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ABSTRACT: This study presents a novel double-sided axe-shaped antenna with a triple band for multi-band applications. The presented
antenna features a circular ring and two ring sectors as a double-sided axe-shaped patch antenna to generate three resonant frequencies,
WIMAX 3.55 GHz (3.5-3.62 GHz), WLAN 5.12 GHz (5-5.28 GHz), and X-band 7.67 GHz (7.18-8.17 GHz), with reflection coefficients
of —14.86 dB, —19.36 dB, and —36.96 dB, respectively. The proposed antenna is fabricated on an FR4 (e, = 4.3) substrate with dimen-
sions of 30 x 30 x 1.6 mm?® and uses DGS ground to improve the current distribution and impedance bandwidth. The proposed antenna
is successfully simulated and measured. The performance evaluation of the multi-band antenna demonstrated satisfactory agreement
between simulations and measurements. The proposed multi-band antenna combines enhanced performance with a compact size.

1. INTRODUCTION

ith the fast growth of wireless communication systems,

multi-band antennas of high efficiency and good real-
ized gain have become critical for numerous applications, in-
cluding WLAN, WiMAX, Wi-Fi, GPS, and other wireless ap-
plications [1]. The need to design multi-band antennas capa-
ble of meeting the requirements of these diverse applications
is becoming increasingly important. Many researchers have
designed antennas for single-band, ultra-wideband (UWB),
and multi-band wireless communications. Despite significant
progress in antenna design, challenges remain related to achiev-
ing reduced physical size, high gain, and efficiently cover-
ing multiple frequency bands. Furthermore, most current de-
signs focus on a single frequency band, limiting their flex-
ibility in adapting to different applications. Several studies
have indicated that the antenna design in the internet of things
(IoT) systems must balance several factors, including size, ef-
ficiency, and bandwidth [2]. A single-band antenna with a size
of 55 x 60 mm? is presented in [3] for covering the ultra-high
frequency (UHF) band with a frequency range of 892-940 MHz
and achieving a gain value of 1.76 dBi. UWB antennas are pre-
sented in [4, 5], which cover UWB with a dual-band notch for
the underlay CR applications. In study [6], a UWB antenna is
proposed for 5G IoT applications with a range of realized gain
from 3 to 8 dBi with a whole size of 116 x 93 mm?. A simple
rectangular antenna operating at a frequency of 361 MHz with
a realized gain of 1.142 dBi is proposed in [7] for IoT appli-
cations. A rectangular slotted patch antenna is presented in the
study for UWB applications with a compact size of 22 x 35 mm?
and a realized gain value of 4.8 dBi [8]. Efficient methods have
been proposed by many researchers for creating multi-band an-
tennas, such as dual-band antennas [9—17], triple-band anten-
nas [18-22], and quad-band antennas [23-25]. A dual-band
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antenna operating in mid-band 5G and LTE-40 using a concen-
tric circular ring structure with a size of 32 x 24 x 1.6 mm? is
presented in [15]. A dual-band antenna with a coplanar waveg-
uide (CPW) intended for WLAN and WiMAX networks com-
posed of an inverted L-shaped slot resonator, which is cou-
pled with a U-shaped ground plane, was introduced in [16].
A filtenna system with three modes for UWB, WiMAX, and
WLAN with realized gains of 2.2 dBi, 2.65 dBi, and 1.92 dBi,
respectively, is presented in [19] for cognitive radio (CR) ap-
plications. In study [22], a triband antenna with a size of
33 x 22 mm? based on split-square and half-ring resonators was
proposed to operate at frequencies of 2.4, 3.7, and 5.8 GHz with
gains of 1.43 dBi, 0.89 dBi, and 1 dBi for IoT applications. In
study [26], a monopole antenna featuring three concentric semi-
circular rings was presented to generate a triband for GSM, 4G
LTE, and 5G applications. Most of the previous works on circu-
lar ring antennas for multi-band applications show that the size
of the antenna is quite large and has low realized gain. There-
fore, this study aims to present an innovative design for a low-
cost, compact antenna that operates in three frequency bands
and has high gain, making it suitable for IoT applications. This
study presents a microstrip antenna design based on a novel
double-sided axe-shaped radiating element and features multi-
band operation. The proposed antenna features three main fre-
quency bands for multi-band applications: the lower band cov-
ers the frequency range from 3.5 to 3.62 GHz, making it appro-
priate for wireless communication applications, such as 5G and
WiMAX bands.

