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Oil palm fruits farmers in Indonesia have determined the ripeness of oil palm
fruits in the traditional way, namely using human eye visuals, which have the
weakness of inconsistent levels of accuracy and are prone to errors. The
development of increasingly sophisticated technology will help oil palm fruits
farmers recognize the characteristics of fruit maturity. Advanced technology,
such as frequency modulated continuous wave (FMCW) radar, can assist
farmers in accurately identifying fruit maturity. To ensure high accuracy and
sensitivity, an antenna with low side lobe level (SLL), high gain, and wide
bandwidth in the 23-26 GHz range is required. Using CST Microwave Studio
2023, a designed and simulated antenna achieved an SLL of 24 dB, a gain of
15 dBi, and a bandwidth of 2.5 GHz. These results indicate that higher gain
enhances energy directionality and overall antenna performance.
Additionally, a smaller angular value improves the antenna’s radiation focus,
making it more effective for precision sensing in oil palm fruit ripeness
detection.
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1. INTRODUCTION

Indonesia is the world's largest palm oil producer, with a palm oil land cover of 16.38 million hectares
and production of 46.8 million tons of crude palm oil (CPO) [1]. Oil palm fruits has thick flesh and is rich in
oil inside, and the oil content increases according to the ripeness of the fruit [2]. So far, oil palm farmers in
Indonesia traditionally determine fruit ripeness, namely using human eye visuals, which need more consistent
levels of accuracy and are prone to errors. The development of increasingly sophisticated technology will help
oil palm fruits farmers recognize the characteristics of fruit maturity. One technology that can be used is the
frequency modulated continuous wave (FMCW) radar, which utilizes frequency modulation to study an object.

Based on the waveform, the continuous wave is a type of radar that has a separate receiver antenna
and transmitter antenna, and this radar will emit waves continuously. Radar must have high accuracy and
sensitivity to obtain an image of the target [3]-[5]. One component of radar that influences increased accuracy
is the antenna. The antenna functions to convert electrical signals into electromagnetic signals and then radiate
them into free space. On the other hand, the antenna also receives electromagnetic alerts from free play and
converts them into electrical signal [6]. If the signal hits an object or material with a specific dielectric constant
value, the thing will reflect the signal back and be received by the receiver. To achieve this, an antenna with
the characteristics of a trim side lobe level (SLL), significant gain, and wide bandwidth in the 23-26 GHz
frequency range is needed.
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Several related studies in 2017 estimated wine volume remotely using FMCW radar operating at a
frequency of 24 GHz. On the transmitter side, it uses a horn lens antenna with a gain of 28 dBi, while on the
receiver side, it uses a patch array antenna with an increase of 8.6 dBi, which can detect the ripeness of grapes
[7]. Then in 2021, Shan et al. [8] designed a microstrip antenna for automotive FMCW radar at a frequency of
24 GHz with 64 elements, resulting in a gain of 25.90 dBi, SLL -25.40 dB with series feed variations. Research
conducted by Tongboonsong et al. [9] detected small objects using FMCW radar with a funnel antenna
operating at the X-Band frequency.

Suliman and Yazgan [10] arried out in 2020 designed a 1x16 straight and taper array rectangular patch
antenna at a frequency of 24 GHz for automotive radar, which succeeded in suppressing the SLL so that the
antenna became more focused. Researchers [11] in 2021 designed a microstrip comb array antenna using the
Chebyshev technique to suppress SLL with eight elements expanded to 8x2 and 8x8 planar operating at a
frequency of 24 GHz applied to automotive navigation radar sensors. In 2020, researchers [12] designed a
microstrip antenna as a rectangular patch with ten elements and four substrate screens to reduce the radar cross
section (RCS) on 24 GHz automotive radar. Based on the literature studies that have been carried out,
technology has yet to be found to detect the maturity of oil palm fruits using FMCW radar.

Therefore, through this research, a microstrip antenna will be developed using Dolph-Chebyshev
current distribution and microstrip line feeding techniques. The antenna is arranged with ten microstrip antenna
elements in series in a rectangular shape and works at a frequency of 24 GHz. The main objective of this
research is to create an innovative solution that can provide accuracy and reliability in measuring palm fruit
maturity using FMCW radar technology.

