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ABSTRACT: In this paper, a multi-band patch antenna with harmonic suppression capability is developed for LoRa and GPS applications.
The antenna configuration consists of a triangular patch as the primary radiator and a microstrip feed line as the excitation source. A
parasitic element and a U-shaped slot are incorporated to generate the second and third resonance bands, while two stubs suppress the
unwanted harmonics and improve impedance matching. The antenna is implemented on an FR-4 substrate (¢, = 4.4), consisting of a
main radiator, measuring 84.5 mm x 92.45 mm, a parasitic element of 56 mm x 6.2 mm, a U-slot of 35 mm X 1.8 mm, and two stubs,
measuring 7mm X 3mm and 15mm x 3mm. The antenna’s width and length are both 140 mm with a 50-$2 feed line of width 3 mm
and length 19.5 mm. The bottom of the antenna contains a full ground plane. An extensive parametric study is conducted to optimize
the antenna. The simulation and measurement results confirm that the antenna meets the —10 dB return-loss criterion throughout its
operating frequencies with a bandwidth of 19 MHz (426-445 MHz) for the 433-MHz band, 13 MHz (916-929 MHz) for the 923-MHz
band, and 19 MHz (1.559-1.578 GHz) for the 1.57-GHz band. The unwanted harmonics at 1.68 GHz, 2.00 GHz, and 2.67 GHz are
successfully attenuated. The simulated current distributions, radiation patterns, and gain values for each band validate the antenna’s

multiband operation and harmonic-suppression capability.

1. INTRODUCTION

Long Range (LoRa) [1, 2] stands out as one of the most im-
pactful communication technologies in modern Internet of
Things (IoT) technology. It allows IoT sensors to transmit data
efficiently by enabling long-range low-power communication.
It is also widely implemented in smart cities, smart agricul-
ture, asset tracking, and environmental monitoring, making it
essential for automation, intelligent services, and operational
efficiency [1,2]. The combination of LoRa with LoRa Wide
Area Network (LoRaWAN) protocol enables stable, energy-
efficient, and low-cost data transmission without relying on
conventional cellular networks [2, 3]. The growing use of IoT
in industrial monitoring and smart cities has increased the de-
mand for long-range, low-power networks. Operating on unli-
censed frequency bands of 433 MHz, 868 MHz, and 915 MHz,
LoRa supports low data rates with minimal power usage, mak-
ing it ideal for wide IoT networks.

LoRaWAN has become the platform of choice for sensor net-
works, M2M systems, environmental monitoring, and smart
city services because it has a communication range of up to
15 km in rural areas and the capacity to support thousands of de-
vices concurrently [3,4]. The combination of LoRaWAN and
GPS has a significantly positive impact on logistics, agriculture,
and security applications [4].
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The demand for compact, efficient antennas that operate
across multiple bands in LoRa systems is increasing with the
continuous development of smart cities and industrial automa-
tion. However, the existing LoRa antennas are monoband with
limited harmonic suppression capability. Ref. [5] shows a lack
of compact multiband designs capable of supporting 433 MHz,
868/915MHz, and GPS 1.57 GHz. To address this gap, this
work presents a compact triangular patch triple-band antenna
operating at 433 MHz (LoRa), 923 MHz (LoRa), and 1.57 GHz
(GPS). The proposed antenna design in this work utilizes para-
sitic elements, etched slots, and tuning stubs to efficiently cre-
ate resonant modes and attenuate unwanted harmonic frequen-
cies.

The past literature study on LoRa networks, LoRa antenna
designs, and GPS systems can be found in [5-7]. A mi-
crostrip patch antenna is a compact, planar radiator consist-
ing of a metallic patch printed on a dielectric substrate backed
by a ground plane. Radiation occurs primarily due to fring-
ing fields at the patch edges, while the resonant frequency and
input impedance at the feed point are governed by the patch ge-
ometry, substrate characteristics, and feed location. The input
impedance at the patch edge is usually in the range of 200-
3002 and can be transformed to approximately 50 €2 through
the use of an inset-feed technique. Patch antennas are very suit-
able for compact wireless devices due to their lightweight struc-
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ture, low manufacturing cost, and easy integration with planar
circuits. Recently, researchers have been focusing on broad-
band development and performance enhancement, as well as
multiband and reconfigurable functions, achieved through sev-
eral techniques such as slot integration, defected ground struc-
tures, metamaterial loading, and machine learning-driven opti-
mization.

