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ABSTRACT: This study introduces and evaluates a smaller rectangular antenna featuring parasitic mushroom patches to achieve enhanced
gain and wide impedance bandwidth (WIBW) for 5G millimeter-wave (mm-wave) applications (28 GHz/38 GHz). The antenna structure
consists of a simple rectangular patch fed by an inset feed microstrip line operating at 50 2. To improve the antenna gain and impedance
bandwidth, a parasitic mushroom structure is introduced around the edges of the main patch. Additionally, to further enhance operating
bandwidth and matching, two rectangular Defected Ground Structures (DGSs) are incorporated in the bottom side. The antenna is
fabricated on a low-cost substrate specifically FR4 (¢, = 4.4, tangd = 0.02), with dimensions of (12 x 13 x 0.8)mm?>. The results
demonstrate a wide impedance bandwidth of 14.2 GHz (50.71% FBW) covering frequencies of 25.98 GHz to 40.18 GHz, and the antenna
achieves a maximum gain of 7.20 dB at 28 GHz and maintains an efficiency more than 80% across the entire bandwidth. These outcomes
make the antenna a good choice for 5G applications at 28 GHz and 38 GHz.

1. INTRODUCTION

Today, antennas are designed to meet the requirements of 5G
and future 6G applications in terms of high data rates, ca-
pacity, connectivity, and low latency. 5G networks operate at
millimeter-wave frequencies, typically in the range of 24 GHz—
300 GHz, enabling high data rates and low latency. These fre-
quencies, while offering significant bandwidth advantages, also
present challenges such as increased propagation losses and
susceptibility to environmental obstacles due to the multipath.
As such, antennas for 5G applications must be meticulously
engineered to deliver high gain, wide bandwidth, and efficient
performance across these frequency bands. Patch antennas for
5G and 6G are highly sought after due to them low cost, sim-
plicity in design, and optimization [1-3]. However, traditional
patch antennas often suffer from low gain and narrow operat-
ing bandwidth limitations [4—6]. Therefore, there is a grow-
ing demand for broadband antennas that offer high gain while
maintaining a compact size for 5G wireless communication sys-
tems. To overcome those limitations, several researches have
focused on developing a broadband compact antenna with sim-
ple geometry and high gain. The authors in [7] propose a dual-
polarized antenna for 5G communication system at 28 GHz,
but the antenna with dimensions (6 x 8 x 0.837)mm?> suf-
fers from a limited bandwidth of 3.5 GHz and a low gain of
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5.89dBi. A compact wideband antenna for Ka band is pro-
posed in [8], designed using a Roger’s substrate. The antenna
has good operating bandwidth more than 20 GHz but limited
by low gain of 3.87 dB at 28 GHz. In [9], a smaller broadband
antenna for mm-wave bands is presented. That structure is con-
structed on an RT Rogers 3003 substrate and fed using the CPW
method. It features a miniature size (9.25 x 8.2 x 0.13) mm’
and achieves a good bandwidth of 22 GHz. However, that an-
tenna suffers from a maximum gain of 4.5 dB. In [10], a printed
patch (15 x 14 x 0.82)mm? for mm-wave applications is in-
troduced. The antenna is graved on a PET flexible dielec-
tric. In [11], an mm-wave conformal antenna for K and Ka
bands is discussed. That antenna covers a super wide band-
width from 7 GHz to 40 GHz with a peak gain of 5dB and is
designed on a compact FR4 substrate. However, it suffers from
a gain 0of 0.19 dB and a limited bandwidth of 7 GHz. In [12], an
oversized patch for 5G mm-wave bands is designed and eval-
uated. That structure exhibits an excellent gain of 12.6dB at
28 GHz. However, it suffers from a complex geometry and
large size (25 x 20 x 0.157)cm?, with a low bandwidth of
6.65GHz. In [13], the authors present a dual-band compact
monopole for multiple-input multiple-output (MIMO) antennas
at mm-wave bands. This antenna addresses the limitations in
gain and bandwidth of the previously mentioned single antenna.
In [14], a compact circular patch is designed for a 5G millime-
ter wave MIMO structure. Constructed on a Rogers 5880 ma-
terial with dimensions of (10 x 10 x 1.575)cm?, this antenna
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FIGURE 1. Proposed antenna geometry.

