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ABSTRACT: This paper presents the design, fabrication, and experimental validation of a novel compact high-gain decagonal microstrip
patch antenna designed for noninvasive soil moisture sensing. The antenna utilizes the strong correlation between its dielectric properties
and soil moisture content, which directly influences its reflection coefficient and resonant frequency. The decagonal geometry using a
Taconic TLY-5 substrate achieved a high gain of 7 dBi and an excellent radiation efficiency of 96.5% compared to the FR-4 substrate. The
prototype antenna fabricated on a Taconic TLY-5 substrate resonates at a frequency of 2.445 GHz with a measured reflection coefficient of
—34.3 dB, validating the high-performance characteristics predicted by full-wave simulations using CST Studio Suite 2018. The sensing
capability of the fabricated antenna is carefully tested across sandy, loamy, and clayey soils, demonstrating a predictable downward
shift in the resonant frequency as the moisture content increased. A linear regression analysis was performed on the experimental data
from sandy, loamy, and clayey soils, yielding a high coefficient of determination (R? =~ 0.9) for all three soil types and establishing a
calibration model to accurately convert the resonant frequency shifts into soil moisture values. The obtained sensitivity values for soil
moisture detection were 4.76 MHz/% for sandy soil, 5.15 MHz/% for loamy soil, and 4.89 MHz/% for clayey soil. The compact size,
high gain, and consistent performance across different soil samples make this proposed antenna a better solution for precision agriculture
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and environmental monitoring through integration into wireless sensor networks.

1. INTRODUCTION

oil moisture monitoring is critical for efficient water re-
S source management and environmental monitoring in mod-
ern precision agriculture [1]. Optimizing irrigation, increasing
crop yields, and reducing the effects of drought depend on pre-
cise and timely measurements of soil moisture content. Con-
ventionally, soil moisture is measured using a gravimetric tech-
nique, which is highly accurate, destructive, and unsuitable for
real-time applications [2]. Although conventional soil moisture
sensors, such as capacitive, resistive, time domain reflectome-
try (TDR), and frequency domain reflectometry (FDR) probes,
are capable of providing real-time soil moisture data, they pos-
sess certain inherent limitations. Despite their low cost, resis-
tive sensors exhibit poor stability, low accuracy, and suscepti-
bility to corrosion and soil salinity. As capacitive sensors are
sensitive to temperature, salinity, and soil type, precise cali-
bration of soil-specific calibration is required to achieve an ac-
ceptable accuracy [3]. TDR and FDR sensors [4] are more pre-
cise, but their high cost, complicated setup and operation, high
power consumption, and sensitivity to soil salinity render them
unsuitable for widespread and economical applications. This
has motivated research into nondestructive approaches, espe-
cially microwave sensing, which provides the benefits of real-
time monitoring, nondestructive nature, and the possibility of
distributed sensing via wireless sensor networks. Conventional
sensors depend on the direct contact between the electrodes

* Corresponding author: Sahana K (sahanaknair@sdmcujire.in).

doi:10.2528/PIERC25101701

112

and soil, which makes their performance sensitive to corrosion
and temperature-induced drift. In contrast, microstrip antenna-
based sensors use resonant frequency shifts to detect the dielec-
tric properties of soil [5].

