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In this study, a novel Vivaldi antenna with dimensions of 100mm× 85mm× 1.6mm, designed for a moisture measurement
system, is built to enhance the gain of conventional Vivaldi antennas in the low-frequency band to suit the needs of moisture
detection. �e fence structure and choke slot are modi�ed to enhance the antenna’s radiation properties in the low-frequency
band, and simulation is performed to determine how di�erent structural parameters a�ect the antenna’s performance.�e results
show that in the frequency band of 5-6GHz, the voltage standing-wave ratio (VSWR) of the antenna is less than 2, and the gain at
5.8 GHz reaches 16.2 dBi after installing the lens. Compared with conventional unmodi�ed Vivaldi antennas, the gain at 5.8GHz
increases by approximately 6.11 dBi.�e antenna is then processed andmeasured, and the measured results are in good agreement
with the simulated results; hence, the antenna can be widely used in the �eld of moisture detection.

1. Introduction

Online measurement of moisture has become an urgent
problem to be solved in the �eld of food production [1, 2].�e
development of moisture sensors based on the microwave
free-space method is presently a popular research direction.
�e main principle of this method is to calculate the moisture
in the material by measuring the loss caused by the polari-
zation of water when microwaves pass through the material;
the main parameters that change owing to loss are S21 and S11,
so the dielectric properties of the material can be calculated
from these two parameters, and the electric constant can be
used to further calculate the moisture content of the material.
As part of the sensor, the antenna plays an important role in
the measurement of S21 and S11. Trabelsi et al. [3] developed,
calibrated, and tested a microwave moisture meter—made of
o�-the-shelf components—in the laboratory and �eld in 2016
in the examination of in-shell peanuts by measuring the
dielectric properties of peanut pod samples. To achieve
nondestructive and instantaneous determination of kernel
moisture content, the device uses a ¡at-panel antenna, which
makes the whole device larger and limits portability.

�e Vivaldi antenna is developed as an ultrawideband
antenna with a directive pattern and high gain, which is

attractive for radar application and microwave sensing [4].
When the antenna is operational, the electromagnetic wave
guided by the exponential slot line realized on the front
metal layer excited by a lower microstrip line is radiated into
free-space [5]. Lin et al. [6] designed an asymmetric
wideband dual-polarized bilateral tapered-slot antenna for
wireless measurement of electromagnetic compatibility.�is
antenna has achieved good results. Nevertheless, compared
to the planar structure previously described, its three-di-
mensional structure takes up even more space. Teni et al. [7]
designed a novel miniaturized antipodal Vivaldi antenna
with improved radiation characteristics. It performs rela-
tively well in all aspects except for the gain which does not
meet the requirements of the standard moisture sensor,
making it unsuitable for this application.

Selecting the appropriate type of antenna and rationally
optimizing its size and shape can achieve good antenna
radiation characteristics so that the antenna has high gain,
low VSWR, low return loss, sharp main lobe, and small side
lobes. Furthermore, the ideal design can compress device
volume, improve portability, and reduce cost [8–10].
Compared with the traditional horn antenna, the Vivaldi
antenna has a unidirectional and stable radiation pattern and
has a simpler structure, easier processing, and lower cost. Its
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lens can convert spherical waves into plane waves, con-
centrating the radiation energy and narrowing the beam [11]
to improve contact with the measured object. /erefore, a
low-cost lens Vivaldi antenna, for grain microwave moisture
detectors, is presented in this paper. /e full-wave software
CST Microwave Studio was employed to analyze and design
the antenna. Finally, an antenna prototype was realized to
verify the fulfillment of the design requirements.

2. Parametric Design

2.1. Vivaldi AntennaDesign. /e Vivaldi antenna covers the
two sides of the dielectric plate with a metal layer. /e
antenna is mainly composed of three parts a circular cavity, a
slot line followed by an exponential slot line [12], and a
microstrip line printed on its backside.