is characterized by a narrow bandwidth of 3.52 GHz and max-
imum gain of 7.1dB at 28 GHz. In [15], a simple monopole
is designed for MIMO applications in mm-wave bands. This
antenna, evaluated and realized on a Rogers substrate having
overall size of (12 x 7 x 0.203 cm), shows a limited operating
impedance bandwidth of 2.9 GHz and low gain of 4.69 dB at
28 GHz. In [16-21], several compact wideband antennas using
different methods are proposed and analyzed for 5G millime-
ter wave bands. On the other hand, high frequencies, particu-
larly in the millimeter-wave range, are particularly susceptible
to attenuation due to phenomena such as multipath transmis-
sion and reception. This occurs when an emitted signal follows
multiple paths before reaching the receiver, creating interfer-
ence and variations in the received signal’s power [21]. At high
frequencies, the propagation of electromagnetic waves is more
affected by physical obstacles such as buildings, trees, or even
particles in the air, which can cause reflection, diffraction, and
scattering. As a result, the signal quality degrades, which can
reduce communication capacity. Hence, there is increasing de-
mand for antennas with wide bandwidth and high gain to over-
come these challenges, including the use of MIMO technolo-
gies [23,24]. In [25], a double substrate is used to generate a
triple band antenna. In [26-28], the authors using slot and stub
to improve the antenna bandwidth.

The aims of this paper are to introduce and implement
a compact antenna tailored for 5G millimeter-wave bands
(28 GHz/38 GHz). The proposed antenna is designed using
a miniature FR4 substrate measuring (12 x 13 x 0.8 mm?).
It covers a wide impedance bandwidth of 14.20 GHz, rang-
ing from 25.98 GHz to 40.18 GHz with return losses up to
—41.41dB, and achieves a high gain of 7.20dB at 28 GHz.
Previous antenna structures in [7—12] have utilized high-cost
Roger’s substrate materials to achieve compact size and
broad bandwidth. In contrast, our paper presents a simple
and compact wideband antenna for 5G applications using a
low-cost FR4 substrate. The antenna’s impedance bandwidth
is expanded by incorporating a parasitic mushroom patch
structure along with Defected Ground Structures (DGSs). Our
proposed antenna achieves more than a 75% wider bandwidth
than recent literature. the proposed structure is optimized
using High Frequency Structure Simulator (HFSS) software.
Fabricating the proposed antenna confirms the accuracy of the
simulation results.
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This work is organized as follows. The process of the an-
tenna designs is outlined in Section 2. The surface current dis-
tribution is presented and analyzed in Section 3. Parametric
studies are presented in Section 4. Section 5 focuses on the
impact of different substrates and the selection of the most suit-
able substrate. The Results are discussed in Section 6. Sec-
tion 7 includes a comparative study with other works. Finally,
we conclude our work in Section 8.

2. ANTENNA DESIGN

This part presents a detailed study on the structure of the pro-
posed broadband antenna for 5G applications in the mm-wave
band. The final geometry of the suggested structure is illus-
trated in Figure 1. The proposed antenna consists of a sim-
ple rectangular main patch (dimensions Wp = 12mm and
Lp = 13mm), fed using microstrip line with dimensions of
(Wy = 1.22mm, Ly = 2.23mm) and adapted by inset feed
(S = 0.48mm, d = 0.6 mm). A rectangular mushroom par-
asitic patch with dimension of (g, = 1.4mm, gy = 1.3 mm)
is incorporated around the main patch. The patches, feed line,
and ground plane are designed using Prefect Electric Conduc-
tors (PEC) material with a thickness of hp = 0.035 mm. The
antenna is etched on a low-cost FR4 substrate with a dielec-
tric constant of 4.4, a loss tangent of 0.02, and a thickness of
0.8 mm. The antenna structure is analyzed and optimized using
the ANSYS HFSS simulator. Proper construction of the an-
tenna feeding is crucial for achieving proper impedance match-
ing. At high signal frequencies, the feeding lines play a vi-
tal role in antenna performance. For optimal performance, the
impedance of the feeding line should match the characteristic
impedance of the patch. In this research, an inset feed approach
is employed to ensure proper feeding of the antenna. A mi-
crostrip feed line with the characteristic impedance of 50 2 is
used to excite this antenna. The final dimensions of the antenna
are (12 x 13 x 0.8) mm?3. The optimal parameters and dimen-
sions of the proposed antenna are listed in Table 1. Figure 2
depicts the evolutionary stages of our antenna design. Initially,
we began with a basic rectangular patch antenna equipped with
an inset feed and designed using equations found in the liter-
ature [1-6]. This antenna resonates at 28 GHz with a narrow
bandwidth of 10.82 GHz and low gain of 4.6 dB (Ant. 1). After
iteration two (Ant. 2), we incorporated mushroom-shaped para-
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FIGURE 2. Antenna evolution steps.