2. METHOD
2.1. Frequency modulated continuous wave radar antenna specifications

The design of the FMCW radar antenna dimensions adapts to the needs of the plantation. The antenna
that will be placed on the FMCW radar will be operated at a distance of approximately 2-2.5 meters from the
object and be parallel to the height of the oil palm fruits. This is because oil palm fruits have large and thick
bunches which are vulnerable to disrupting FMCW radar in its operations around the plantation. To design the
dimensions of an FMCW radar antenna to be used in oil palm plantations with the specifications mentioned, it
is necessary to consider several important parameters, such as operating frequency, bandwidth, antenna gain,
beamwidth, and operating distance. The position of the antenna that will be placed on the FMCW radar is as
in Figure 1.

r=25m

Antenna
FMCW Radar /9

Figure 1. FMCW radar antenna position
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Typical frequencies used in FMCW radar for agricultural applications range from 24-77 GHz [13].
The 24 GHz frequency is generally used for short-range radar applications, including measurements of pH
level, water content, nutrient level in oil palm plantations because it has several advantages that suit the needs
of these applications [14]. The 24 GHz frequency has a wavelength of about 12.5 mm, which is a sufficient
size to provide adequate resolution over short distances without losing detection sensitivity [15]. Then, RF
components and devices at the 24 GHz frequency are generally easier to find and more economical compared
to higher frequencies such as 77 GHz [16]. The 24 GHz frequency also does not require a special license for
use in most countries, thereby reducing the cost and complexity of implementation.

Then, the FMCW radar antenna also requires a bandwidth of around 60-75 MHz to suit the operating
frequency of the commercially available FMCW radar [12] and the operating distance of the radar from the
object to increase measurement accuracy because the radar can collect more information in each measurement
cycle. This is especially important in determining fruit ripeness, which may involve small variations in size,
shape, or texture that must be detected accurately. Then, so that the antenna focuses more sharply on the target
area, an antenna with a gain of more than 15 dBi with 1x10 antenna elements is needed. If, 1 antenna element
produces a gain of 4.5 dBi, plus 10log,,(N = 10) which is 10 dBi to approximately 15 dBi.

To determine the transmit angle of the FMCW radar antenna so that it focuses on the oil palm fruits,
several basic aspects of the geometry of the radar beam and the height of the oil palm fruits are taken into
consideration, including the average height of the oil palm fruits from the ground is around 6 meters, the radar
operating distance is 2-2.5 meters from the object, and the bunch is about 0.5 meters wide. The antenna beam
angle (beamwidth) can be calculated based on the geometry of the radar to the object covering the entire target
area (fruit bunches) is calculated using [17]:

0=2x% t (W>
= arctan D

with W being the width of the fruit bunch, and D being the distance from the radar to the target, you get a
beamwidth of around 9-12 degrees. Lastly, the FMCW radar antenna is designed with a directional radiation
pattern that aims only at one oil palm fruits, the antenna can focus the signal energy completely on that tree.
This ensures that the emitted signal has maximum strength when it reaches the oil palm fruits, which is critical
for detecting fruit ripeness characteristics with high accuracy.

2.2. Design of antenna dimensions

In designing a microstrip antenna, the dimensions are first calculated to obtain the antenna size
according to the working frequency. Then, continue creating the antenna using computer simulation technology
(CST) Microwave Studio 2023 software and simulating antenna parameters such as reflection coefficient, gain,
bandwidth, and SLL. Figure 2 is a flow diagram of the antenna design that will be made.

The initial stage of antenna design is determining and calculating patch, enclosure, and supply channel
dimensions. Next, simulate the antenna that has been designed using the available simulator. Apart from that,
in creating a microstrip antenna, it is essential to determine the specifications and material of the antenna to be
designed because it will affect the calculation of the desired dimensions, as shown in Tables 1 and 2.

After that, optimization was carried out by adding an inset feed to sharpen the reflection coefficient
value, which works at a frequency of 24 GHz, gain =15 dBi, and bandwidth >1.5 GHz. Next, a planar array
antenna with ten elements was designed to increase the gain. Then, the FMCW radar antenna has SLL
characteristics below -25 dB, so the Dolph-Chebyshev method is used with a comparison of the feedline width
at each n-element port. In designing a microstrip antenna in the form of a rectangular patch, the dimensions of
the antenna are calculated [6], namely:

2.2.1. Wavelength calculation
Before designing the antenna, determine the working frequency used, namely 24 GHz. The working
frequency calculates the wavelength in free space and on the transmission line. To calculate the wavelength on
a transmission line, you can use (1).
c

Ao = ra 1)

From (1) the value of 4, for the 24 GHz frequency can be calculated. After obtaining the value of 1, the next
step is to calculate the dimensions of the radiating element of the antenna or patch antenna, which consists of
the width of the patch and the length of the rectangular patch.
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Figure 2. Research flow chart