Triangular patch antennas [8, 9] have the potential to sup-
port multiple resonance modes due to their different geometric
shapes, making them attractive for multi-band operation and
size reduction. These antennas provide a good combination of
compactness, high performance, and multiband capability for
mobile wireless applications when refined with slot [8] or de-
fective ground plane [9] methods. In a conventional patch, the
second resonance is difficult to control because it is sensitive
to changes in the antenna structure. Parasitic element [8§—10] is
used to allow a specific current to pass without altering the main
structure of the antenna. It is basically used at the edges of the
patch to create capacitive coupling with the main radiator. The
effective electrical length of the patch is altered, causing addi-
tional resonant frequencies to occur. The second and third op-
erating bands can be stabilized more effectively by modifying
the length, placement, and spacing of parasitic elements. This
method can help increase the number of bands while maintain-
ing a small antenna size.

The researchers in [11] used inverted L-shaped and T-shaped
parasitic elements to create a compact antenna with a stable ra-
diation pattern for LTE, WLAN, and WiMAX applications. A
similar concept has been applied by the researchers in [12] to
dual-band antennas for 868 MHz and GPS, where a single par-
asitic element introduces the second resonance while maintain-
ing small antenna size with stable excitation. An elliptical char-
acteristic mode analysis (CMA)-based antenna was introduced
by [13], which integrates four triangle-shaped arms to support
2G to 5G sub-6 GHz bands. The use of slots [14—16] in antenna
design also helps to produce multiple bands. Slots are capa-
ble of altering the current path to generate additional required
bands. There are several slot shapes that can be used, such as
linear, U-shaped, or split-ring ones for the purpose of longer
or disconnected current paths. This method indirectly changes
the resonant frequency by increasing the electrical length of the
antenna. Therefore, 433 MHz, 923 MHz, and 1.57 GHz can be
generated using slots without enlarging the patch, while main-
taining a stable radiation pattern and good impedance match-
ing. Researchers in [17, 18] have studied substrate integrated
waveguide (SIW)-based slots and split-ring slots to obtain up
to five bands. However, high fabrication accuracy is required
to design these slots. Unlike [19], slot-loaded patch anten-
nas can achieve a maximum of six bands with high gain, al-
though their performance is highly affected by fabrication tol-
erances for millimetre wave applications. The right-angle slot
and tuning stub designed by [20] found an almost omnidirec-
tional pattern while obtaining a maximum of four bands. How-
ever, [21,22] combine low/high modes with an L-shaped slot to
produce multi-bands that are stable across low to mid frequen-
cies. However, designs that use slots have problems controlling
unwanted frequency changes, which require precise structural
control. A dual-band slot antenna with a feed line slot is an
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example of an antenna design that can improve efficiency, al-
though the FR-4 substrate still has limitations due to large phys-
ical size [23].

A multi-band antenna operating at closely spaced resonant
frequencies requires more detailed harmonic suppression to en-
sure that only the desired frequencies can be used effectively.
Several techniques can be used to suppress harmonics, such as
external filters, feed network modifications, and reactive struc-
tures, like tuning stubs. Tuning stub [24] is used to disrupt
surface currents at targeted locations to prevent the formation
of higher-order resonances while maintaining the fundamen-
tal mode. It creates an impedance discontinuity in that area,
thereby enabling destructive interference at harmonic frequen-
cies. Stubs placed near the edge of the patch or along the feed
line can modify the current path and reactive loading to con-
trol selected harmonics without increasing the complexity of
the patch. This method can effectively suppress harmonics and
provide the required band isolation. The authors in [25] pro-
posed a patch antenna with different feeds that can suppress
harmonics up to 3.4 times the frequency while maintaining the
required gain and bandwidth.