TABLE 1. Antenna’s parameters and optimized dimensions.

Component Parameters | Value (mm)

% 12

substrate s
Ls 13
4.5

Patch We
Lp 4.5
1.4

Feed line Wy

Ly 5

W, 2.2

DGS g
Ly 1.2
1.4

Parasitic mushroum patch 9x
gy 1.3
© 0.2

Slot S

Sy 0.4
Via v 0.2

sitic patches around the edges of the main patch to enhance an-
tenna gain. Additionally, this configuration introduced another
resonance at a higher frequency. Furthermore, to achieve the
wideband characteristics desired for the proposed antenna, two
rectangular DGSs were etched into the ground plane (Ant. 3).

The dimensions of rectangular patch, W), and L,, are calcu-
lated using Equations (1)—(2), where f, is the resonance fre-
quency (f, = 28 GHz), ¢, a relative permittivity of the sub-
strate, and c the speed of light. The width of microstrip line
is calculated from (3), where Z; is the characteristic input
impedance of the inserted microstrip line. The length of inset
feed (d) is calculated by (4), where e, is the effective permit-
tivity, given by (5), AL the extension of the length calculated
from (6), and h the substrate thickness [29-33],

c 2
Wp = o/ 1
r 2fr 1+€rejf ()

Ant.2
Cc Shs wy )
Lp = ——— In(—2+ L 2
P 2'f7"1/5rejf <’LUf 4h5 ( )
Zo = -0 .ln(%+ﬂ> 3)
\/Ereff wyf 4hs
L
d= — “

2- \/ Ereff

1+¢ Ereff Wy
sreﬂ:T’eﬁ#%.,/lew— )
p

(0.3 + rep) (V,f—; + 0.264)

AL = 0.412-h, -
(€rer — 0.258) (Vh"—; + 0.813)

(6)

These equations are implemented in MATLAB software [34] to
compute the parameters of the proposed structure. The obtained
values are presented in Table 1.

To demonstrate the steps of the final wideband antenna
mechanism, Figure 3 depicts the simulated return loss at var-
ious stages of its development. It can be noted that the return
losses reach —18 dB with a bandwidth of 1.82 GHz and a mod-
est gain of 4.6 dB for the first Ant. 1 (Step 1). In the second
design, Ant. 2 (Step 2), an additional resonance is generated at

5
25

30 35 0
Frequency (GHz

FIGURE 3. Reflection coefficient of different steps.
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FIGURE 4. Distribution current of different steps: Ant. 1, (a) upper side, (b) lower side, Ant. 2, (c) upper side, (d) lower side, Ant. 3, (e) upper side,

(f) lower side.

a higher frequency by incorporating a parasitic mushroom patch
around the edges of the main patch, leveraging mutual coupling
between the main patch and parasitic patch. This configura-
tion also enhances the antenna gain by 6 dB at 28 GHz. Subse-
quently, in Ant. 3 (Step 3), the introduction of two rectangular
DGSs significantly enhances all performance metrics. The gain
is increased to 7.5 dB; the bandwidth expands to 14.20 GHz;
and the reflection coefficient is reduced to —42 dB at 28 GHz.

3. CURRENT DISTRIBUTION

To understand the mechanism behind the different stages of the
design, Figures 4(a), (b), (c), (d), (e), and (f) illustrate the sur-
face current distributions on the upper and lower sides of the
proposed antenna at 28 GHz. In Step 1, the surface current is
predominantly distributed along the feedline and the edges of
the patch, as shown in Figures 4(a) and (b). On the other hand,
as depicted in Figure 3, antenna (Ant. 1) resonates at 25 GHz
with a very narrow bandwidth of 1.82 GHz. However, when the
parasitic mushroom elements are introduced around the main

16

radiating patch, the surface current is significantly enhanced
along the feedline and at the edges of the parasitic patch as de-
picted in Figures 4(c) and (d). As a result of these modifica-
tions, the antenna generates an additional resonance at a higher
frequency (Figure 3), caused by the mutual coupling between
the main patch and parasitic elements. Finally to improve the
antenna’s bandwidth and gain, the ground plane was modified
in Step 3 by adding two rectangular DGSs below the feedline.
This modification disrupts the current direction on the ground
plane, as depicted in Figures 4(e) and (f), resulting in a wide
impedance bandwidth ranging from 25.98 GHz to 40.18 GHz
as shown Figure 3.