In particular, when the opening of the exponential slot is
small, the electromagnetic energy is bound between the two
metal arms forming the antenna, so the radiation is weak;
while energy emission increases as the electromagnetic field
travel along the exponential slot, thus favoring the energy
emission into free-space at the antenna opening [13].
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Figure 1: Structure of conventional Vivaldi antennas: (a) front; (b) back.
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Figure 2: Structure of improved Vivaldi antenna: (a) front; (b) back.

Table 1: Antenna parameters.

Parameter Conventional antennas Improved antenna
L 100mm 100mm
W 105mm 85mm
Wa 70mm 70mm
Wb — 15mm
La 49.5mm 49.5mm
Lb — 65mm
L1 30mm 30mm
R — 35mm
l — 15mm
S 1mm 1mm
R1 6.5mm 6.5mm
r 7.3mm 7.3mm
θ 60° 60°
W1 0.25mm 0.25mm
W2 2mm 2mm
L2 25mm 25mm
a — 5mm
b — 42.5mm
c — 27.5mm
k — 3mm
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/erefore, the minimum distance of the exponential slot line
of the antenna determines the highest operating frequency of
the antenna, whereas the maximum opening size of the slot
line limits the lowest operating frequency of the antenna
[14–16].

To meet the parameter requirements of the moisture
gauge, the performance indicators to be achieved by a
modified Vivaldi antenna are preset in this paper. To verify
the performance of the proposed moisture sensor we de-
cided to test the system not only at 5.8GHz but also in the 5-
6GHz band. /erefore, the antenna must be able to operate
with a gain greater than 10 dBi at the working frequency,

with VSWR not exceeding 2. /e designed microstrip an-
tenna consists of a substrate and a patterned copper layer.
/e substrate material is an FR-4 sheet (dielectric constant is
4.2–4.7, loss tangent is 0.02, and thickness is 1.6mm). /e
initial microstrip size can be computed [17] as follows:
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Figure 3: Transverse components of y-x electric field (f� 5.8GHz): (a) conventional Vivaldi antenna; (b) improved Vivaldi antenna.
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Figure 4: Performance parameters: (a) voltage standing-wave ratio; (b) gain of antenna.
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Figure 5: Continued.
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Here, L is the length of the substrate, W is the width of
the substrate, c is the speed of light, fL is the lowest frequency,
and εr is the dielectric constant.

/e profile of the exponential line can be obtained from
the following equations:.

y(x) � C · e
Kax

, (2)

C �
s

2
, (3)

Ka �
1
La

ln
Wa

s
􏼒 􏼓. (4)

Here, s is the width of the slot line, La is the length of the
exponential slot line, and Wa is the width of the flared
opening, as detailed in Figure 1.

To reduce the main beam opening angle and improve the
antenna gain, we have also modified the metal layer. /ere
will be surface and edge currents in the metal areas on both
sides of the slot line, which will affect the antenna gain and
directivity. To effectively suppress the surface wave on the
outer region of the metal arms some grooves are etched near
the edge, so to concentrate the current flow along the ex-
ponential slot [18–20]. /is improves in-band entrance and
antenna gain. Pandey et al. [21] made similar improvements
to the Vivaldi antenna; that is, etching the fence structure
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Figure 5: Antenna electric field radiation patterns: (a) y-z plane radiation patterns at 5GHz; (b) x-y plane radiation patterns at 5GHz; (c) y-z
plane radiation patterns at 5.8GHz; (d) x-y plane radiation patterns at 5.8GHz; (e) y-z plane radiation patterns at 6GHz; (f ) x-y plane
radiation patterns at 6GHz.

Table 2: Performance comparison among different antennas.

