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ABSTRACT: This study investigates a high-gain, miniaturized antenna array featuring semicircular Defected Ground Structures (DGSs)
based metamaterial designed for wideband smartphone applications. The antenna array, measuring 49 × 25mm2, is constructed on an
FR4 substrate with a dielectric constant of 4.3 and a thickness of 1.6mm. The design incorporates two orthogonal antennas, each with
a U-shaped radiating patch and a semicircular DGS to control bandwidth and reduce size. A T-shaped stub is positioned at the center
of the U-shaped radiating area, with a star-shaped element attached to the leg of the T-shaped stub to enable wideband operation. The
antenna demonstrates strong S11 performance, achieving approximately −38 dB at 5.8GHz and −42 dB at 8.1GHz, making it ideal
for Sub-6GHz and C-band applications. The proposed antenna array operates across a frequency range from 4GHz to beyond 10GHz,
reaching a peak gain of 11 dBi and an efficiency of 95%. A time-domain analysis was conducted to verify radiation efficiency, and the
specific absorption rate (SAR) is approximately 0.0475 for 1 g of tissue and 0.0101 for 10 g of tissue at 4.5GHz, confirming the array’s
suitability for wideband smartphone devices within the target frequency band. The simulated and experimental results of the proposed
antenna array show excellent agreement.

1. INTRODUCTION

Mobile telecommunications facilities are becoming increas-
ingly widespread worldwide. People often use their

phones close to their heads. As wireless mobile services ex-
pand globally, mobile phone manufacturers must consider the
interactions between human bodies andmobile devices. On one
hand, the electromagnetic waves emitted by the antenna are par-
tially absorbed by the human skull. On the other hand, the pres-
ence of a human head affects several characteristics of mobile
phone antennas, such as radiation efficiency, bandwidth, return
loss, and radiation pattern. For the fifth-generation (5G) con-
nectivity, the majority of academic institutions have focused on
achieving high throughput and high data rates at a low cost [1–
5]. The 5G communication systems are expected to offer data
rates 1000 times faster than the fourth-generation (4G) commu-
nication systems [1]. The 5G Radio Access Networks (RANs)
are anticipated to manage multiple 5G bands concurrently, in
addition to a variety of frequencies [6]. Numerous metrics have
been developed by the ITU-R to assess the demand for the spec-
trum necessary for international mobile telephony (IMT). The
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ITU-R recently completed nearly all of the research required
to meet the 2020 demand for this spectrum [7]. The proposed
antenna is capable of covering the ITU n79 (4.4–5GHz) and
C-band (4–8GHz) 5G frequency bands. Extensive studies in-
dicate that the lower frequency range will provide significantly
superior coverage for contemporary wireless communications.
5G communication is expected to offer greater data speeds and
larger coverage areas with outdoor-to-indoor network coverage
by utilizing frequency bands lower than 6GHz [8]. Printed
antenna technology is widely used in many well-performing
sub-6GHz antenna designs described in the literature. Modern
technologies have produced extremely small and highly effi-
cient antennas. The most popular type of antenna in this cat-
egory is printed microstrip slot antenna [9–13]. Slot antennas
are applicable to a wide range of applications, including 4G
LTE, WLAN, Bluetooth, and WiMAX. In addition to the uses
mentioned above, slot antennas are extensively utilized in wire-
less 5G applications, most of which now involve mobile termi-
nal devices. The proposed rectangular slot antenna design is
primarily aimed at sub-6GHz 5G applications for phones and
portable devices.
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The literature describes various slot antenna design meth-
ods, including transformer triple-band slot antenna [9], cross-
formed slit coupler antenna [14], round patch antenna with
asymmetric open slits [15], octagonal slit antenna with U-
shaped strips for ultra-wideband (UWB) applications [16],
monopole patch with a square slit and L-shaped strips [17],
and C-shaped coupled-fed antenna with an L-shaped monopole
slot featuring orthogonal polarization [18]. Additionally, a
broad slot antenna with hypothetical resonances is also noted
[19]. Other identified antenna types include user-hand effect
F-shaped slotted multiple-input multiple-output (MIMO) an-
tenna [20], dual monopole antennas with rectangular etched
slots and a T-shaped stub [21], an elliptical patch with an el-
liptical slot and dipole feed [22], an antenna with complemen-
tary split-ring resonator (CSRR) slots, a meandered coplanar
waveguide (CPW) feed [23], and U-shaped slot antennas.
However, the comparatively high gain, enhanced efficiency,