4. PARAMETRIC ANALYSIS

To better understand and analyze the impact of various parame-
ters on the return loss (.S11), impedance bandwidth (IBW), and
gain of the broadband antenna, a parametric analysis is pre-
sented in this part. Specifically, five parameters wg, Lg, gz,
gy, and ry are investigated using HFSS ANSYS software.
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FIGURE 6. Reflection coefficient (a) effect of g, (b) effect of g,.

4.1. The Effects of Width w, and Length [, of DGS

The variations of return loss (S7;) with different values of
wg and L, are depicted in Figures 5(a) and (b), respectively.
From Figure 5(a), it can be observed that as w, decreases, the
impedance bandwidth improves, and the return loss shifts to-
wards higher frequencies. These findings highlight the signifi-
cant impact of the width w, of the DGS on impedance matching
and antenna bandwidth. The optimal width w, that achieves
good adaptation at the desired frequency is wy, = 2 mm.

The impact of length L, of the DGS on the S of the pro-
posed antenna is depicted in Figure 5(b). As shown in this
figure, the length L, significantly affects the impedance band-
width. Itis observed that as I, decreases from 1.6 mm to 1 mm,
the return loss shifts towards lower frequencies, thereby en-
hancing impedance matching, although there is only a slight
change at higher frequencies. The optimal selected value of
L, improves impedance matching and widens the bandwidth,
specifically Ly, = 1.2 mm.

4.2. The Effect of Dimensions of Parasitic Mushroom Patch

The length and width of the parasitic mushroom patch are crit-
ical parameters influencing the antenna’s bandwidth and gain.
The impact of these dimensions on reflection coefficient is il-
lustrated in Figures 6(a) and (b). In Figure 6(a), it is observed
that as the width increases, the impedance bandwidth improves,
with a slight shift in the resonant frequency towards higher val-
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ues. The optimal selected width is g, = 1.3 mm to achieve the
desired bandwidth. Figure 6(b) illustrates the effect of vary-
ing the length of the parasitic patch. It is evident that antenna
matching improves as the gy value is increased from 1.2 mm
to 1.4mm. Therefore, to achieve optimal performance within
the desired impedance band, an appropriate value of gy is de-
termined to be 1.4 mm.

4.3. The Effects of Radius - of Via

Figure 7 illustrates the variation of Sy; for different values of
the via radius ry to assess the impact of vias on the antenna’s
impedance bandwidth. It can be observed that as the via ra-
dius 7y increases from 0.1 mm to 0.4 mm, the reflection coef-
ficient Sy shifts towards lower frequencies. This shift indi-
cates that larger via radius introduces additional inductive ef-
fects, effectively lowering the resonant frequency. The optimal
ry = 0.2 mm provides the best impedance matching at the de-
sired frequency.

To analyze the theory behind wideband antennas for 5G ap-
plications in the mm-wave band, an equivalent circuit model
based on the input impedance response is derived from a full-
wave EM solver. The input impedance characteristics indicate
that a wideband antenna can be modeled using resonance cir-
cuits, which equivalently represent a parallel RLC circuit. The
equivalent circuit model, based on this concept for achieving
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FIGURE 8. Equivalent circuit of the proposed antenna.

wide bandwidth, is depicted in Figure 8.

n JwRjLj
L Zj:l Rj (1 —w?LjCj) + jwLj

(7

From either simulated or measured results corresponding
to resonances (Z1,), the values of consecutive parameters in
the equivalent circuit model (Rj, Lj, Cj) are calculated using
Equation (7). Figure 9 displays the real and imaginary parts
of the input impedance of the proposed antenna. It can be ob-
served that the real part varies around 50 €2, while the imaginary
part hovers around zero ohms. The rectangular antenna can be
represented by a parallel combination of R1, L1, and C1. The
current flowing through vias induces an inductive effect repre-
sented by the inductor LLL, while the gaps between adjacent
patches introduce a capacitive effect represented by capacitor
CCC. By etching rectangular slots on the metallic patch of the
Electromagnetic Band Gap (EBG) cell, the series equivalent ca-
pacitance can be increased, resulting in a more compact EBG
structure and wider bandwidth.