Reference Bandwidth
(GHz)

Maximum
realized
gain (dBi)

Antenna
size (mm)

Structural
complexity Lens Application

[1] 2.45 Unknown 140×140 Simple No Moisture content measuring
[7] 0–30 7 50× 66.4 Simple Yes High dynamic-range imaging
[8] 1.54–7 9.8 88× 75 Simple No Breast phantom measurement
[11] 2–8, 8–40 12.1 130×130× 243 Complex No Radio-frequency simulation system
[13] 1.38–13.8 12.6 182× 96× 6.1 Simple No Communication and radar technologies
[18] 4–40 7.8 80× 80× 94 Simple No Mobile infrastructure
[19] 4–13 9.2 40× 4× 0.8 Complex No High dynamic-range imaging
/is work 5-6 16.5 100× 85×1.6 Simple Yes Moisture content measuring
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onto themetal layer, and achieved good results. However, we
found in the experiment that the gain is greatly improved
when the fence structure is further modified. /erefore, in
the proposed antenna, we added a grid structure and in-
troduced symmetrical semicircular grooves on both sides of
the antenna arms. /e modified antenna structure is
depicted in Figure 2.

/e optimized antenna dimensions are presented in
Table 1.

After numerical investigation, the equation of the ex-
ponential slot line is expressed as y(x) � e0.08x.

/e transverse components of the electric field (x and y-
components), concerning the antenna before and after the
adoption of symmetrical semicircular grooves and grids on

both antenna arms, are shown in Figure 3./e map reveals a
higher field level in the slot region of the modified antenna as
already observed in [20]; the signal level used to excite the
improved antenna was 4936V/m.

At the same time, the related performance parameters of
the antenna are obtained by numerical simulation; the
standing-wave ratio is shown in Figure 4(a), and the gain is
shown in Figure 4(b).

It can be seen from Figure 4 that the conventional
Vivaldi antenna has a minimum VSWR of 1.0611 in the
frequency range (5-6GHz), with a maximum of 1.8054, and

(a) (b)

Figure 6: Antenna prototype: (a) front; (b) back.
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Table 3: Spherical lens parameters.

Parameter Value
D 30mm
N 1.732
rf 130mm
rn 130mm
F 93.344mm
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1.0988 at 5.8GHz. Compared with the VSWR values of the
original antenna, the maximum VSWR and the VSWR at
5.8GHz are both lower and meet the design requirements.

When the improved antenna is at 5.8 GHz, the gain is
11.368 dBi, which is improved compared with the original
gain. Although a desirable gain at 5.8GHz is achieved, it can

Figure 9: Dielectric lens prototype.
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Figure 10: Structure of measuring platform.
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Figure 11: Frequency behavior of the gain (a) and of themagnitude of antenna S-parameter (b) for different values of the curvature radius of
the semicircular grooves.
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nonetheless be seen from Figure 4 that the gain drops
significantly at 5.25, 5.5, and 5.75GHz. By computing the
radiation patterns at these frequencies, we found that the
main lobe of the antenna was large, so the energy is not
focused efficiently, resulting in a decreased gain.

/e electric field patterns at different frequencies are
shown in Figure 5.

From the analysis of Figure 5 it appears that the opening
angle of the antenna beam is 64.2°, 59°, and 47.3° at the
frequencies of 5, 5.8, and 6GHz, respectively, while the
radiation angle reduces and the gain increases at 5.8GHz,
thus, satisfying the moisture detection requirements when
the antenna is modified. It can be seen from Table 2 that the
proposed antenna is the most optimal in terms of relative
gain and size.

/e improved Vivaldi antenna was then fabricated
according to the final design scheme, and its performance
was tested. /e antenna prototype is shown in Figure 6.

/e relative performance of the antenna is evaluated
using a vector network analyzer and compared with the
simulated performance. /e comparison results are plotted
in Figure 7.

It can be seen from Figure 7 that although not entirely
consistent with the numerical simulation, the frequency be-
havior of the antenna reflection coefficient still meets the
design requirements. /e minimum S11 is −22.2924 at
5.09GHz and −14.78981 at the 5.8GHz operating frequency.
/ese differences may be caused by structural variations
resulting from fabrication processes and the performance of
raw materials. However, the proposed antenna design meets
all the requirements of a microwave moisture sensing system.