Soil can be modelled as a heterogeneous three-phase medium
composed of soil, water, and air [6]. Because each phase has
unique dielectric characteristics, the volumetric fractions and
interaction mechanisms of each phase define the effective com-
plex permittivity of soil. Dielectric-based soil moisture sens-
ing depends on the intrinsic electromagnetic contrast within
the soil-water-air system, where water exhibits a higher rel-
ative permittivity at microwave frequencies than soil miner-
als and air. As the water content increased, the permittivity
of the soil increased significantly, influencing the propagation,
reflection, and resonance of electromagnetic waves within the
medium. Owing to dielectric sensitivity, the microstrip antenna
used to measure soil moisture content can detect resonant fre-
quency shifts or changes in the reflection coefficient [ 7]. There-
fore, the dielectric properties of the soil directly couple with the
electromagnetic behavior of the microstrip antenna sensor, en-
abling non-contact, resonance-based measurement of soil mois-
ture through soil-sensor interactions. Microwave sensing uses
a two-step physical method to retrieve soil moisture. The com-
plex dielectric constant (CDC) of the soil was first calculated
using the radiation signal received by the sensor. Second, the
moisture is obtained by soil complex dielectric constant models,
which include the complex relationship between soil moisture
and its CDC [8]. The Topp empirical model provides a linear
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relationship between the real part of the soil permittivity and the
volumetric water content. Accordingly, variations in soil mois-
ture modify the effective permittivity of the medium, resulting
in measurable shifts in the resonant frequency of the antenna.

Microstrip antennas have gained popularity in microwave-
based sensing applications due to their small size, low pro-
file, ease of fabrication, and low cost [9—11]. The resonant
frequency of a microstrip antenna is highly sensitive to its di-
electric properties [12], making it an excellent option for soil
moisture sensing. When the antenna is in proximity to soil,
variations in the moisture content modify the soil’s dielectric
constant, causing a noticeable shift in the antenna’s resonance
frequency [13] and reflection coefficient. The performance of
this microstrip antenna sensor is influenced by the properties of
the dielectric constant and loss tangent of the substrate, which
affect antenna efficiency and gain [14]. Owing to the hetero-
geneous nature of the soil and fringing-field interactions, the
frequency response of the antenna-soil system deviates from
a straightforward analytical form. Consequently, a regression
model was employed to provide an effective empirical relation-
ship between the sensor’s measurable resonant frequency shift
and gravimetric water content of the soil.

The primary goal of this study was to design and evaluate
a compact decagonal microstrip antenna that employs the fre-
quency shift method as a sensitive soil moisture sensor. Ad-
ditionally, it aims to experimentally establish a reliable corre-
lation between frequency and moisture for accurate estimation
of water content. Focusing on the potential of microstrip an-
tennas for sensing applications, this study first investigated the
influence of the substrate material on the overall antenna perfor-
mance. Specifically, FR-4 and Taconic TLY-5 substrates were
used to design a decagonal microstrip patch antenna (DMPA)
operating at a resonant frequency of 2.45 GHz. The decagonal
patch geometry of the proposed antenna lowers the reflection
coefficient, and the Taconic TLY-5 substrate enhances the gain
and radiation efficiency. This DMPA is very useful for practi-
cal sensing applications because it achieves a high gain of 7 dBi
and an excellent radiation efficiency of 96.5%. The experimen-
tal results demonstrate the capability of the antenna to accu-
rately detect variations in the soil moisture content by observ-
ing shifts in the resonant frequency, highlighting its practical
applications.

The remainder of this paper is organized as follows. The
antenna design and its simulation methodology are thoroughly
described in Section 2, and Section 3 presents the experimental
setup for soil moisture sensing. The experimental results, re-
gression analysis, and associated discussions are presented in
Section 4. Finally, Section 5 concludes the paper with a sum-
mary of the findings.

2. ANTENNA DESIGN AND SIMULATION METHOD-
OLOGY

Microstrip patch antennas are widely used because of their low
profile, light weight, and ease of integration with microwave
circuits. A typical microstrip antenna consists of a metallic ra-
diating patch on one side of a dielectric substrate, and a ground
plane on the opposite side [15]. The proper selection of sub-
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strate material has a significant impact on antenna performance,
influencing its size, gain, and radiation efficiency. The pro-
posed antenna is designed using FR-4 and Taconic TLY-5 sub-
strates, which have dielectric constants of 4.3 and 2.2 and low
loss tangents of 0.02 and 0.0009, respectively. This antenna is
designed at a resonant frequency of 2.45 GHz, which is widely
used for Industrial, Scientific, and Medical (ISM) applications.
The design of the proposed antenna comprises a decagonal ra-
diating patch of radius a in mm, given by Equation (1) [16], on
top of the substrate.
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where h denotes the substrate thickness in mm, ¢, the rela-
tive dielectric constant of the substrate, and f;. the resonant fre-
quency in GHz.