The second band covers 5 to 5.28 GHz with a —10 dB band-
width, making it appropriate for the WLAN band. The upper
band covers the 7.18-8.17 GHz range and is part of the UWB,
making it suitable for X-band radar applications. The peak
gains achieved by the proposed antenna are 3.6 dBi, 3.95 dBi,
and 4 dBi at the three resonant frequencies, respectively. The
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FIGURE 1. The layout and geometry of the proposed double-sided axe-shaped antenna.
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FIGURE 2. Four steps to design and optimize the proposed double-sided axe-shaped antenna.

narrowband of the tri-band resonant frequencies intended for
5G, WiMAX, WLLAN, and X-band makes the proposed an-
tenna suitable for IoT applications. This paper is divided into
the following sections. Section 2 describes the double-sided
axe-shaped antenna design. Section 3 includes the parametric
study of the proposed antenna. Section 4 exhibits the results of
the proposed antenna and compares them to other multi-band
works. The conclusion is provided in Section 5.

2. DOUBLE-SIDED AXE-SHAPED ANTENNA DESIGN

Figure 1 shows the geometric design of the proposed antenna,
a double-sided axe-shaped patch antenna, which was modeled,
optimized, and simulated using Computer Simulation Tech-
nology (CST) Microwave Studio. Two identical ring-sector-
shaped resonators were placed on either side of a concentric
circular ring. The circular ring was directly connected to the
feed line, and the two ring-sector-shaped resonators were fed
through two parasitic elements connected to the inner ring to
create a double-sided, axe-shaped structure. The proposed an-
tenna was designed and optimized in four steps. The initial an-
tenna used a conventional circular-ring resonator, which is fed
directly from the transmission feedline as shown in Figure 2
(Antl), and in this step, the reflection coefficient is impedance-
mismatching and has no resonant frequency, so it shows S1;
above —10dB. In the next step, another circular ring was in-
serted as an outer ring resonator, as in Figure 2 (Ant2), to gen-
erate the single band at the resonant frequency of 7.38 GHz.
Figure 2 (Ant3) shows the outer ring transformed into two iden-
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tical ring sectors by cutting two slits of width g opposite to each
other to provide dual bands at 4.98 and 6.74 GHz. In the fi-
nal step, two small parasitic elements are connected between
the inner ring and the two ring sectors, as shown in Figure 2
(Ant4), with tri-bands with resonant frequencies at 3.5, 5.06,
and 7.74 GHz. The proposed antenna has compact dimensions
of 30 mm x 30 mm, and the main parameter values are listed in
Table 1.

Figure 3 shows the reflection coefficient (S11) for the four
steps to optimize and design the proposed double-sided axe-
shaped antenna. The reflection coefficient of the proposed an-
tenna (Ant4) shows that it operates at three resonant frequen-
cies. All resonant frequencies of the four-step design of the
antenna are listed in Table 2.

3. PARAMETRIC STUDY OF THE PROPOSED AN-
TENNA

In this section, we discuss the effect of two slits with width ¢
and the defected ground structure on the performance of the
proposed multi-band antenna. Figure 4 shows the effect of a
gap g on the S-parameter (S11) of the antenna. The parametric
study shows that when increasing the gap g from 3 to 8 mm with
a step of 1 mm, the optimized tri-band reflection coefficient is at
the value of 6 mm. Varying the gap value from 0 to 3 mm does
not affect the reflection coefficient of the antenna. The second
one is the effect of changing the radius of the ring sector r3
shown in Figure 5. It is noticeable that when r3 is increased,

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 169, 115-121, 2026

PIER C

TABLE 1. Parameter values in mm of the single antenna element.

Parameter

Wi

Ls

Wy

Ly

Ly

Lo

T3

T4

Values

30

30

3

10

16

2

7

10

TABLE 2. Resonant frequencies of the four-step design to develop proposed antenna.

Steps

Antl

Ant2

Ant3

Ant4

Resonant frequencies in GHz

7.38

4.98 and 6.74

S11 Above —10dB

3.5,5.06, and 7.74
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FIGURE 3. The reflection coefficients of four steps to design and opti-
mize the proposed antenna.