5. IMPACT OF VARIOUS DIELECTRIC SUBSTRATE

To evaluate the impact of different substrates on the antenna’s
performance in terms of bandwidth and gain, the proposed
antenna is investigated with other substrates such as Rogers
RT5880, Polyimide, and polyamide. The specifications of the
various materials in terms of dielectric constant and loss tangent
are summarized in Table 2.
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FIGURE 9. Impedance of the proposed antenna.

TABLE 2. Specification dielectric of various substrates.

Substrate Dielectric constant | Loss tangent
FR-4 4.4 0.02
Polyamide 43 0.004
Polyimide 35 0.008
Rogers 5880 2.2 0.0009

Figures 10(a) and (b) illustrate the variations in S;; and gain,
respectively, for different substrates. It can be observed that the
proposed antenna with FR-4 provides a wider impedance band-
width than other substrates, such as polyamide, polyimide, and
Rogers 5880. The best impedance matching is achieved with
the FR-4 substrate, to realize the desired operating bandwidth
from 25.98 GHz to 40.18 GHz. However, at the higher operat-
ing frequencies, impedance bandwidth is noted slightly wider
for the dielectric materials with low relative constant as Rogers
5800 ¢, = 2.2. As shown in Figure 10(b), the variation in gain
results can be attributed to differences in the loss tangent val-
ues of each dielectric material. As the loss tangent increases,
radiation performance deteriorates due to surface wave losses
in the substrate material, particularly at higher frequencies.

The effects of various dielectric materials on the antenna’s
performance in terms of Sj; and gain are summarized in Ta-
ble 3. It can be concluded that FR-4 substrate is the optimal
choice for designing the proposed antenna, as it ensures cost-
effectiveness while achieving a wide operating bandwidth for
S11 < —10dB and maintaining good gain. In addition to offer-
ing a broad bandwidth and reliable gain, FR-4 substrate is read-
ily available and has a lower fabrication cost than other more
expensive substrate materials.

TABLE 3. Antenna’s performance for various dielectric substrate.

Substrate Operating bandwidth (GHz) | Gain (dB)
Polyamide 31.5-35.98 (4.48 GHz) 43-9.5
Polyimide 29.54-40.15 (10.61 GHz) 4.3-10

Rogers 5880 29.56-34.12 (4.56 GHz) 6-9.4
35.2-44 (8.8 GHz)
FR-4 25.98-40.18 (14.2 GHz) 4.8-7.87
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6. RESULTS AND DISCUSSION

To validate the simulated results and ensure design accuracy,
the proposed broadband antenna was fabricated on a low-cost
FR-4 substrate with a relative permittivity of 4.4, loss tangent
0f 0.02, and thickness of 0.8 mm, as depicted in Figure 11. The
measured reflection coefficient results confirm that our final
antenna is highly suitable for 5G applications in the millimeter-
wave band, achieving a wide bandwidth of 14.20 GHz spanning
from 25.98 GHz to 40.18 GHz.

(a) (b)

ﬁr_r’r_rm’f_" . & & 8 »
g U o s
.

L

0-0

(@

FIGURE 11. Design and fabricated prototype of the broadband antenna:
(a) &(c) Top view, (b)&(d) bottom view.

Figure 12 illustrates both the simulated and measured reflec-
tion coefficients Sj;. As observed from Figure 12, the mea-
sured reflection coefficient closely aligns with the simulated
one. The measured results confirm that the antenna is well
suited for the mm-wave band, offering a wide operating fre-
quencies of 14.2 GHz, from 25.98 GHz to 40.18 GHz (which
corresponds to a fractional bandwidth of 50.71%). The sim-
ulated results agree well with the measured ones. Figure 13
presents the radiation patterns in both the F-plane and H-
plane for co-polarization, along with cross-polarization mea-
surements at 28 GHz and 33 GHz. The antenna exhibits sta-
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FIGURE 12. Simulated and measured results of reflection coefficients.

ble and symmetrical radiation patterns in both planes, with
cross-polarization components approximately —30dB below
the main polarization. However, at higher frequencies, the ra-
diation patterns degrade due to increased electrical thickness of
the substrate and the presence of higher-order modes. Addition-
ally, the cross-polarization component increases as the electri-
cal thickness of the substrate and the relative permittivity of the
substrate increase with frequency.