In dipole systems, parasitic elements and tuning stubs ef-
fectively suppress harmonics in the 3—5 GHz range while pre-
serving dual-band operation at 0.8 GHz and 2.4 GHz, though
physical size increased [26]. However, this feeding method re-
sults in a more complex antenna structure. Current path modi-
fication as an effective technique without compromising radia-
tion performance has been carried out using dipoles for single-
band [27], dual-band [28], and triple-band [29], capable of
achieving harmonic suppression using an integrated stub. A
wide range of multi-band antenna designs has been presented
in the literature, encompassing monopole and metamaterial-
inspired monopoles [29, 30], patch and multi-layer patch struc-
tures [31, 32], multiple-input multiple-output (MIMO) arrange-
ments [33], bow-tie configurations [34], and machine-learning-
assisted methods [35]. Overall, previous researchers have used
various approaches to improve efficiency, expand bandwidth,
and optimize antenna performance.

In this work, the proposed antenna’s operating frequen-
cies, bandwidth, radiation pattern, and gain are simulated
using Computer Simulation Technology (CST) Microwave
Studio simulation software. Parametric studies and current-
distribution analysis have been done to provide insight into its
operating mechanisms before fabrication and measurement are
conducted to validate real-world performance.

2. PROPOSED DESIGN

The proposed antenna is designed to support multi-band wire-
less communication with harmonic suppression capability. It
was designed using an organized approach combining analyti-
cal electromagnetic theory and full-wave parametric study op-
timization. Initially, the design process was started with a 50 Q2
input impedance requirement to ensure compatibility with the
standard radio frequency (RF) systems. Figure 1 depicts the
proposed antenna, comprising a triangular patch fed by a mi-
crostrip line and integrated with parasitic elements, a slot, and
two stubs. The main triangular patch was initially sized for
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FIGURE 2. Computer-controlled drilling machine.

923 MHz using microstrip principles, where resonance depends
on the effective electrical length and quarter guided wavelength
(Ag/4) along the patch height (c¢). In addition, ¢ was opti-
mized iteratively to tune the resonance while maintaining good
impedance matching. The triangular geometry is chosen for its
compact size, ease of polarization control, and superior broad-
band performance relative to conventional rectangular patches.
Three main conductors, along with two stubs, are placed on the
top surface of the substrate, while the bottom layer serves as
a full ground plane. For the 433 MHz lower band, a parasitic
element was attached to the main patch, extending the current
path to achieve \,/2 resonance. The key dimensions of con-
nector height (h), parasitic width (j), and length (k) were op-
timized to ensure stable resonance without interfering with the
923 MHz band. The 1.57 GHz band was introduced via a U-
shaped slot on the triangular patch, creating an additional reso-
nant path. The slot’s bridge length (L), leg length (Ly ), width
(Ws), and position (UKS) were optimized based on the guided
wavelength principle to precisely tune the resonance while min-
imizing interference with lower bands. Hereafter, the antenna is
referred to as Antenna A. Finally, two open-ended stubs were
added along the feed line to suppress unwanted higher-order
resonances at 1.68 GHz, 2.0 GHz, and 2.67 GHz. Stub lengths
(01, 02) and positions (p, ¢) were optimized according to quarter
guided wavelength transmission-line theory to align the notch

106

FIGURE 3. Rohde & Schwarz VNA.

frequencies without affecting the desired bands. Hereafter, the
antenna is denoted as Antenna B. An FR-4 substrate with a rel-
ative permittivity of 4.6 and thickness of 1.6 mm is used.