and compact size of printed slot antenna designs remain a chal-
lenge. Several disadvantages of slot antennas for 5G applica-
tions in the sub-6GHz region are documented in [24, 25]. These
disadvantages include large slot sizes, narrow impedance band-
width, low gain, low efficiency, etc. Because 5G portable de-
vices have limited space, the antenna must be integrated with
the dielectric back cover of the phone. This makes low-profile
antennas essential for 5G applications. Specifically, the total
thickness of the antenna at 3.3GHz should be around 1mm
[26].
The specific absorption rate (SAR), a well-defined metric,

is used to calculate the amount of energy absorbed by hu-
man tissue. SAR limits are safety regulations set by the Fed-
eral Communications Commission (FCC) to protect consumers
from radio-frequency radiation. According to IEEE standards
for SAR [27], it is the time derivative of the excess energy ab-
sorbed (or dissipated) by a mass contained in a volume element
with a specific density (1/2). The SAR limit for any 10 g of
tissue is 2W/kg, according to IEEE C95.1:2005 [27]. The rec-
ommendations of the International Committee on Non-Ionizing
Radiation Safety and this limit are comparable [28–30].
This study illustrates the architecture and implementation

of a high-gain compact antenna array with semicircular de-
fected ground structure (DGS)-based metamaterials for wide-
band smartphone applications. A transmission line provides
the feed for the U-shaped radiating patch. The antenna can
be miniaturized by reducing its size and adjusting the band-
width through the semicircular DGS etched beneath the radi-
ating patch. The antenna array design incorporates two orthog-
onal antennas. The U-shaped configuration of the single radiat-
ing patch is intended to minimize the antenna area and manage
bandwidth using the semicircular DGS. To enable wideband
operation, a T-shaped stub is attached at the center of the U-
shaped radiating area, with a star-shaped element placed in the
center of the T-shaped stub’s leg. The proposed array can op-
erate between 4GHz and over 10GHz, achieving a maximum
gain of 11 dBi and a maximum efficiency of 95%. The antenna
functioned as intended during simulations when the dielectric
rear cover and human head-hand model were included. A safe
use value of 0.0101W/kg for SAR at 4.5GHz, with superior

efficiency and radiation patterns, has been established by the
investigation. Excellent agreement is found between the mea-
surements and models.

2. PROPOSED ANTENNA ELEMENT STRUCTURE
In this section, highly efficient and compact designs for wide-
band antenna structures are introduced. The proposed antenna
structures based semicircular slot DGS is designed on an FR4
substrate of thickness h = 1.6mm, dielectric constant/relative
permittivity εr = 4.5, and loss tangent δ = 0.025. The pro-
posed radiating patch is intended to have a U-shape structure
with a transmission line feed having a width L2. Beneath the
radiating patch, a semicircle-DGS is engraved to control the
bandwidth and minimize the aspect of the antenna. A T-shaped
stub construction is affixed in the centre of the U-shaped radi-
ating area, and a star-shaped element is affixed in the centre of
the leg of T-shaped stub to enable wide-band operation as pre-
sented in Figure 1. The sizes of the printed planned U-shaped
antenna, which is DGS, are 21× 21mm2.

FIGURE 1. The modelled single element structure.

Figure 2 shows the procedure for making an antenna patch
step-by-step. Initially, a rectangular radiating patch is modelled
with the dimensions W3 × W4. The sides of the rectangular
patch are found using Equations (1) and (2) [31], and thematch-
ing reflection coefficient |S11| is plotted in Figure 2(b). As re-
vealed in Figure 2(b), the bandwidth of the first stage extends
from 3.8GHz to 4.5GHz.