By employing a decagonal radiator with an inset feed, the de-
sign achieves a lower reflection coefficient and resonance at the
desired frequency compared with traditional rectangular or cir-
cular patches while retaining a compact form factor. To achieve
impedance matching, a 50 €2 microstrip feedline with length L ¢
and width W, was connected to the patch using an inset feed
with depth L; and width W;. The detailed geometry of the pro-
posed DMPA is illustrated in Figure 1. Using the optimum de-
sign parameters given in Table 1, the performance of the pro-
posed DMPA on both FR-4 and Taconic TLY-5 substrates was
analyzed using CST Studio Suite 2018 electromagnetic simu-
lation software.

W,

F Y
A 4

FIGURE 1. Decagonal microstrip patch antenna layout.

3. ANTENNA FABRICATION AND EXPERIMENTAL
SETUP

3.1. Fabrication and Characterization

The prototype of the proposed antenna was fabricated using a
standard printed circuit board (PCB) fabrication method on a

WWwWw.jpier.org



PIER C

Sahana K and Bharathraj Kumar M

TABLE 1. Dimensions of the proposed antenna geometry.

Dimensions (mm)
Parameters :
FR-4 | Taconic TLY-5
Patch a 18 25.05
Ws | 43.16 59.63
Substrate &
Ls | 53.16 68.63
Ground plane
h 1.6 1.588
Feedline Wyl 3 3
Ly 10 10
Wi 3 3
Inset
L; 15 15

high-performance Taconic TLY-5 substrate with the parameters
listed in Table 1. A photograph of the prototype is shown in
Figure 2.

The reflection coefficient (S11), resonant frequency (f),
input impedance (Z;11), and Voltage Standing Wave Ratio
(VSWR) of the fabricated antenna were measured using a
vector network analyzer (VNA) (FPC 1500, 5kHz-3 GHz,
R&S made). To ensure the measurement accuracy, the VNA
was first calibrated at the reference plane of the coaxial cable
connected to the antenna, using calibration kits.

3.2. Soil Moisture Sensing Procedure

The resonance frequency of the antenna is highly sensitive to
the dielectric properties of its surroundings. When the antenna
is in contact with soil, variations in the soil moisture content
modify the dielectric constant [17], which causes a measurable
shift in the resonance frequency of the antenna. Compared to
the air and dry soil components, water has a substantially larger
dielectric constant. Consequently, the total effective dielectric
constant of the soil increased with the moisture content. The
relationship between the dielectric constant of the soil €,; and
the resonant frequency f;. of the antenna [18] is given by Equa-
tion (3). The moisture content of the soil can be accurately de-
termined by measuring the shift in resonance frequency.

1

frox
" V Esoil

3)

Sandy, loamy, and clayey soil samples were collected from
Ujire, Karnataka. The soil samples were dried and sieved to
remove large particles. The prepared samples were dried us-
ing a hot-air oven at 105°C for 24 h to remove residual mois-
ture. Initially, 50 g of each dry soil sample was taken, and then,
the antenna was placed directly on the surface of the soil to
measure the resonant frequency of the fabricated antenna us-
ing the VNA. Subsequently, controlled amounts of water were
added incrementally to each soil sample to obtain samples with
varying moisture contents. For each sample, the moisture con-
tent was determined using the gravimetric method, based on the
weights of wet and dry soil, as defined in Equation (4) [19].

W — Wy
d

MC (%) = x 100 “)
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FIGURE 2. Proposed antenna prototype.

where M C' denotes the percentage of moisture content, W, the
weight of the wet soil sample in grams, and W the weight of
the dry soil after oven-drying in grams.