Frequency (GHz)

FIGURE 5. The effect of increasing the radius of the ring sector on the
reflection coefficient of the proposed antenna.

the first lower frequency decreases, and its reflection coefficient
value increases above —10 dB, while the other two bands are
not affected so much.

The third parametric study is considered when using a de-
fected ground structure (DGS) to improve the performance pa-
rameters of the proposed tri-band antenna. Figure 6 shows
the effect of DGS on the S1; of the proposed antenna for the
three steps. A full ground plane is used in step 1; however,
in this case, the reflection coefficient shows a single resonant
frequency at 5.6 GHz. In step 2, partial ground structure, the
reflection coefficient shows that the antenna operates at two
frequencies, 3.529 GHz and 7.889 GHz. In step 3, a defected
ground structure is used; an inverted semicircle is etched from
the partial ground, and a parasitic element has also been added
above to enhance the antenna’s parameters. In this step, the an-

Frequency (GHz)

FIGURE 4. The effect of inserting two slits with width g on the S1; of
the proposed antenna.
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FIGURE 6. The reflection coefficients of three steps of the ground plan
of the proposed antenna.
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tenna operates tri-bands with resonant frequencies of 3.5, 5.06,
and 7.74 GHz. Good impedance matching is achieved when us-
ing DGS compared to full ground and standard partial ground.

4. SIMULATION AND MEASUREMENT RESULTS

Figure 7 shows the front and back prototypes of the proposed
antenna, which is printed on an FR4 substrate. Reflection co-
efficient of the proposed antenna was measured using Vector
Network Analyzer (Anritsu MS4642A-20 GHz) package.

4.1. Reflection Coefficient (S11)

The simulated (measured) value of the s-parameter of the
proposed double-sided axe-shaped antenna is shown in
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TABLE 3. The simulated and measured results of the proposed tri-band antenna.

Band | Results | Operating frequency | Impedance bandwidth S11 Realized gain | Radiation efficiency

(GHz) (GHz) (dB) (dBi) (%)

Band 1 Sim. 35 3.44-3.59 —15 4 95
Meas. 3.55 3.5-3.62 —14.86 3.6 93

Band 2 Sim. 5.06 4.87-5.24 —27.9 5.28 72
Meas. 5.12 5-5.28 —19.36 3.95 80

Band 3 Sim. 7.74 7.12-8.36 —34.74 42 76
Meas. 7.67 7.18-8.17 —36.96 4 82

FIGURE 7. The prototype of the proposed double-sided axe-shaped an-
tenna, (a) the front side and (b) the back side.

[811](dB)

3 4 5 6 7 8 9
Frequency (GHz)

FIGURE 8. The s-parameter (S11) of the proposed antenna.

Figure 8. The results indicate that the proposed antenna
operated at tri-bands, with the lower band at a frequency of
3.5GHz (3.55GHz) and a covering frequency bandwidth of
3.44-3.59 GHz (3.5-3.62 GHz) with an S-parameter (Si1)
value of —15dB (—14.86 dB). The bandwidth of the second
band is 4.87-5.24 GHz (5-5.28 GHz) with a center frequency
of 5.06 GHz (5.12 GHz) and an S7; of —27.9dB (—19.36 dB).
The upper band is 7.12-8.36 GHz (7.18-8.17) with a reflec-
tion coefficient of —34.74dB (—36.96dB) at the operating
frequency of 7.74 GHz (7.67 GHz). The results show that the
proposed antenna is suitable and covers 5G, WIMAX, WLAN,
and X-band for [oT applications.

118

T
= Simulated
= \Measured

w

Realized Gain (dBi)
N

-

Frequency (GHz)

FIGURE 9. The realized gain (dBi) of the proposed antenna.
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FIGURE 10. The radiation efficiency of the proposed antenna.

4.2. Radiation Efficiency and Realized Gain

Figure 9 shows the simulated (measured) realized gain of the
proposed antenna at three resonant frequencies, with peak real-
ized gains of 4 dBi (3.6 dBi), 5.28 dBi (3.95 dBi), and 4.2 dBi
(4dBi). The radiation efficiency values of the proposed an-
tenna are illustrated in Figure 10, which shows that at all res-
onance frequencies, the radiation efficiency levels are higher
than 72%. Table 3 summarizes all the simulated and measured
results for the proposed tri-band antenna. The modest dispar-
ity between the measured and simulated findings might be at-
tributed to probable manufacturing faults, as well as the manner
in which the measurements were obtained using a network an-
alyzer.
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FIGURE 11. Simulated current surface distribution of the proposed multi-band antenna at resonant frequencies (a) 3.5 GHz, (b) 5.06 GHz, and (c)

7.74 GHz.
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FIGURE 12. Power pattern E-plane (x-z plane) on the left and H-plane (y-z plane) on the right of the antenna at three operating frequencies at (a)

3.5GHz, (b) 5.06 GHz, and (c) 7.74 GHz.
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TABLE 4. Performance comparison of the proposed antenna with other multi-band works.