Antenna A and Antenna B were fabricated using a Bungard
CCD2 dry etching machine with a typical resolution of approx-
imately 0.1 mm. The fabrication procedures import the Ger-
ber files from CST to the drilling machine’s computer, prepar-
ing the printed circuit board (PCB) substrate and drill bits, and
executing the milling process from the computer. Compared
with conventional chemical etching, this approach avoids the
use of hazardous chemicals, requires minimal workspace, and
achieves improved fabrication accuracy and consistency.

After the fabrication process, the reflection coefficient (S);)
of both antennas was measured using a Rohde & Schwarz vec-
tor network analyzer (VNA) operating up to 20 GHz. The
VNA was calibrated prior to measurement, and each antenna
was connected using a 50-Q) coaxial cable. All measurements
were carried out under laboratory conditions at the Advanced
Telecommunication Research Center (ATRC), a Centre of Re-
search (CoR) within the Faculty of Electrical and Electronic
Engineering (FKEE), Universiti Tun Hussein Onn Malaysia
(UTHM). Figure 2 depicts that the computer-controlled drilling
machine consists of a vacuum hose, a spindle unit, and a slot for
drill. Figure 3 portrays the Rohde & Schwarz VNA used in the
measurement.
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FIGURE 8. Parametric study bridge top length, L.

The antenna is designed to operate at three primary fre-
quency bands: 433 MHz (433.05-434.79 MHz), 923 MHz
(920-923 MHz), and 1.57 GHz (GPS; BW ~ 2 MHz). The de-
sired performance targets include a return loss below —10dB,
bandwidth coverage for LoRa and GPS, near-omnidirectional
radiation patterns, and a gain above 1 dBi. Overall, the initial
dimensions were derived from electromagnetic theory, and the
final geometry was achieved through parametric refinement
to realize the triple-band antenna performance. A detailed
parametric study is conducted to determine the optimal pa-
rameters for each band. The analysis reveals that parameter
a governs the 433 MHz resonance, and parameters b and ¢
influence the 923 MHz band, while parameters d, e, and f
determine the 1.57 GHz resonance. The findings for each band
are summarised below.

2.1. LoRa Band 923 MHz

Figure 4 shows that varying parameter c from 82.5 to 86.5 mm
significantly affects the 923 MHz resonance. The optimal
length is ¢ = 84.5mm, resulting in a return loss of ap-
proximately —15.5 dB while maintaining stable resonances at
433 MHz and 1.57 GHz.
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FIGURE 9. Parametric study of bridge top length, L,,.

2.2. LoRa Band 433 MHz

In Figure 5, the parametric study indicates that the connector
height h (1-4 mm) influences the 433 MHz response. The opti-
mal value i = 3 mm yields a return loss of —21.98 dB, demon-
strating excellent impedance matching.

Figure 6 shows that the width of the parasitic element j af-
fects the 433 MHz resonance through variations in current cou-
pling. The optimal width j = 6.2 mm achieves a return loss of
—23dB.

The length of the parasitic element k (55.37-58.37 mm) also
tunes the 433 MHz band by altering the effective current path.
The optimal length £ = 56.37 mm achieves a return loss of
—22 dB and maintains stable performance across all operating
bands. The results obtained are presented in Figure 7.

2.3. GPS Band 1.57 GHz

The upper-bridge length L; (13.3—16.3 mm) significantly af-
fects the 1.57 GHz resonance, as shown in Figure 8. The op-
timal value L; = 14.3 mm achieves a return loss of —19.4dB,
while the 433 MHz and 923 MHz bands remain stable.
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FIGURE 12. Parametric study of stub 1 length, O1.

o

-
o
T

-0y = 11 mm

Return Loss (dB)

-20f 0,=12mm 4
o, =13 mm
30} ! 2 4
! —0,= 15 mm
-40 L " N L N
0 0.5 1 1.5 2 2.5 3
Frequency (GHz)
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FIGURE 16. Simulated return-loss results for the proposed antenna un-
der three configurations: without a stub (blue), with one stub (red), and
with two stubs (green). The antenna operates at 433 MHz, 923 MHz,
and 1.57 GHz, while the harmonic frequencies at 1.68 GHz, 2.0 GHz,
and 2.67 GHz are effectively suppressed, exhibiting return-loss levels
of —2dB, —1.5dB, and —1.0dB, respectively.