The peak gain and efficiency versus frequency of the pro-
posed antenna are depicted in Figure 14. The antenna achieves
a peak gain of 7.20dB at 28 GHz, with a maximum gain of
7.87dB at 32.67 GHz. Additionally, it demonstrates good ra-
diation efficiency, ranging between 80% and 85% across the
desired bandwidth. Figure 14(b) depicts the 3D gain pattern
of the proposed antenna at 28 GHz, highlighting its strong ra-
diation performance in terms of gain and efficiency. Figure 15
illustrates the Voltage Standing Wave Ratio (VSWR) of the pro-
posed antenna, showing excellent impedance matching across
the desired band. The VSWR remains below 2, reaching a min-
imum value of 1.005 at 28 GHz. The antenna maintains a wide
bandwidth of 15 GHz, further demonstrating its robust perfor-
mance.

7. COMPARISON STUDY

Table 4 summarizes the comparison study of the proposed an-
tenna with existing works in the literature in terms of reso-
nance frequency, substrate type, gain, reflection coefficient,
impedance bandwidth (IBW), and directivity. From Table 2,
it is evident that the proposed antenna generally outperforms
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other works. It achieves high gain and a wide bandwidth
of 14.20GHz. In contrast, antennas presented in [4,5,7],
while being compact in size, suffer from lower bandwidth
and gain than the proposed antenna. Other antenna structures
in [4-9, 19-21] utilize high-cost Roger’s substrate materials to
achieve compact size and wide bandwidth. In contrast, the pro-
posed antenna for 5G applications is designed using a low-cost
FR-4 substrate. The use of parasitic patch mushroom structures
and DGS improves the antenna’s impedance bandwidth. The
proposed antenna offers more than 75% wider bandwidth than
recent literature, making it a promising choice for wideband ap-
plications.
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TABLE 4. Performance comparisons.

Ref. Year Fr (GHz) Dielectric materials Size (mm?) S11 (dB) | VSWR | IBW (GHz) | Gain (dB)
[7]12022 mm-Wave Rogers 8.4 x 6.2 x 1.57 —22.5 1.2 5.57 3.6
[8] 2022 mm-Wave Rogers 6 x 6 x 0.578 —40 1.1 1.3 7.6
[9]1 2022 mm-Wave Rogers 45 x 40 x 1.524 —35.87 1.3 4 7.51
[10] 2022 mm-Wave Rogers 8.2 x 14.5 x 0.254 | —12.59 1.4 0.582 6.69
[11]2022 mm-Wave Rogers 54x76x1.2 —15 1.5 0.4 6.22
[12] 2022 mm-Wave Rogers 6.28 x 7.235 x 0.5 | —13.48 1.3 0.846 6.63
[22] 2024 mm-Wave Rogers 5880 6.15 x 5.13 x 0.8 —35 N.A 39 52
[23]2025 mm-Wave Rogers 5880 25 x 33.5 x 1.6 —42 N.A 13.7 8.5
[24] 2024 mm-Wave Rogers 5880 10x 13 x 1.6 —30 N.A 4.5 6.5
This Work | mm-Wave FR-4 12 X 13 X 0.8 —41.41 1.005 14.20 7.20

8. CONCLUSION

This paper presents a compact broadband rectangular antenna
with high performance designed for the 5G mm-wave band,
utilizing a parasitic mushroom patch and defect ground struc-
ture (DGS). The antenna’s gain and bandwidth are enhanced
through the use of a parasitic mushroom patch. Additionally, to
extend the operating bandwidth to cover mm-wave frequencies
for 5G applications, two rectangular DGSs are incorporated.
The antenna prototype is fabricated and tested to validate the
simulated results. It features a low profile of 12 x 13 x 0.8 mm?>.
The proposed antenna achieves a gain ranging from 5dB to
7.89 dB and maintains high efficiency between 80% and 85%
across the entire bandwidth. Furthermore, the antenna demon-
strates a wide operating bandwidth of 14.20 GHz, spanning
from 25.98 GHz to 40.18 GHz. With these characteristics, the
proposed antenna emerges as a strong candidate for 5G appli-
cations in the mm-wave band (28 GHz/38 GHz).
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