Ref. No. Size (mm?) | Substrate | frequencies (GHz) | Bandwidth (GHz) Gain (dBi)
[22] 33 x 22 FR4 2.4,3.7,5.8 0.3,0.39,0.9 1.43,0.9,1.1
[27] 17 x 33 FR4 3.1,24,6 22,1,2 1,1.6,2.2
[28] 16 x 25 NA 2.3,3.3,6.5 1,0.7,1.9 14,2,4.1
[29] 86 x 61 FR4 2.6,3.8,53 1.1,1.2,0.6 29,2.5,3.8
[30] 26 x 25 RO4350 2.45,3.5,58 0.39, 0.39, 0.76 6.3,74,8.7
[31] 80 x 80 FR4 2.46,3.59, 5.69 0.14 2.33,3.14,2.89

This work 30 x 30 FR4 3.55,5.12,7.67 0.12, 0.28, 0.99 3.6,3.95,4

4.3. Surface Current Distribution

Figures 11(a)—(c) highlight the surface current distribution of
the proposed antenna at three simulated resonant frequencies
of 3.5, 5.06, and 7.74 GHz, respectively. The results showed a
distinct surface current distribution at the tri-bands with three
resonant frequencies. In the lower band at 3.5 GHz, the current
is observed to be intensely concentrated in the active regions
of the antenna, specifically the region between the two rings of
the radiating patch element and feed lines. In the second band
at 5.06 GHz, the current is distributed on the outer ring circum-
ference. In contrast, in the upper band, the current distribution
shifts and concentrates at the lower end radiating element at a
frequency of 7.74 GHz, reflecting the efficient structure design
of the proposed antenna and the optimal resonance mechanism
in the upper band.

4.4. Power Pattern of the Proposed Antenna

Figure 12 shows the co-polarization and cross-polarization in
the E-plane (left) and H-plane (right) power patterns of the
proposed antenna at the three operating frequencies of 3.5, 5.06,
and 7.74 GHz. The radiation patterns of the antenna were cal-
ibrated based on the realized gain at the three operating fre-
quencies. The omnidirectional and bidirectional characteris-
tics in the H-plane (yz-plane) and E-plane (zz-plane), respec-
tively, demonstrate that this antenna can radiate in all direc-
tions, making it suitable for use with multi-band devices. The
cross-polarization level of the proposed antenna remains lower
than —15dB at all three resonant frequencies. Table 4 com-
pares the proposed multi-band antenna with those in the liter-
ature. The comparison revealed that the proposed antenna is
superior to other works in terms of small size, low cost, high
realized gain values, and good radiation efficiency.

5. CONCLUSIONS

This study presents a novel compact antenna based on a double-
sided, axe-shaped radiating element, featuring multi-band op-
eration. The proposed tri-band antenna has been successfully
simulated and fabricated. Two ring sector resonators were used
to generate three resonant frequencies. The patch antenna is
fabricated on the top layer, while the DGS partial ground en-
hances the performance of the proposed multi-band antenna.
The proposed design has high performance, such as an ade-
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quate 4 dBi gain and approximately 80% radiation efficiency.
The proposed antenna features three main frequency bands: the
lower band covers the frequency range from 3.5 to 3.62 GHz
with a —10 dB bandwidth, making it appropriate for wireless
communication applications, such as 5G and WiMAX. The sec-
ond band covers frequencies 5-5.28 GHz, including WLAN.
The upper band extends from 7.18 to 8.17 GHz and is part of the
UWB, making it appropriate for X-band radar applications. For
future works, it is recommended to redesign the proposed an-
tenna using another substrate material with a tangent loss lower
than FR4. Furthermore, the proposed antenna can be modified
to a reconfigurable antenna for future communications. A PIN
or varactor diode could be attached within the gap g of the ring
sector to achieve discrete or continuous tunable bands.
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