Table 1. 24 GHz FMCW radar antenna specifications

Parameter Value
Frequency 24 GHz
Reflection coefficient < —10dB
Gain > 15 dBi
Bandwidth > 1.5GHz
SLL < -25
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Table 2. Microstrip antenna material specifications
Parameter Typelvalue
Substrate material RT Duroid 5880
Dielectric constant 2.2
Substrate thickness 0.508
Conductor material Copper (annealed)
Conductor thickness  0.035

2.2.2. Determine the patch size

To determine the width and length of the puzzle patch using a relative dielectric constant of 2.2 and a
substrate thickness of 0.508 mm. In (2) is used to calculate patch width (W), and (3)-(5) is used to calculate
patch length (L); here is the explanation.
— Determining the rectangular patch width (W) (2).

w c 2 (2)

T 2fr Al et

— Determine the length of the rectangular patch, (3)-(5). Starting from calculating the effective dielectric
constant using (3).

&+l &—1 1
Eorf = + 3
eff 2 2 < 1412 (v_hv)> )

To calculate the effective patch length using (4).

c
Lesr = TN 4)

To calculate the additional patch length using (5).

(€ef+0.3)(3+0.264)

AL = 0,412h o 025900 (5)
To calculate the length of a rectangular patch using (6).

— In transmission lines, the width of the transmission line on the microstrip must be suitable in impedance
matching conditions. When measuring, the microstrip antenna supply line will be connected to a 50 Q
connector so that the impedance of the transmission line used is 50 Q. To determine the length and width
of the microstrip antenna supply, use (7)-(9).

Zo=2x17 @)
377 (h
y!
Ly = TO C)]

— To determine the length and width of the antenna substrate, the total of the antenna elements that have been
calculated is used. The following is a calculation for the length and width of the substrate:
Substrate length (L,):

Ly=6(A) +1L (10)
Substrate width (W,):

W, = 6(4,) + W (11)
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Based on the calculation results of the rectangular patch microstrip antenna parameters the parameters
obtained are as shown in Table 3. These parameters include the dimensions of the patch, feedline, ground plane,
and substrate thickness used in the antenna design.

Table 3. Rectangular patch microstrip antenna parameters

Parameter Value (mm)

Patch width (W) 3.943
Patch Length (L) 5.431
Feedline width (Wy) 1.52
Feedline length (L¢) 0.98
Ground width (W) 59

Ground length (Ly) 7.6

Inset-feed length (In,) 0.893

Substrate thickness (T;) 0.508

Based on the results of the calculation of the antenna dimensions above, the design of the Inset-feed
rectangular patch microstrip antenna is obtained as shown in Figure 3. Figure 3(a) shows the design of the
front-view antenna and Figure 3(b) shows the design of the rear-view antenna.

(@) (b)

Figure 3. Inset-feed rectangular patch microstrip antenna design [18]; (a) front view and (b) back view

2.3. Antenna array design Dolph-Chebyshev distribution

By referring to the Dolph-Chebyshev current distribution calculation formula with microstrip line
feeding [19], an antenna configuration consisting of 10 elements positioned in series was designed.
Symmetrical current distribution occurs on the left and right, with horizontal polarization. According to
requirements in the context of radar applications, the SLL required is >13 dB. This research focuses on reducing
SLL by applying non-uniform current distribution to the antenna elements, with the distance between elements
set to three-quarters of the wavelength. The characteristic impedance on the main line (Z1) is set at 100 ohms
to minimize feedline radiation, the section of cable or transmission line that carries signals from the source to
the antenna or from the antenna to the receiver. Meanwhile, the characteristic impedance of other lines (Z2-
Z5) is calculated using certain equations, which can be seen in (10)-(13). After designing the ten-element
microstrip stacked antenna with the addition of Dolph-Chebyshev, we continued simulating the antenna using
CST Microwave Studio 2023 software to determine the working performance of the antenna. Table 4 shows
the dimensional parameter values of the 1x10 element planar array antenna.

72 =1g, 71 =87.80Q (12)
73 = (Ig3/Z2) * Z1 = 76.1959 Q (13)
74 = (Ig,/Z3) * Z1 = 56.43348 Q. (14)
75 = (Igs/Z4) * Z1 = 45.54034 Q (15)
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Table 4. Parameter Dolph-Chebyshev
Junction - Amplitude ratio (Iz)  Impedance Z ()  Width (mm)

1 1 100 0.45
2 0.878 87.8 0.6
3 0.669 76.1959 0.78
4 0.43 56.43348 13
5 0.257 45.54034 1.8

Then the characteristic impedance obtained will then be entered into each n-element microstrip port
as in Figure 4, which is a picture of a microstrip antenna array with ten elements. Each n-element antenna has
a port that will be cut according to the number and count from the left. The parameters analyzed include
reflection coefficient (return loss), comparison between the amplitude of the reflected and transmitted waves,
bandwidth; refers to the frequency range in which a microstrip antenna can operate effectively, gain: measures
how effective the antenna is at directing or receiving signals in one particular direction, radiation pattern:
describes how well the antenna can produce or receive calls in various approaches, and SLL.: refers to the level
of signal strength or radiation power that is located outside the main direction (main lobe) of the antenna
radiation pattern.