In Figure 9, the U-slot leg length L, (32-36 mm) is ob-
served to influence the GPS resonance. The optimal value
L, = 35mm yields a return loss of —19.4 dB.

The U-slot width W also contributes to tuning by modifying
the slot capacitance. The optimal width W = 1.8 mm achieves
a return loss of approximately —19.4 dB. The results obtained
are presented in Figure 10.
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FIGURE 11. Parametric study of the distance between the slot and the
base of the triangular patch, UKS.
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FIGURE 15. Parametric study of stub 2 position, g.

Another important parameter is the U-slot offset from the
base (UKS), tested between 3.2 and 6.2 mm. The optimal dis-
tance UKS = 4.2 mm provides the best impedance match for
the 1.57 GHz band. The results obtained are presented in Fig-
ure 11.

2.4. Harmonic Suppression at 1.68 GHz, 2.0 GHz and 2.67 GHz

Figures 12 and 13 show the effect of stub-1 length (O ) and po-
sition (p) on suppressing the 2.67 GHz harmonic. The optimal
values O; = 7mm and p = 5mm deliver the most effective
suppression without disrupting the primary resonances.

Figures 14 and 15 analyse stub-2, where the length (Os)
and position (g) significantly influence harmonic suppression at
1.68 GHz and 2.0 GHz. Optimal suppression is achieved with
Oy = 15mm and ¢ = 15 mm, while preserving overall fre-
quency selectivity.

Figure 16 presents the simulated return-loss response of the
antenna. Harmonic suppression is obtained by tuning the stub
length to roughly a quarter wavelength, while the stub width,
terminal length, and placement are further optimized as out-
lined earlier.
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FIGURE 17. Current distribution of antenna, (a) at 0.923 GHz, (b) at 0.433 GHz, (c) at 1.57 GHz, (d) at 1.68 GHz, (e) at 2.00 GHz, (f) at 2.67 GHz.

2.5. Current Distribution Analysis

To assess the effectiveness of the harmonic suppression mech-
anism, current distribution analyses are conducted, as shown in
Figure 17. In Figure 17(a), a strong current concentration on the
parasitic element confirms excitation at 433 MHz. Figure 17(b)
shows dominant current flow on the main radiator at 923 MHz,
while Figure 17(c) reveals current concentration around the U-
slot, validating operation at 1.57 GHz. These results are con-
sistent with the observed return loss measurements.

Figures 17(d)—(f) show strong current concentration on both
stubs, indicating that the current is diverted away from the radi-
ating element at 1.68 GHz, 2.0 GHz, and 2.68 GHz. As a result,
no radiation occurs at these frequencies, confirming effective
harmonic suppression consistent with the return-loss character-
istics in Figure 4. The findings from the parametric analysis
enable the precise determination of the optimal antenna param-
eters, summarised in Table 1.
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The antenna prototype is fabricated using a dry-etching tech-
nique to ensure dimensional precision and conductor quality. It
is then measured to assess actual performance, including return
loss, radiation patterns, and gain. These measurements confirm
the simulation results and demonstrate that the antenna meets
the expected performance based on the optimized design pa-
rameters.

2.6. Equivalent Circuit Modeling and Validation

The physical behavior of the multi-band antenna is charac-
terized using a Lumped Element Equivalent Circuit (LEEC)
model to provide a deterministic link between physical parame-
ters and electromagnetic resonances at 433 MHz, 923 MHz, and
1.57 GHz. This section discusses the RLC formation modeled
in Advanced Design System (ADS), the impact of physical ge-
ometry, and the validation of the model against simulation and
measured data.
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FIGURE 19. Equivalent circuit of Antenna B.

TABLE 1. Parameters of the designed antenna.