2.2. LensDesign. /e design of the dielectric lens is based on
Fermat’s principle and Fresnel’s law of refraction [22]. /e
curve of the lens is designed to convert spherical electro-
magnetic waves to plane electromagnetic waves. Lens an-
tennas have a unique advantage since they are able to focus
the RF energy by significantly increasing the gain in the
antenna boresight direction while reducing the level of the
side lobes. In this study, two spherical lenses using 9600R
photosensitive resin (dielectric constant of 3.5) are designed
and placed in front of the transmitting antenna and the
receiving antenna, respectively, to process the signal.

/e lensmaker’s equation [23] is

1
f

� (n − 1)
1
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−
1
rf

􏼠 􏼡 +
(n − 1)

2
d

nrnrf

, (5)

where f is the focal length, n is the refractive index, rn and rf
are the curvature radius of the lens’s rear and front surface,
respectively, while d is the thickness of the lens shown in
Figure 8.

/e lens design parameters are shown in Table 3. /e
actual dielectric lens is shown in Figure 9.

/e distance between the two antennas is 560mm, and
to ensure that the transmitted signal is refracted into a
plane wave, and the signal is refocused after the plane wave
passes through the target to the receiver, the starting point
of the exponential slot line should be placed near the focal
point of the lens, so the lens is placed 43.8mm away from
the antenna port. /e target to be measured is positioned
between the two lenses. /e overall configuration is shown
in Figure 10.
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3. Effects of Improved Structural Parameters on
Antenna Performance

/e antenna proposed in this study improves the perfor-
mance of a conventional Vivaldi antenna by optimizing the
fence structure and adding a dielectric lens to achieve better
radiative performance. To further explore the effect of im-
proving the fence structure and lens on the Vivaldi antenna,
we redesigned the antenna by adjusting the positions and
radii of its semicircular structure and compared the effect of
the lens on the antenna performance parameters.

3.1. Influence of Semicircle Radius on Antenna Performance.
Since the curvature radii of the semicircle grooves made on
the radiating arms have an impact on the antenna band and

gain, a specific investigation was carried out by keeping the
centers of the grooves fixed while modifying their curvature
radii. In particular, the S-parameters and the antenna gain
corresponding to the grooves curvature radii of 30mm,
25mm, 20mm, 15mm, and 10mm, were analyzed.

/e related performance parameters of the antenna are
obtained through numerical simulation: the gain mea-
surement results are shown in Figure 11(a), while the
S-parameter measurements are displayed in Figure 11(b).

It can be seen from Figure 11 that when the frequency is
5.8GHz, the maximum gain is 12.7884 dBi when the
semicircle radius is 25mm; the minimum gain is 7.8898 dBi
when the radius is 30mm, and the gain is 11.368 dBi when
the radius is 20mm (initial design). When the radius is
25mm, the antenna gain improves with respect to the gain
obtained adopting other groove radii, whereas when the
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Figure 13: Transceiver system consisting of two Vivaldi antennas without and with dielectric lenses. /e field maps concerning the
transverse x- and y-components of the electric field were obtained by full-wave numerical simulations at 5.8 GHz.
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radius is 30mm, the fence structure loses its field focusing
characteristics, resulting in a significant decrease in gain.

When the antenna is at 5.8GHz with the semicircle
radius of 25mm, S11 is −18.5141; when the radius is 15mm,
S11 is −36.3549, which is the lowest; when the radius is
30mm, S11 is −5.1081, which is the highest; and when the
radius is 20mm (initial design), S11 is −26.5457.

Furthermore, at a 15-mm radius, the gain is 12.6451 dBi.
Although the gain at this radius is slightly smaller than the
maximum, its S11 is much smaller than that at 25mm—the
curvature radius withmaximum gain./erefore, the optimal
curvature radius should be 15mm.

3.2. Influence of the Position of the Curvature Center of the
Semicircle Grooves on the Performance of the Antenna. In the
following test, the grooves curvature radius was kept fixed,
and the distance between the center of the semicircle and the
antenna mouth was adjusted to 28mm, 30mm, 32mm,
34mm, and 36mm, respectively. /e antennas were sim-
ulated using these modified parameters, and the corre-
sponding gain and S11 values of the antennas were then
measured./emeasured gains are presented in Figure 12(a),
while the S-parameter measurement results are plotted in
Figure 12(b).

