-
ing environment (i.e., corn), but also by the positions of the transmitting and receiving
antennas relative to the ground. Hence, to include the effects of the antenna height, we
compare the results with the multi-slope model (two slopes and a single breakpoint). In
the model, the path loss, L, is assumed to increase with a given slope up to a ‘breakpoint’.
Beyond this point, the slope becomes steeper. The L in dB is given by [42]:

10n1logd + L, d < dy, @
10mylog () +10mlogdy, + Ly, d > dy,
where:
- L; is a value for the basic transmission loss at the d = 1 m;
- d is the distance in meters;
- dpp is the breakpoint distance in meters and is given by:
dpy = (4hehry)/A, ®)

where:

- Ais the wavelength in meters;
- hyyis transmitting antenna height in meters;
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- hgyis receiving antenna height in meters;
- nj and n; are model parameters. They are presented in Table 4.

For each data set (communication scenario in corn field) and each model, we present in

Tables 5 and 6 the mean absolute percentage error (MAPE), in %, to compare the prediction
accuracies of the path loss models. The MAPE is given by:

100

_ |Lmi—L il
MAPE = — =yt | BMpHobiL (6)
where:
140 140
120
o 100 o
) )
»n 804 /)
0 0
(¢] (¢]
- 60 | &
:‘:.. o ® - == « Free Space Path Loss :E = == « Free Space Path Loss
Dt.“ 40 dl-l ------ Mullti—slope Model Dt.“ 40 § e Mullti—slope Model
- - - Weissberger Model / - - - Weissberger Model
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(a) (b)
140 140
120 1204
m 100 & 100
3 =
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Figure 9. Comparison between losses for co-polarized H-H antennas at transmitting antenna height
A/3 m with existing models: (a) 0.9 GHz, hgy =2.0m; (b) 0.9 GHz, hgy =3.4 m; (c) 2.4 GHz, hg, =2.0m;
(d) 2.4 GHz, hgx =34 m.
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Path Loss (dB)
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Figure 10. Comparison between losses for co-polarized V-V antennas at transmitting antenna height
A/3 m with existing models: (a) 0.9 GHz, hgy =2.0m; (b) 0.9 GHz, hgx =3.4m; (c) 2.4 GHz, hgy =2.0m;
(d) 2.4 GHz, hgy =34 m.

- n is the number of measurements;

- Lm and Lyiopgr represent measured and predicted path loss, respectively, and i is the
index of each sample.

Figures 9 and 10 illustrate the comparison between predictions of the Weissberger,
COST-235, and Multi-slope models and measured losses at the near-ground installa-
tion of the sensor node in the corn field, i.e., for transmitting antenna height A/3 m at
two frequencies (0.9 GHz and 2.4 GHz) and two receiving antenna heights (2.0 m and
3.4 m) for H-H (Figure 9) and V-V (Figure 10) polarized antennas. From Figure 9 and
Tables 5 and 6, we can observe that, when using co-polarized H-H antennas for near-
ground sensor node installation in a corn field, the COST-235 model overestimates the path
loss at 0.9 GHz and 2.4 GHz, while the Weissberger model underestimates the path loss.
Among these models, the Multi-slope model demonstrates the highest accuracy for this
data set: 6.7% (hgx =2 m, 0.9 GHz) and 9.8% (hgryx = 2 m, 2.4 GHz), as shown in Table 5,
and 8.3% (hgryx = 3.4 m, 0.9 GHz) and 12.2% (hry = 3.4 m, 2.4 GHz), as shown in Table 6,
respectively. Also, Figure 10 shows that the COST-235 model is appropriate for htx A/3 m
to hrx 2 m and 3.4 m scenarios with co-polarized V-V antennas.
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Path Loss (dB)

Path Loss (dB)

Figures 11 and 12 illustrate the comparison between predictions of the Weissberger,
COST-235, and Multi-slope models and measured losses at the above-ground installation
of the sensor node in the corn field, i.e., for a transmitting antenna height of 0.5 m at
two frequencies (0.9 GHz and 2.4 GHz) and two receiving antenna heights (2.0 m and
3.4 m) for H-H (Figure 11) and V-V (Figure 12) polarized antennas. We can observe from
Figure 11 and Tables 5 and 6 that the Weissberger model provides the best results in
scenarios of above-ground installation of a sensor node in the cornfield at co-polarized H-H
antennas, giving MAPE values of 6.4% and 12.7% for hgy =2 m at 0.9 GHz and 2.4 GHz
(Table 5) and of 6.2% and 7.5% for hgy = 3.4 m at 0.9 GHz and 2.4 GHz (Table 6), respectively.
Also, Figure 12 shows that the COST-235 model is appropriate for hry 0.5 m to hgy 2 m and
3.4 m scenarios with co-polarized V-V antennas.
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Figure 11. Comparison between losses for co-polarized H-H antennas at transmitting antenna
height 0.5 m with existing models: (a) 0.9 GHz, hgy = 2.0 m; (b) 0.9 GHz, hgy = 3.4 m; (c) 2.4 GHz,
hrx = 2.0 m; (d) 2.4 GHz, hgy = 3.4 m.
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Figure 12. Comparison between losses for co-polarized V-V antennas at transmitting antenna height
0.5 m with existing models: (a) 0.9 GHz, hgy =2.0 m; (b) 0.9 GHz, hgy =3.4 m; (c) 2.4 GHz, hg, =2.0 m;
(d) 2.4 GHz, hgy, =34 m.
Table 5. A comparison of the mean absolute percentage error of Weissberger, COST-235, and Multi-slope
models when they are used to predict the loss-versus-distance trend in several scenarios in a corn field at
a receiving antenna height of 2 m.
Mean Absolute Percentage Error
hre ¥ hry* Frequency ** Polarization ***
Basic Free-Space Loss Multi-Slope Model Weissberger Model COST-235 Model
0.9 H 26.7 6.7 14.4 16.8
A3 24 H 243 9.8 144 12.3
0.9 \% 36.7 15.3 25.8 39
) 24 \Y 33.1 17.8 243 59
0.9 H 20.9 7.2 6.4 28.6
05 24 H 234 229 12.7 12.8
’ 0.9 v 33.6 209 194 10.2
24 \% 31.6 31.6 249 7.62