Element Symbol Value (mm)
Substrate Size axb 140 x 140
Triangle Height c 82.5
Triangle Side d 92.45
Triangle Width e 76
Feed Width f 3
Feed Length g 19.5
Connector Height h 5
Connector Width i 42
Parasitic Width i 6.2
Parasitic Length k 58.34
Notch Depth l 0.5
Notch Width n 1
Stub Width m 3
Stub 1 Length 01 7
Stub 2 Length 02 15
Stub 1 Position p 5
Stub 2 position q 9
Bridge Top Length Ly 14.3
U-Slots Legs L, 35
Slot Width Ws 1.8
Distance Slot from Base UKS 4.2

2.6.1. Physical-to-Electrical Mapping and RLC Formation

As illustrated in the equivalent circuit of Antenna A depicted
in Figure 18, the antenna’s structural discontinuities are repre-
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sented as a network of reactive components, where each reso-
nant band is modeled as a parallel RLC tank circuit (R,,, L.,
C,) derived from the energy storage and dissipation character-
istics of the patch.

The Low-Frequency Resonance (433 MHz) is primarily gov-
erned by the interaction between the main patch and parasitic
elements j and k, where variations in the parasitic width and
length alter the surface current distribution, modeled by the pri-
mary inductance L and capacitance C. In contrast, the Interme-
diate Resonance (923 MHz) is stabilized by the patch length ¢
and secondary geometry L;; these dimensions define the radia-
tion resistance Ry, ensuring proper impedance matching for the
LoRa/Biomedical IoT band. Finally, the High-Frequency Res-
onance (1.57 GHz GPS) is heavily dependent on the U-slot con-
figuration, specifically the leg length L,,, width W, and offset
UKS. Within this band, the slot width modifies the gap capaci-
tance C'3 while the offset UKS determines the input impedance
matching R3 for optimal GPS performance as presented in the
third RLC branch of Figure 18.

2.6.2. Harmonic Suppression and Mathematical Modeling

The equivalent circuit for Antenna B, as shown in Figure 19,
incorporates series-resonant branches (Ls;C'sy and Ls12C's2)
to suppress unwanted harmonics at 1.68 GHz, 2.0 GHz, and
2.67GHz. Within the ADS environment, these branches
act as band-stop filters by creating a low-impedance path to
the ground plane at harmonic frequencies. The total input
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TABLE 2. The summary of physical feature, dominant RLC parameter, and the targeted band of the antenna.

Physical Feature Dominant RLC Parameter Target Band/Function
Parasitic Elements (4, k) Inductance (L1), Capacitance (C) 433 MHz Resonance
Patch Length (c, L¢) Radiation Resistance (Rz2) 923 MHz Stability

U-slot Geometry (L., W, UKS) | Slot Capacitance (C's), Resistance (R3)

1.57 GHz Tuning

Feed Height (h) Series Inductance (L) Fundamental Matching
Tuning Stubs (Antenna B) Series LC Resonators (Ls, Cs) Harmonic Suppression
0 o Oy e N
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FIGURE 20. Return loss result of the equivalent circuit of Antenna A FIGURE 21. Simulated, measured, and equivalent circuit S11 results of
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FIGURE 22. Fabricate antenna. (a) Antenna A. (b) Antenna B.

impedance Z;, is calculated by considering the series feed
inductance I and the parallel admittance of the resonant tanks:

3 —1

1 1
- T JwCi+ —— | + Y
5 (g +300 + ) + Yo

i=1

2.6.3. Comparison of Sy, Curves and Validation

The validation of LEEC models for Antenna A and Antenna
B was performed by comparing reflection coefficient (S;1) re-
sults with full-wave CST simulations and experimental mea-
surements. As shown in Figure 20, both models accurately
capture the primary frequencies at 433 MHz, 923 MHz, and
1.57 GHz. However, Antenna B circuit effectively suppresses
resonances near 2.0 GHz and 2.67 GHz that are present in An-
tenna A, validating the role of the series-resonant stubs added.
Figure 21 demonstrates a strong correlation among the ADS
LEEC model, CST simulation, and measured data for Antenna
B, with all three targeted bands remaining significantly below

the —10dB threshold. Minor deviations in return loss magni-
tude are attributed to simplified lumped elements not account-
ing for all parasitic coupling present in the physical environ-
ment.