The changes in the resonant frequency of the proposed an-
tenna, corresponding to each soil sample at different moisture
levels, were recorded using VNA. The experimental setup used
for soil moisture sensing is shown in Figure 3.

FIGURE 3. Experimental setup for soil moisture sensing.

4. RESULTS AND DISCUSSION

This section presents the results obtained from simulations
carried out using the Computer Simulation Technology (CST)
Studio Suite 2018 electromagnetic (EM) simulation software,
along with experimental measurements obtained from the
VNA. A comparison between the simulated and measured
data is provided to evaluate the performance of the antenna,
followed by a detailed discussion of the soil moisture sensing
results across different soil types using linear regression
analysis.

4.1. Simulated Antenna Results

The simulation results highlight the influence of the substrate
material on the performance of the proposed antenna, validat-
ing the choice of a low-permittivity substrate for soil moisture
sensing applications. A comparative analysis was performed
between FR-4 and Taconic TLY-5 substrates to evaluate their
performance characteristics. Figure 4 shows the simulation re-
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FIGURE 4. Simulated characteristics of proposed antennas: (a) Reflection coefficient, (b) input impedance, (c) VSWR.

sults of S71, the input impedance, and the VSWR of the pro-
posed antenna designs. The gain and radiation efficiencies of
these designs are shown in Figure 5. Table 2 provides a com-
parative summary of their performances.

TABLE 2. Simulated results of proposed antenna using FR4 and
Taconic TLY-5 substrates.

Parameters FR-4 Taconic TLY-5
Resonant frequency (GHz) 2.483 2.443
Reflection coefficient (dB) —29.71 —36.62

Input Impedance (£2) 45.48 +j0.49 | 49.32 +j0.17
VSWR 1.07 1.03
Gain (dBi) 2.8 7
Radiation efficiency (%) 49.74 96.89

As shown in Table 2, the FR-4 substrate-based decagonal
microstrip patch antenna design resonated at a frequency
of 2.483GHz with a minimum reflection coefficient of
—29.71dB. In contrast, the DMPA designed using a Taconic
TLY-5 substrate exhibits a resonance at 2.443 GHz frequency
with a minimum S;; of —36.62dB, indicating improved
impedance matching and reduced reflection. The Taconic
TLY-5 substrate antenna achieved a simulated voltage standing
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wave ratio (VSWR) of 1.03 at resonance, demonstrating excel-
lent impedance matching with minimal reflected power. The
FR-4 antenna exhibited 1.07 VSWR, indicating comparatively
higher substrate losses. The simulated input impedance results
show a distinct difference between the two substrates, with the
FR-4 antenna having a real impedance of 45.48 {2 and a slightly
inductive imaginary impedance of j0.47 ) at resonance, while
the Taconic TLY-5 substrate-based antenna exhibits a nearly
perfect match with a real impedance of 49.32 () and a minimal
inductive imaginary impedance of j0.17(2, indicating its
superior performance.

The simulated peak gain for the Taconic TLY-5 substrate-
based antenna is 7 dBi, which is substantially higher than the
2.8 dBi observed for the FR-4 substrate. Similarly, the radiation
efficiency of the Taconic TLY-5 substrate antenna was 96.89%,
whereas the FR-4 counterpart achieved only 49.74% efficiency.
The significantly lower loss tangent (tand = 0.0009) of the
Taconic TLY-5 substrate minimizes energy dissipation within
the substrate. This reduction in dielectric loss allows a greater
proportion of the input power to be converted into radiated
power, thereby increasing the radiation efficiency and enhanc-
ing the antenna gain. By achieving a high gain, the proposed
antenna with a Taconic TLY-5 substrate facilitates deeper elec-
tromagnetic field penetration into the soil medium. Therefore,
this antenna is well-suited for soil moisture sensing applications
in precision agriculture.
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FIGURE 6. Characteristics of Taconic TLY-5 antenna: (a) Reflection coefficient, (b) input impedance, (¢) VSWR.