* hrx and hry are receiving and transmitting antenna heights in meters. ** The frequency indicated in the table is in
GHz. *** H—horizontal and V—vertical polarization.
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Table 6. A comparison of the mean absolute percentage errors of Weissberger, COST-235, and Multi-slope
models when they are used to predict the loss-versus-distance trend in several scenarios in a corn field at
a receiving antenna height of 3.4 m.

Mean Absolute Percentage Error

hrx*  hrc* Frequency ** Polarization ***
Basic Free-Space Loss Multi-Slope Model Weissberger Model COST-235 Model

09 H 244 83 10.6 229

A3 24 H 25.2 122 14.8 135

0.9 \% 33.8 14.7 21.0 94

24 24 \Y% 324 20.2 227 5.7
09 H 17.9 82 62 33.7

24 H 20.6 204 75 19.1

05 09 v 31.34 22 166 140

24 \% 26.8 26.6 14.3 12.6

* hry and hry are receiving and transmitting antenna heights in meters. ** The frequency indicated in the table is in
GHz. *** H—horizontal and V—vertical polarization.

We can conclude that the COST-235 model provides a reasonable estimate of the
path loss of vertically polarized signals in corn fields, with MAPE values of 3.9% to
14.0% between the prediction and the actual path loss value. Hence, it is appropriate
to recommend using the COST-235 model for omnidirectional, in-azimuth-plane vertical
polarized antennas of nodes and base stations in both scenarios: near- and above-ground
installation of sensor nodes in corn fields for smart agriculture. Also, concerning smart
agriculture applications in the corn fields, the Multi-slope model performed well in the
near-ground application scenarios at omnidirectional in-elevation-plane antennas with
horizontal polarization. In addition, we identify the Weissberger model as suitable for
planning radio coverage in the cornfield for the above-ground node connectivity scenario
with omnidirectional in-elevation plane and horizontal polarization.

4. Future Work

The results of this work also provide a foundation for future work in radio wave prop-
agation in the vegetation fields for smart agriculture communication scenarios. One area
for future work is combining the knowledge gained about radio wave propagation in the
corn field (R3 stage) with that without vegetation or in other corn growth stages. We also
plan to examine how the x-polarization of the antennas will impact the coverage area of a
wireless sensor network for IoT-based smart agriculture. Another area involves performing
a measurement campaign collecting received signal-strength indicator (RSSI) and packet
loss from sensors (from a wireless sensor network) placed at the same position as the
transmitting antenna.

5. Conclusions

This study examines the influence of vegetation on radio wave propagation in real-
world scenarios for IoT-based smart agriculture applications in a corn field at 0.9 GHz and
2.4 GHz. All measurements were conducted in a corn field at stage R3, during which the
corn leaves and stalk almost do not change and the kernels contain approximately 80%
moisture. The results indicate that increasing the receiving antenna height above the corn
height, from 2.0 m to 3.4 m, expanded the coverage area. The maximum communication
distance for near-ground installation of the sensor node (where the transmitter is A/3 m
above ground) in a corn field, with a base station (receiving) antenna height of 3.4 m, was
found to be 105 m at 0.9 GHz and 45 m at 2.4 GHz in the obstructed line-of-sight (O-LoS)
scenario for co-polarized H-H antennas. Moreover, a more significant increase in the
communication distance between the transmitting and receiving antennas was observed
when the transmitting antenna height was increased from A/3 m (0.11 m at 0.9 GHz
and 0.04 m at 2.4 GHz) to 0.5 m above ground level. The maximum communication
distance for above-ground installation of the sensor node (0.5 m above ground) in a corn
field, with a base station antenna height of 3.4 m, was found to be 140 m at 0.9 GHz
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and 65 m at 2.4 GHz in the O-LoS scenario for co-polarized H-H antennas. Also, the
results show that, for vertical polarization Tx-Rx antennas, the received signal experienced
higher attenuation than for horizontal ones, especially at 0.9 GHz. In contrast, at 2.4 GHz,
antenna polarization had minimal impact on the coverage area. In addition, we identify
the three models suitable for planning radio coverage in a cornfield in the following
scenarios: (1) Multi-slope model for the near-ground node connectivity scenario with
omnidirectional in-elevation-plane antennas and horizontal polarization; (2) Weissberger
model for above-ground node connectivity scenario with omnidirectional in-elevation-
plane antennas and horizontal polarization; and (3) COST-235 model for omnidirectional
in-azimuth-plane vertical polarized antennas of nodes and base stations in both near- and
above-ground scenarios.

This work provides insights into radio wave propagation in a corn field in different
scenarios, making it suitable for radio coverage planning in the presence of crops where
plants are grown in rows with vertically oriented stalks (such as corn, sunflower, etc.) to
ensure reliable and resilient wireless communications in IoT-based smart agriculture.
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