2.6.4. Summary of Design Relationships

The correlation between physical design variables and their re-
spective roles in the LEEC model is summarized in Table 2.

)
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FIGURE 23. Measured result of Antenna A and Antenna B.
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FIGURE 25. 3D radiation pattern of Antenna B, (a) at 0.923 GHz, (b) at 0.433 GHz, (¢) at 1.57 GHz.

3. RESULTS AND DISCUSSION

Figures 22(a) and 22(b) show antennas fabricated via dry etch-
ing: (a) without stubs (Antenna A) and (b) with two stubs (An-
tenna B). Both images show the top view, with the bottom as a
full ground plane.

Figure 23 compares the measured return loss of the two
prototypes. The antenna without stubs in Figure 22(a) oper-
ates at six resonance frequencies, 433 MHz, 923 MHz, and
1.57GHz, along with three unwanted harmonic modes at
1.68 GHz, 2.0 GHz, and 2.28 GHz. After integrating the two
stubs, as shown in Figure 22(b), these harmonic frequencies are
completely suppressed, as evidenced in Figure 23. The results
verify that the final antenna design achieves the intended
triple-band operation at 433 MHz, 923 MHz, and 1.57 GHz,
while also offering excellent harmonic suppression. The final
results of the return loss as presented in Figure 24 shows that
the simulation and measurement have a good agreement.

Figure 24 shows the simulated and measured return losses of
Antenna B, with good agreement between them.

Figures 25(a)—(c) present the simulated 3D radiation pat-
terns of the optimized antenna for the three operating bands.
The results demonstrate that the antenna maintains a near-
omnidirectional radiation characteristic across all frequencies,
fulfilling the requirements of LoRa and GPS applications that
demand consistent and wide-area coverage.

Due to the limitations of the anechoic chamber, which can
measure frequencies above 500 MHz, only the 3D pattern re-
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sults for the 923 MHz and 1.57 GHz frequency bands are pre-
sented in this article. Figure 26 shows the 3D radiation patterns
of Antenna A and Antenna B at 923 MHz and 1.57 GHz in bot-
tom, front, and top views. At 923 MHz, both antennas exhibit
quasi-omnidirectional patterns with moderate main lobes and
stable azimuthal distribution. Antenna A records magnitudes
of —26.66 dB and —20.89 dB, with phase values of 81.94° and
—166.45°, for H-plane and E-plane, respectively. Antenna
B shows comparable results with —26.75dB and —20.95 dB,
with phase values of 84.84° and —158.93°, for H-plane and FE-
plane, respectively. The close agreement indicates consistent
radiation pattern and polarization behavior. At 1.57 GHz, both
antennas become more directional with a more concentrated
main lobe. Antenna A achieves —19.47dB and —16.82dB,
with phase values of —178.87° and —152.69°, for H-plane
and F-plane, respectively. Antenna B shows —28.44 dB and
—16.64 dB, with phase values of —81.4° and —120.97°, for H-
plane and E-plane, respectively. The increased directivity at
this frequency is attributed to the excitation of higher-order or
slot-induced resonant modes. Overall, both antennas demon-
strate stable quasi-omnidirectional radiation at 923 MHz and
enhanced directivity at 1.57 GHz, confirming consistent multi-
band performance.