4.2. Experimental Verification and Comparative Results

TABLE 3. Simulated and measured results of proposed Taconic TLY-5

Lo . . antenna.
The performance characteristics of the fabricated decagonal mi-
crostlr%) anu}elnna} onla chonif TL\}(l-S S;J]bstr.ate werfc; n}easured Parameters Simulated Measured
to validate the simulated results. The reflection coefficient, res- Resonant frequency (GHz) 2443 2445
onant frequency, input impedance, and VSWR of the prototype : -

. Reflection coefficient (dB) —36.62 —34.3
antenna were measured using a Vector Network Analyzer and _ -
are presented in Figure 6, together with the corresponding sim- Input Impedance (£2) 49.32 +j0.17 | 50.47 +j0.074
ulated results obtained from CST Studio Suite 2018 for compar- VSWR 1.03 1.02

ison. A comparative summary of the simulated and measured
performance parameters of the prototype antenna is given in
Table 3.
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The measured prototype parameters, including the resonant
frequency, reflection coefficient, VSWR, and input impedance,
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FIGURE 7. Measured S11 versus frequency of the proposed DMPA for varying GWC: (a) Sandy soil, (b) loamy soil, (c) clayey soil.

TABLE 4. Measured resonant frequency and reflection coefficient as a function of GWC for different soil samples.

Sandy Soil Loamy Soil Clayey Soil
GWC (%) fr S11 Ir St fr S11

(GHz) (dB) (GHz) (dB) (GHz) (dB)
Dry soil 244 —25.32 2.355 —22.84 2.315 —20.55
10 2.385 —24.61 23 —21.68 2.275 —16.5
20 2.35 —22.07 2.265 —18.95 2.245 —14.09
30 2.32 —20.1 2.23 —16.93 2.22 —11.35

40 2.27 —18.94 2.175 —-12.3 2.145 —-9.31

50 2.195 —17.64 2.095 —11.19 2.085 —-8.4

are in close agreement with the simulated data. The fabricated
decagonal microstrip antenna resonates at 2.445 GHz with a
measured S1; of —34.3dB, closely matching the simulated
value of —36.62dB. The corresponding VSWR at resonance
was measured to be 1.02, validating the excellent impedance
match with the 50 2 feedline. The impedance measured at res-
onance is 50.47+j0.074 €2, which is nearly a match to the simu-
lated value 49.324-j0.17 2. The strong correlation between the
simulated and measured results confirms the viability and per-
formance of the decagonal microstrip antenna for the proposed
soil moisture sensing application.
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4.3. Soil Moisture Sensing Performance Analysis

The performance of the proposed decagonal microstrip antenna
using a Taconic TLY-5 substrate as a soil moisture sensor across
sandy, loamy, and clayey soils was experimentally validated by
measuring its resonant frequency and S7; across varying gravi-
metric water contents (GWC). Figure 7 illustrates the variation
in the resonant frequency and reflection coefficient with GWC
across all three soil samples, and the corresponding values are
summarized in Table 4.

As the soil moisture content increases, the effective dielectric
constant of the soil increases, leading to a downward shift in the
resonant frequency and a higher reflection coefficient owing to
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FIGURE 8. Regression analysis of resonant frequency shifts: (a) Sandy soil, (b) loamy soil, (c) clayey soil.

the increased impedance mismatch. This variation is due to the
different mineral and bound water contents of the soils, which
affects their initial and saturated dielectric properties. Linear
regression analysis of resonant frequency shifts from sandy,
loamy, and clayey soils was used to measure the soil moisture
content, as illustrated in Figure 8. Regression analysis of the
resonant frequency shifts was carried out using OriginPro 2024
software.