W3 =
C

4fo

√
εr+1
2

(1)

W4 =
C

4fo
√
εeff

(2)

εeff =
εr + 1

2
+
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2

1√
1 + 12 h

W3

(3)

In this case, h, εeff, C, and fo stands for FR4 substrate’s height,
equivalent permittivity, (3×108m/s) rapidity of light, and cen-
ter frequency, correspondingly.
To improve impedance matching and attain resonance in the

WB spectrum, a rectangular ring is constructed on the patch’s
surface, as seen in the second stage. Rectangular ring tends to
create bandwidth responses between 3.8GHz to 4.5GHz and
between 9GHZ to 10GHz, as seen in Figure 2(b). A plus sign
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Stage 1 Stage 2 Stage 3

Stage 4 Proposed design Background for all stages

(a)

(b)

FIGURE 2. (a) Phases of the planned U-Shaped antenna’s progressive design, and (b) reflection coefficient |S11| of different phases.

TABLE 1. Parameters of designed antennas in millimetres.

W1 W2 W3 W4 L3

21 21 13.5 7.35 5.33
R Wslot Lstub Wstub W5

9.5 0.3 4.1 0.5 0.8
W6 W7 L1 L2

0.8 4.3 6 0.86

shaped stub was formed at the third step’s center of the preced-
ing phase, as shown in Figure 2. Figure 2 illustrates how adding
a plus sign shaped stub frequently produces a WB response
and improves impedance matching. Figure 2(b) displays the
corresponding S11 from 3.8GHz to 6GHz and from 9GHz to
10GHz. Further, impedance matching is realized, as demon-
strated in the suggested single antenna element, by making a
cross sign shaped stub around the plus sign shaped stub in the
fourth step. This tends to widen the bandwidth from 4.2GHz to
9.8GHz. For further enhancement, a slot is made in the top side
of the rectangular ring in the proposed element. Figure 2(b) dis-
plays the corresponding S11 from 4GHz to more than 10GHz.
The Computer Simulation Technology (CST) Microwave Stu-

(a) (b)

FIGURE 3. Fabricated single element structure.

dio v2019 is applied to the scheme and virtual reality processes.
The formal features of the radiator element are listed in Table 1.
A single element is fabricated, and Figures 3(a) and (b) present
a shot of the finished antenna buildings.
Figure 4(a) illustrates how the single element of proposed

antenna is computer-generated by a 50-ohm proximity-coupled
microstrip line. The Gain Transfer Method/Gain Comparison
Method has been used to evaluate the gain of the planned an-
tenna design in accordance with the IEEE standard test proce-
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(a) (b)

(c) (d)

FIGURE 4. (a) Reference impedance of planned single antenna, (b) gain, (c) efficiency, and (d) simulated and measured S11.

FIGURE 5. The measured and simulated 2D radiation patterns.

dure. The gain computation uses a single reference antenna that
is located on an antenna positioner within an anechoic chamber,
and it has a known gain. After that, the built prototype is ori-
ented to face the direction of maximum radiation and to run
parallel to the reference horn antenna. In order to calculate the
gain of the planned antenna in relation to the reference antenna,
we activated the S21 parameter during the measurement proce-
dure using Vector Network Analyzer (VNA). The proposed an-
tenna’s realized peak gain is 7 dBi as displayed in Figure 4(b).

Since all antenna measurement tools are automated, the gain
is determined prior to the directivity and reflection coefficient.
The antenna’s efficiency is computed last. According to the
observed data, the constructed prototype radiates at a total ef-
ficiency of around 91%, which is similar to the outcomes of
the simulations displayed in Figure 4(c). Figure 4(d) demon-
strates the computer-generated and observed return loss of the
planned single antenna. In Figure 4(d), the result indicates the
computer-generated and measured reflection coefficient BW

(|S11| < −10 dB) from 4GHz to more than 10GHz, indicat-
ing 5G sub-6GHz (4.5GHz) and C-band (4GHz to 8GHz).
Figure 5 depicts the computer-generated and observed 2D

radiation patterns of the proposed antenna at the desired fre-
quencies of 4.5GHz, 6GHz, and 8GHz. Co-polarization and
cross-polarization plots are presented in the radiation pattern for
both the E-plane andH-plane. It is clear that the observed and
computer-generated patterns are closely matched. The slight
discrepancies between the observed and computer-generated
results may be due to inaccuracies during the manufacturing
and soldering of the connectors. Additionally, the settings of
the anechoic chamber, which may contain additional metal, can
contribute to the variations in the measured S-parameters and
radiation patterns.
Figure 6 displays the appropriate surface current distribution

of the suggested antenna for 4.5GHz, 6GHz, and 8GHz. The
transmission feed line is where the most of the currents were
found to be flowing. It is demonstrated that the currents are
concentrated near the surface of the antenna. Therefore, the
BW will be broadened as a result of these currents.
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FIGURE 6. Distribution of surface current in a single-element antenna.