Figure 4. Desain antenna array planar 1x10 element-Dolph Chebyshev

Using the Dolph-Chebyshev method in microstrip antenna design can help reduce the SLL that
appears in the antenna radiation pattern [20]. This method is known for achieving a sharp frequency response
with ripple at the peak, which can provide reasonable control over the SLL [21]. Dolph-Chebyshev has an
“equal ripple” characteristic in its frequency transmission path. This means there are minor peaks (ripples) in
the frequency response, which makes it possible to obtain filters with sharper transitions between pass and stop
bands. In addition, the Dolph-Chebyshev method produces asymmetric radiation patterns, especially when
reaching low SLL. This can cause phase differences and uneven energy distribution along the other ports [22].
The phase differences can be seen in Figure 5 for more details.

Figure 5. Phase differences and energy distribution

3. RESULTS AND DISCUSSION

The 1x10 microstrip antenna design simulation was carried out by analyzing the working
characteristics of the power divider and antenna using CST Microwave Studio 2023 software, such as
bandwidth, SLL, gain, and radiation pattern.
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3.1. Bandwidth simulation results

Bandwidth refers to the frequency range an antenna can operate with acceptable performance. Based
on the 1x10 microstrip antenna design simulation, a bandwidth of 2.7 GHz in the frequency range of 22.3-25
GHz is produced can be seen in Figure 6. A large enough antenna bandwidth allows object detection with high
distance accuracy.

S-Parameters [Magnitude]

: i v i|s1,1 : -29.615619 § f § ; s
D T b A S e
% 15 oo N ]
Y30 SRR OO SO 7 S SO SOOI SO OO (O
s ] { i S _— Q (2238163, -9.900929 ) | |
| | : : : 8 (25.09634, -9.901237 )
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20 21 2 [22923] 24 25 26 27 28 29 30

Frequency / GHz

Figure 6. Bandwidth simulation results

3.2. Side lobe level simulation results

SLL is the part of the antenna energy concentrated outside the main radiation pattern. Low SLL can
reduce interference and increase the accuracy of the antenna direction in detecting objects. The simulation
results of a 1x10 element microstrip antenna array show an SLL of -24 dB lower than the energy level in the
primary radiation pattern. The graph of SLL -24 dB can be seen in Figure 7. The lower the SLL value, the
better the antenna’s performance in reducing the energy radiated in the direction of side waves. An SLL value
of -24 dB indicates that the antenna can reduce side waves and direct energy efficiently in the desired direction.

Farfield Gain Abs (Phi=0)

dBi

Frequency = 24 GHz

Main lobe magnitude =  15.4 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 9.9 deg.
Side lobe level = -24.0 dB

-180 -135 -90 -45 0 45 Q0 135 180
Theta / deg

Figure 7. SLL simulation results

3.3. Gain simulation results

Antenna gain measures how effective the antenna is in directing or concentrating radiant energy in a
particular direction compared to an isotropic antenna, which spreads the energy evenly in all directions. The
simulation results of a 1x10 element microstrip stacked antenna show a gain of 15.74 dBi higher than an
isotropic antenna in a specific direction. The gain values resulting from this antenna simulation are shown in
Figure 8. The higher the gain value, the more efficient the antenna is at directing energy in a particular direction
and the better its performance. In this context, a gain value of 15.74 dBi indicates that the antenna can
concentrate its radiation energy in a specific direction, which can help increase the range or sensitivity of the
antenna in radar communications applications and reduce susceptibility to interference.
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dBi
15.7
9.68
3.61
-2.45
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farfield (f=24) [1] 243

Type Farfield 5
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Component Abs

Output Gain

Frequency 24 GHz &

Rad. Effic. -0.1458 dB

Tot. Effic. -0.5062 dB

Gain 15.74 dBi

Figure 8. Gain simulation results

3.4. Radiation pattern simulation results

The simulation results show a directional radiation pattern with an angular angle of 9.9 degrees (deg),
indicating that the antenna has a focused radiation pattern at around 9.9 degrees. The shape of the radiation
pattern from the 1x10 element microstrip antenna simulation is shown in Figure 9. Table 5 compares antenna
parameter values from the single rectangular patch+inset-feed microstrip antenna simulation results and the 10
element Dolph-Chebyshev planar array. The parameters analyzed include reflection coefficient; comparison
between the amplitude of the reflected and transmitted waves, VSWR; comparison of the incident wave with
the reflected wave where the two waves form a standing wave, bandwidth; bandwidth, gain, radiation pattern,
and SLL; the level of signal strength or radiation power located outside the main direction (main lobe) of the
antenna radiation pattern.