The simulated gain values at the three bands of Antenna
B and Antenna A are (433 MHz = 5.29dBi), (923 MHz =
8.52dBi), and (1.57GHz = 5.88dBi), respectively, as de-
picted in Figure 27. These values indicate adequate radiation
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FIGURE 26. Measured 3D radiation patterns of Antenna A and Antenna B at 923 MHz and 1.57 GHz. (a) Bottom view. (b) Front view. (c) Top view.

performance suitable for low-power, long-range wireless sys- monic suppression, causing Antenna B to radiate ineffectively
tems. The stable radiation pattern and gain across all bands at these frequencies.

verify that the proposed antenna design is well-suited for inte- The proposed antenna, in comparison with other designs
grated LoRa-GPS functionality in modern IoT environments. reported in the literature, is presented in Table 3. The pro-
In the 1.6-3 GHz range, the gain drops significantly due to har- posed antenna addresses harmonic suppression, stable multi-
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TABLE 3. Comparison of the proposed antenna with designs published in the literature.
No of Ant. Freq. Harmonic Freq. Gain
Ref. Year band Type Method (MHz) Board Suppression (dBi)
Parasitic 2020 36
[12] 2013 3 patch lement 2450 FR-4 No 3.0
elements 3500 8.8
slot and 2460 3.1
[15] 2013 3 patch a bridging 3280 FR-4 No 4.2
element 5380 5.6
30004170, 3.2
[9] 2022 3 monopole metamaterial 5330-6500, FR-4 Yes 4.1
8900-12000 5.0
Fractal 4170 8.9
[10] 2023 2 patch geometry 5970 FR-4 No 0.6
1720 5.9
2120 7.0
[20] 2023 4 patch Mode-based 2370 Rogers No 45
3540 5.7
Parasitic 868 1.9
[13] 2024 2 patch clements 1570 FR-4 No 14
. 433 1.6
6] | 2024 4 patch Addl?‘;“al 868 FR-4 No 24
pate 915 2.6
. . 433 5.29
Tgi 3 patch Parasa‘;‘g :lftmem 923 FR4 Yes 8.52
W 1570 5.88

Combined Realized Gain Plot (Antenna A vs Antenna B)

10F
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H
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FIGURE 27. Simulated realized gain.

band performance, and higher gain at lower bands, which are
the main drawbacks of most existing designs. The combination
of parasitic elements and a slot provides enhanced control of
resonance and efficiency across the three antenna bands.

4. CONCLUSION AND FUTURE WORK

This study presents the design, simulation, fabrication, and
measurement of a compact triple-band antenna featuring effi-
cient harmonic suppression. The antenna is built around a tri-
angular patch resonating at 923 MHz, fed through a 50 2 mi-
crostrip line. To achieve operation across three distinct fre-
quency bands, the design incorporates a parasitic element and
a U-shaped slot. Additionally, two stubs positioned alongside
the feed line serve as low-pass filters, effectively mitigating un-
wanted harmonic signals.
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The parasitic element generates the resonant mode at
433 MHz, whereas the U-slot introduces the third operating
band at 1.57 GHz, making the antenna suitable for LoRa and
GPS applications. The two designed stubs effectively suppress
three major harmonics at 1.68 GHz, 2.0 GHz, and 2.68 GHz.
The antenna design was guided by CST parametric studies,
allowing precise adjustment of each geometrical parameter to
achieve the target resonant frequencies. Simulation outcomes
were verified by examining current distribution and return-loss
characteristics, which showed that currents were concentrated
on the radiating elements and stubs as intended. These
optimized parameters were subsequently applied during the
fabrication process.

Measured results show that the antenna operates stably
at all three target frequency bands, 433 MHz, 923 MHz,
and 1.57GHz while the undesired harmonic frequencies
at 1.68 GHz, 2.0 GHz, and 2.68 GHz are completely elimi-
nated. The measured return-loss values at these bands are
—18dB, —14dB, —20dB, —2.2dB, —1.5dB, and —1.0dB,
respectively. The simulated gains of 5.29 dBi, 8.52 dBi, and
5.88 dBi, together with their nearly omnidirectional radiation
patterns, further confirm that the proposed antenna performs
effectively across all three operating bands. In summary, the
results indicate that the developed antenna is highly suitable
for integration with LoRa and GPS systems, offering depend-
able multi-band performance along with efficient harmonic
suppression.
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