FIGURE 7. The planned WB antenna array configuration’s structural design. The modelled antenna array geometry.

3. ARRAY ANTENNA WITH DGS-BASED METAMATE-
RIAL CONFIGURATION

The development of the orthogonal U-shaped antenna array
with a semicircular DGS for operating frequencies ranging
from 4GHz to 10GHz is shown in this section. The ratio-
nale behind the planned antenna array is to use two compo-
nents from the single element in the preceding section by a
100-ohm proximity-coupled microstrip line that is 90◦ inclined
relative to each other in order to broaden the BW and boost
the gain. The planned antenna array is made on an FR4 sub-
strate with a 0.025 loss tangent and dielectric constant 4.3, as
shown in Figure 7. The antenna array is stimulated by means
of a 50-ohm proximity-feed microstrip line, as shown in Fig-
ure 8(a). The geometric design aspects are explained in de-
tail. The ideal design specifications are shown in Table 2. A
simplified depiction of a wideband antenna’s electrical behav-
ior using lumped components such as resistors, capacitors, and
inductors is called an equivalent circuit model. This method
aids in the analysis and comprehension of the resonant behav-
ior, impedance matching, and antenna performance. Wideband
antennas are made to function across a wide range of frequen-
cies. Wideband antennas have several resonances or a contin-
uous response throughout a broad frequency range, in contrast
to narrowband antennas that only have one resonance. To il-

TABLE 2. The ideal parameters for the planned antenna array (in mil-
limetres).

d 1.86
d1 1.3
Wx 49
Wy 25
Lf 3.8
Ws 6.4
Wf 3.2
Ls 4.09

lustrate this in a circuit that is comparable: Radiation losses
and ohmic losses are represented by resistors (R); inductive ef-
fects brought on by current routes or antenna structures are rep-
resented by inductors (L); and capacitive coupling and energy
storage are represented by capacitors (C). By combining these
elements, the antenna’s frequency-dependent impedance can be
modeled.
An appropriate approximation aimed at a thin band antenna

is LC resonant circuit. The entire wideband resonances of the
UWB antenna are formed by the overlying resonant frequencies
of a cascade of LC resonators that make up broadband anten-
nas. Advanced Design System (ADS) program is employed to
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TABLE 3. The component circuit’s final findings.

Lo Co R1 L1 C1 R2 L2

0.158 nH 0.085 pF 60.96Ω 1.425 nH 1.89 pF 60.67Ω 0.894 nH
R3 L3 C3 R4 L4 C4 C2

42.84Ω 0.098 nH 1.56 pF 59.19 Ω 0.163 nH 0.792 pF 0.79 pF

(a) (b)

(c) (d)

FIGURE 8. (a) Reference impedance of the planned antenna array, (b) wide band antenna equivalent circuit, (c) ADS and CST outcomes, and (d)
planned antenna equivalent circuit.

design the circuit of the UWB antenna. The lumped element
of the circuit is shown in Figure 8(b), and its components are
listed in Table 3. The virtual reality results for the similar cir-
cuit and perfect simulation are contrasted, as shown in Figure
8(c). Equations (4) and (5) can be utilized to determine the Lo
and Co components for the transmission line in the proposed
antenna’s equivalent circuit design [32]. Equations (6) and (7)
are utilized to determine the inductance and capacitance for the
lumped circuit components. After combining and adjusting the
component values, the antenna equivalent circuit is drawn us-
ing ADS software. The obtained results for the total resonant
frequencies between the CST and ADS programs are depicted
in the figure as being in good agreement. The final circuit of
WB antenna array is shown in Figure 8(d).