From Figure 12, it is evident that when the frequency is
5.8GHz, the maximum gain is 12.7884 dBi when the center
of the semicircle is 32mm away from the antennamouth; the
minimum gain is 11.7659 dBi when the distance is 36mm.

At 5.8GHz with the distance between the center of the
semicircle and the antenna mouth at 32mm, S11 is −36.3549,
which is the lowest; however, when the distance is 36mm,
S11 is −24.977, which is the highest.

/e analysis of the numerical results made it possible to
identify the performance of the antenna in a complete way.

In particular, the curvature radius of the antenna semicir-
cular grooves was found to be 15mm, while the distance
between the curvature center and the antenna mouth was of
32mm.

3.3. Effect of the Lens onAntenna Performance. A transceiver
system consisting of two Vivaldi antennas without and with
dielectric lenses was analyzed in order to evaluate their
electromagnetic performance. /e transverse electric field
maps obtained by full-wave numerical simulations are re-
ported in Figure 13.

/e component diagram of the transverse electric field
obtained from the numerical simulation is shown in
Figure 13.

/e transmitter signal is 3967V/m, whereas the signal at
the receiver is 1022V/m with the lens mounted, and 495V/
m without the lens. After the lenses are installed, the waves
propagating through the free-space are quite planar, which
enhances directivity. Owing to the characteristics of the lens,
the microwave energy is more efficiently concentrated,
making it easier to collimate into an electromagnetic beam
(see Figure 13). After computing the radiation pattern, it is
observed that the radiated beam by the lens antenna is only
13.6° at 5.8GHz, which proves that the antenna exhibits
improved characteristics after installing a dielectric lens./e
comparative radiation patterns of the antenna without and
with the dielectric lens on the main cutting plane are dis-
played in Figure 14.

/e gain measurement results are shown in Figure 15.
A significant improvement in the antenna gain

equipped with a dielectric lens is observed in Figure 15.
/e gain at 5.8 GHz without a lens is 10.46 dBi, whereas
the gain at 5.8 GHz with a lens is 16.57 dBi, an increase of
6.11 dBi.
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Figure 14: Antenna radiation patterns without (a) and with (b) dielectric lens. A good agreement between numerical simulations and
measurements is observed.
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3.4. Antenna Performance Comparison. /e humidity
measurement system shown in Figure 10 (with and without
lens) was simulated numerically using the CST software by
assuming water as a device under test. In Figure 16 the
computed S21 scattering parameters are shown.

From the analysis of the curves shown in Figure 16, it
appears that the improved antenna exhibits lower in-
sertion loss than the conventional antenna when the
device under test is water, which means that the initial
attenuation of the antenna is smaller and the receiving
performance are good.

4. Conclusions

Aiming at mitigating the high cost and large volume of
traditional horn antennas as well as the deficiencies of
conventional Vivaldi antennas (i.e., low gain and poor di-
rectivity in low-frequency bands), this paper proposes an
affordable and portable Vivaldi lens antenna for grain
moisture detection.

Structural parameters affecting antenna performance
were compared and analyzed, and it was found that a fence
realized on the metal arms can improve antenna gain. /e
same happens by adding semicircular grooves to the fence
structure whose curvature radius and position have a direct
impact on the gain. Finally, it was proved that using a di-
electric lens a better focusing of electromagnetic waves along
the antenna boresight can be achieved, thus significantly
increasing the antenna gain.

/e antenna is processed and tested successfully; S11 is
−14.78981 at 5.8GHz, and the measured results are in good
agreement with the numerical simulation./e installation of
the lens brings a gain of 6.11 dBi to the antenna. /is in-
dicates that the antenna has high gain and good directivity.
Premised that this is a printed antenna, its structure is
simple, its design is convenient, and its cost is lower than
that of the horn antenna, providing a desirable basis for the
measurement of grain moisture.
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