Farfield Realzed Gain Abs (Phi=0)

farfield (f=24) [1]
Phi= 0 Phi=180

90

120

Frequency = 24 GHz

Main lobe magnitude = 15 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 9.9 deg.
Theta / deg vs. dBi Side lobe level = -24.0 dB

180

Figure 9. Radiation pattern simulation results

Table 5. Comparison of single and 10 element Dolph-Chebyshev planar array simulation results

Parameter near field Single rectangular patch+inset-feed  Array planar 10 element Dolph-Chebyshev
Reflection coefficient -19.706 dB -20dB
Bandwidth 0.55827 GHz 2.7 GHz
Gain 4.5 dBi 15.74 dBi
SLL -7.5dB -24.0dB
Radiation pattern Directional Directional
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Based on a comparison of the simulation results of a single patch antenna and an antenna planner
array, it produces significant changes in several near field parameters. The antenna design after being arrayed
into 10 elements experienced an increase in gain, bandwidth and SLL. For the reflection coefficient to increase
from -19,706 dB to -20 dB, it shows that the amplitude of the reflected signal (the wave that is reflected back
after reaching the interface boundary) has decreased slightly. Quantitatively, an increase of -19,706 to -20 dB
can be interpreted as a very small increase in amplitude. It should be noted that dB (decibel) is a logarithmic
scale, so a difference of 1 dB reflects a difference of about 26% in amplitude.

In the context of the reflection coefficient, a difference of 1 dB on the logarithmic scale reflects a
small change in the amplitude of the reflected signal. With an increase in the reflection coefficient, the emitted
or radiated signal may experience fewer reflections back to its source. Then, the bandwidth has increased from
0.55827 to 2.2 GHz, this shows that the results of the optimization process have expanded the frequency range
in which the antenna can work effectively. This increase in bandwidth can be interpreted as an improvement
in the antenna’s ability to respond and transmit signals on a wide range of frequencies [23], which is often
desired to meet a wider communications need or a variety of different frequencies. Then, the gain also increased
from 4.5 to 15.74 dBi. This increase in gain indicates that the results of the Dolph-Chebyshev distribution have
succeeded in increasing the efficiency and performance of the antenna in obtaining and directing signals [24].
In the context of antennas, gain is a measure of the antenna's ability to direct radiant energy in a certain
direction, compared to an isotropic reference [25].

Furthermore, SLL experienced a significant increase from -7.5 to -24.0 dB. This shows that in the
process of optimizing the antenna or array, it was successful in reducing the side lobe wave level so that it
became lower, which is usually considered a good result in antenna design. In general, side waves are an
undesirable part of an antenna's radiation pattern and can cause interference or attenuation in undesired
directions. By increasing the SLL value from -7.5 to -24.0 dB, this shows that the antenna after optimization
is more effective in concentrating radiation energy in the main direction (main lobe) and reducing radiation in
the side direction (side lobe). This can provide benefits in reducing interference or interference from unwanted
directions and improving overall system performance.

4. CONCLUSION

The microstrip antenna is designed using Dolph-Chebyshev current distribution and microstrip line
feeding techniques. The antenna is arranged with 10 microstrip antenna elements in series in a rectangular
shape and works at a frequency of 24 GHz. Based on the simulation results, the development of an FMCW
radar antenna to detect oil palm fruits rot produces SLL characteristics of 24 dB, gain of 15 dBi, and bandwidth
of 2.5 GHz operating at a frequency of 23-26 GHz. The Dolph-Chebyshev design can provide better control of
the SLL in the antenna radiation pattern. By designing Dolph-Chebyshev elements as part of a microstrip
antenna, you can optimize the radiation pattern to reduce side lobes. Dolph-Chebyshev also helps achieve a
more consistent radiation pattern across the operating frequency band. This can help reduce fluctuations in
SLL and improve antenna performance. It can be concluded that the higher the gain value, the more efficient
the antenna is in directing energy in a certain direction, and the better its performance. The higher the gain
value, the more efficient the antenna is at directing energy in a particular direction and the better its
performance. The smaller the angular value (degrees), the more focused the antenna's radiation pattern.
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