Lo = 100h
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4

√
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)
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2
L
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In this case,Wf , h, εr stand for width of the feed, thickness of
substrate, and dielectric constant, respectively.
After the antenna array is built, views of the completed

antenna structures are shown in Figures 9(a) and (b). The
computer-generated and observed reflection coefficient |S11|
curves are shown in Figure 10(a). High agreement between the
computer-generated and observed findings is shown by the out-
comes, and the observed return loss BW (|S11| < −10 dB) cov-
ers from 4GHz to 10GHz, showing C-band (4GHz to 8GHz)

FIGURE 9. Fabricated antenna array.
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(a) (b)

(c)

FIGURE 10. Computer generated and observed values, (a) return loss, (b) efficiency and (c) gain.

FIGURE 11. 3D radiation design of planned array.

FIGURE 12. 2D radiation shape of planned array.

and 5G sub-6GHz (4.5GHz). Figures 10(b) and (c) show the
gain and efficiency. The maximum efficiency and gain of the
antenna are brought into being to be 95% and 11 dBi, respec-
tively.

Figures 11 and 12 show the 3D and 2D radiation characteris-
tics at frequencies of 4.5GHz, 6GHz, and 8GHz, in that order.
Both the computer-generated and observed radiation contours
for theE andH planes are shown. The antenna exhibits the typ-
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FIGURE 13. Distribution of surface currents of planned array.

(a)

(b)

(c)

FIGURE 14. Pattern of time-domain analysis in dissimilar simulation setups.

ical monopole radiation characteristics. It is evident from the
simulated results that radiation is emitted from the suggested
antenna in all directions. The computer-generated and observed
radiation forms accord fairly well. Figure 13 displays the ap-
propriate surface current distribution of the suggested antenna
for 4.5GHz, 6GHz, and 8GHz. The transmission feed line is
where the most of the currents were found to be flowing. It is
demonstrated that the currents are concentrated near the surface
of the antenna. Therefore, the BWwill be broadened as a result
of these currents.

4. EVALUATION OF THE ANTENNA'S TIME-DOMAIN
PERFORMANCE
The presentation of the antenna in the time domain is thor-
oughly examined, covering group delay, S21 phase, and for-
ward transmission coefficient (S21). Figure 14 displays the
computer-generated time-domain formation in three different

configurations, (face-to-face (FF), face-to-side (FS), and side-
to-side (SS)). In each of these configurations, two duplicate an-
tennas are positioned 125mm apart, or 2.5 times of the wave-
length (λ0) at 6GHz. Single antenna serves as the transmitter
(Tx) and the other as the reception one (Rx) in these arrange-
ments. Figure 15 shows the group delay, S21 phases, and S21

magnitudes. In contrast, the FF and SF antenna designs have an
S21 value below −40 dB at 4.5GHz, lower than −50 at 6GHz
and 8GHz. This is clearly shown in Figure 15(a), where the
SS antenna design has an S21 value around −25 dB at 4.5GHz
and 6GHz and rises to −32 dB at 8GHz. To further appreci-
ate the linearity features inside the planned band operation, Fig-
ure 15(b) also shows the S21 phase. The phase curves designate
that the antenna displays linear activities inside the wanted fre-
quency range crossways different placements. To support this
finding, Figure 15(c) offers the group delay data. The group de-
lay is roughly 0.1 ns at 4.5GHz, and about 0.05 ns and 0.19 ns
at 6GHz and 8GHz, respectively.
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(a) (b)

(c)

FIGURE 15. Performance analysis of the proposed antenna in the time domain. (a) Transmission forward coefficient, (b) S21 phase, and (c) group
delay.

(b) (c)

(a)

FIGURE 16. (a) Diagram of antenna with dielectric back cover; (b) antenna arrangement configuration using hand phantom model; and (c) Designed
antenna with a HPM for SAR analysis.

5. FEATURES OF RADIATION AND THE INFLUENCE
ON THE OPERATOR'S HAND AND HEAD

Specific absorption rate (SAR) is a statistic used to quantify the
quantity of electromagnetic (EM) radiation that is engrossed by
the human body when a mobile phone is used [33–37]. Since
the proposed antenna array is attached to the rear cover, the
SAR value must be predicted. The dielectric substance used to
make this rear cover has a loss tangent of 0.002 and a permittiv-
ity of 3.32. The antenna arrangement on the rear cover, which
measures 150× 70× 1.2mm3, is shown in Figure 16(a).