Regression analysis provided the following soil-specific
equations, describing the linear relationship between the
resonant frequency shift (A f,.) in GHz and percentage mois-
ture content (MC) [20]: Equation (5) for sandy soil with

R? = 0.925, Equation (6) for loamy soil with R? = 0.892,
and Equation (7) for clayey soil with R? = 0.841.
%MC = 2.1 x 107 "Af, +2.25 (5)
%MC = 1.94 x 107"Af, + 3.63 (6)
%MC = 2.05x 107 "Af, + 6.59 (7

The high coefficients of determination (R?) for all three soil
samples confirmed the strong correlation between the resonant
frequency shift and soil moisture content. The resonant fre-
quency shift was computed using Equation (8).

Afr=f Tdrysoil [ Tywet soil ®)

The gravimetric moisture content and percentage moisture con-
tent calculated from the measured resonant frequency shift
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using soil-specific linear regression equations for the sandy,
loamy, and clayey soil samples are summarized in Table 5.

The experimental results, summarized in Table 5, demon-
strate the relationship between the antenna’s measured resonant
frequency shift and moisture content of each soil sample. Sandy
soil, with its lower initial dielectric constant, exhibits the largest
frequency shift, whereas clayey soil, owing to its higher min-
eral and bound water content, has a higher initial dielectric con-
stant, resulting in a smaller overall frequency shift. Therefore,
the proposed DMPA functions as a highly sensitive soil mois-
ture sensor, effectively detecting variations in the surrounding
medium.

The sensitivity (S) of the proposed soil moisture sensor was
determined from the regression analysis of the experimental
data presented in Figure 8 and is expressed by Equation (9),
which is the inverse of the slope of the regression analysis
curve. Table 6 summarizes the sensitivity values obtained for
the three soil samples.

d(Afr)

5= d(%MC)

©

The experimental validation demonstrated soil-specific sen-
sitivity, with the resonant frequency shift yielding values of
4.76 MHz/% for sandy soil, 5.15 MHz/% for loamy soil, and
4.89 MHz/% for clay soil, confirming the proposed decagonal
microstrip patch antenna’s high-performance sensing capability
across diverse agricultural environments.
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TABLE 5. Moisture contents for different soil samples.

Sandy Soil Loamy Soil Clayey Soil
GWC (%) Afr MC Afr MC Afr MC
(GHz) (%) (GHz) (%) (GHz) (%)
10 0.055 13.8 0.06 15.27 0.055 17.865
20 0.09 21.15 0.09 21.09 0.07 20.94
30 0.12 27.45 0.12 2691 0.085 24.015
40 0.15 33.75 0.15 32.73 0.13 33.24
50 0.245 53.7 0.26 54.07 0.23 53.74

TABLE 6. Sensitivity values for sandy, loamy, and clayey soil samples.

Parameters Sandy Soil | Loamy Soeil | Clayey Soil
Slope 2.1x1077[1.94 x 1077 | 2.05 x 1077
Sensitivity (MHz/%) 4.76 5.15 4.89

5. CONCLUSION

This study demonstrates the design, fabrication, and perfor-
mance of a novel compact high-gain decagonal microstrip
patch antenna for real-time soil moisture sensing. Compar-
ative analysis demonstrated the superiority of the Taconic
TLY-5 substrate over FR-4, with the Taconic TLY-5 design
achieving higher gain (7 dBi) and excellent radiation efficiency
(96.5%). The reflection coefficient, resonant frequency, input
impedance, and VSWR of the fabricated antenna closely
matched the simulations, validating the design methodology.
The soil moisture sensing capability of the proposed antenna
is validated by consistent shifts in the resonant frequency and
reflection coefficient with varying gravimetric water content
(GWCQ). Linear regression analysis was performed on the ex-
perimental data from sandy, loamy, and clayey soils, yielding
a high coefficient of determination (R? = 0.9) for all three soil
types. This analysis enabled the conversion of the measured
frequency shift into percentage moisture content, demon-
strating the potential of the antenna as a high-performing,
nondestructive soil moisture sensor. The compact size, high
gain, and predictable strong sensing capability, achieving soil-
dependent sensitivities up to 5.15 MHz/%, make the proposed
DMPA a better choice for integration into wireless sensor
networks for smart agriculture and environmental monitoring.
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