Since the planned antenna is meant to be used with mobile
phones, it is imperative to estimate its SAR. As Figure 16(b)
shows, the planning architecture is meant to judge the EM en-
grossed by the person’s head using a human head phantom
model (HPM). The antenna is positioned at a 65◦ angle with
respect to the perpendicular axis that is negative. It is impor-
tant to remember that, as discussed in [38], the departure space
among the antenna element and various body components has a
considerable impact on the SAR value. The simulation used in
our work places the antenna array 5mm from the HPM, more
precisely, close to the mouth and ear areas.
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FIGURE 17. The results of SAR analysis at 4.5GHz.

FIGURE 18. S-parameter readings in data mode while the hand is present.

(a) (b)

FIGURE 19. The effects of user hand and head movements on the recommended antenna array’s 3D radiation characteristics at 4.5GHz (a) talking
mode, and (b) data mode.

The array antenna’s setup is shown on a Single Hand Mode
model (SHM) in Figure 16(c), which is intended to judge the an-
tenna’s functionality in data mode. The antenna is oriented in a
way that maximizes user comfort in various settings. Specifi-
cally, there is a little space about 0.2mm between the array an-
tenna’s ground plane and theHPM. The antenna’s configuration
is shown on an SHM model in Figure 16(c), which is intended
to assess the antenna’s functionality in data mode. The antenna
is oriented and positioned in a way that maximizes user com-
fort in various settings. Specifically, there is a little distance
of around 0.2mm between the antenna’s ground plane and the
hand phantom model.
Figure 17 displays the SAR value obtained from simula-

tions. It is imperative to note that the computer-generated SAR
sprays inside the satisfactory range of conventional SAR val-
ues (1.6W/kg). The influence of the operator’s hand on the

antenna array is evaluated for sub-6GHz 5G at the 4.5GHz
resonance frequency. Crucially, the antenna’s effectiveness is
greatly impacted by its placement above the hand. The simu-
lation results for the proposed structure’s SAR1 g and SAR10 g
at 4.5GHz with 15 dBm power are shown in Table 4. It is
obvious that the SAR10 g values at 4.5GHz are comparable to
0.0101W/kg, which is within permissible parameters and that
all of the computer-generated values comply with the structural
constraints set by the FCC and International Commission on
Non-Ionizing Radiation Protection (ICNIRP) standards.
Figure 18 shows how the S-parameters have changed. It is

found that announcing dielectric loading via the SHM leads to
a lessening in impedance matching. Figure 19 illustrates the
radiation patterns of the antenna once a head model, a hand
model, and a rearmost antenna with a back cover are added to
the setup.
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TABLE 4. 15 dBm power simulations of the proposed structure’s SAR1 g and SAR10 g.

Distance 5mm Distance 10mm

Frequency SAR1 g (W/kg) SAR10 g (W/kg) SAR1 g (W/kg) SAR10 g (W/kg)

At 4.5GHZ 0.0475 0.0101 0.0357 0.0095

TABLE 5. Detailed comparison of the planned antenna with the past work.

Ref Size
Operating
Band (GHz)

Covered wireless
standards

Gain (dBi) Efficiency SAR

[9] 0.46λ0 × 0.29λ0

2.3–3.0
3.25–3.68
4.9–6.2

WiMAX-WLAN-
C band

4.32 NA NA

[16] 0.24λ0 × 0.18λ0 3.1–10.6
WiMAX-WLAN-

X band
2.5 NA NA

[17] 0.38λ0 × 0.34λ0

2.34–2.82
3.16–4.06
4.695.37

WiMAX-WLAN 3.02 55% NA

[22] 0.9λ0 × 0.78λ0 2.75–5.45 WiMAX-WLAN 8.4 NA NA

[24] 0.39λ0 × 0.28λ0

3.5–3.75
4.85–5.2
5.5–5.7

WiMAX-WLAN-
C band

8 40% NA

[39] 0.24λ0 × 0.19λ0

4.8–5.18
5.63–5.95
6.25–6.83

WiMAX-WLAN-
C band

8 95% NA

[40] 0.62λ0 × 0.62λ0 1.09–2.08
5G NR-Wi-Fi-

UMTS
8.1 80%

SAR10 g =

0.007 (W/kg)

[41] 0.82λ0 × 0.69λ0 4–6
WiMAX-WLAN-

C band
8.2 NA

SAR10 g =

0.1 (W/kg)

[42] 0.3λ0 × 0.17λ0
3.29–3.63
4.39–5.2

WiMAX-WLAN-
C band

7.17 92% NA

[43] 0.7λ0 × 0.7λ0 3–6
WiMAX-WLAN-

C band
4 98%

SAR10 g =

1.8 (W/kg)

[44] 0.260λ0 × 0.25λ0
11.81/4.27/4.29/

6.62/3.27/4.22/8.13
WiMAX-WLAN-

KU-X band
4 80% 0.13

[45] 0.4884λ0 × 0.4329λ0
5.11/7.33/11.70/
6.38/12.03/5.62

WLAN-WiMAX-
C-X-KU band

4 84% NA

[46] 0.299λ0 × 0.4385λ0 3.5/ 5/ 5.8 WLAN-WiMAX band 3.31 82.9% NA

[47] 0.7λ0 × 0.58λ0
28.48/11.32/41.33/

26.82/6.76/8.50/11.79
WLANWiMAX-
X-C-KU band

3.9 82% NA

[48] 0.55λ0 × 0.4λ0
2.42/4.34/5.81/8.45/

11.02/13.98/16.12/18.87
S- C- X-

Ku- K band
3.5 82% NA

Proposed
work

0.8λ0 × 0.5λ0 4-more than 10
5G sub 6GHz-

WLAN-WiMAX-C-X band
11 95%

SAR10 g =

0.0101 (W/kg)
SAR1 g =

0.0475 (W/kg)
Where λ0 represents the free-space wavelength.
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TABLE 6. SAR comparison among the planned scheme and past work.

Ref. Distance (mm) Power (dBm) No. of ports SAR1 g (W/kg) SAR10 g (W/kg)

[49] 5 24 2 1.35 Non

[50] Non Non Non 1.42 0.3

[51] Non 24 8 Non 1.2

[52] Non Non 2 Non 0.37

Proposed work 5 15 1 0.0475 0.0101

6. COMPARISON WITH RELATED WORK
It is difficult to give up small dimensions for a wideband an-
tenna with exceptional performance, despite efforts to create
one with a low profile and high gain. This work presents a
high-gain super-compact wideband antenna array with a semi-
circular DGS for 5G smartphones and C-band application. The
influence of human tissues and the dielectric back cover were
studied since they are believed to be the most relevant in terms
of mobile terminal applications. The suggested structure is cre-
ated for 5G sub-6GHz and C-band requests
The planned antenna shows exceptional characteristics and

functionality with respect to size, operating band (GHz), and
gain (dBi) compared to the works provided in the publications
in Table 5. Table 5 lists the competing variants of the antenna
designs that are available. These variations are displayed in the
comparison. The findings clearly show that the planned an-
tenna, which is appropriate for 5G terminal devices, is smaller
than the reference antennas and has the highest gain. To make
it easier to compare the SAR levels, Table 6 is added. Table 6
makes it evident that, in comparison to the SAR values reported
in earlier studies, the finalized antenna array’s results usually
display a lower level.

7. CONCLUSION
In this study, we propose a high-gain, ultra-compact, and ef-
ficient wideband antenna array with a semicircular DGS-based
metamaterial for 5G smartphones andC-band applications. Our
design incorporates two orthogonal antennas to enhance the
gain. Simulations were conducted using CST software to op-
timize the size of the antenna elements. The proposed antenna
array achieves a high efficiency of 95% and operates in the fre-
quency range of 4GHz to over 10GHz, with peak gain val-
ues reaching 11 dBi across this range. A thorough time-domain
analysis was conducted to validate the radiation efficiency of
the antenna array. Additionally, SAR analysis confirms that
the array is suitable for 5G mobile devices operating within
the target frequency range. The simulated and experimental re-
sults show excellent agreement. This study’s future is broad and
bright, propelled by developments in wireless communication,
new applications, and the increasing need for dependable, fast
connectivity. Important fields are as follows in which antenna
technology will be crucial: beamforming, smart antennas, and
massive MIMO.
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