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Abstract—In this research, a novel dual-band antenna is
proposed to operate at resonant frequencies of 28 GHz and
38 GHz, which are significant for millimeter-wave 5G
applications such as smart cities and the Internet of Things
(IoT), utilizing an FR-4 substrate. This study employs a
Complementary Split Ring Resonator (CSRR) in conjunction
with a Defected Ground Structure (DGS) to achieve dual-
band resonant frequencies. This innovative approach
enhances key performance metrics, facilitating efficient
operation across multiple frequency bands, particularly
bandwidth and S11 value. The proposed antenna
demonstrates significant improvements, offering an
impedance bandwidth of 4.63 GHz and 4.66 GHz for the 28
GHz and 38 GHz bands, respectively. Notably, we obtain an
S11 value of —25 dB in the first band (28 GHz) and an S11
value of —70 dB in the second band (38 GHz), demonstrating
excellent performance. The directional characteristics of the
antenna are evident in the E-plane pattern, focusing the
signal in a specific direction. Conversely, the H-plane layout
provides omnidirectional coverage, ensuring signal
dispersion in all directions. Furthermore, to introduce
reconfigurability, Positive Intrinsic Negative (PIN) diodes are
integrated to alter the resonant frequencies and radiation
pattern direction, enhancing the antenna’s adaptability. The
design process utilizes Computer Simulation Technology
(CST), with validation performed using High Frequency
Simulation Software (HFSS) to ensure the accuracy and
reliability of the results.

Keywords—dual band, millimeter-wave, SG applications,
Complementary Split Ring Resonator (CSRR), Defected
Ground Structure (DGS), reconfigurability, Positive
Intrinsic Negative (PIN) diodes

I. INTRODUCTION

In today’s technological landscape, individuals'
utilization of wvarious applications is continuously
increasing, potentially leading to congestion within
communication channels. However, attributing the
solution solely to 5G technology would be misleading, as
it cannot single-handedly meet the escalating demands for
data rates and bandwidth imposed by these applications.
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While 5G undoubtedly brings improvements in these areas,
it is not the sole panacea [1]. Additionally, the
development of advanced antennas optimized for
millimeter-wave (mmWave) frequencies is crucial [2-5].
These antennas enable efficient transmission and reception
of signals in the mmWave spectrum, contributing
significantly to the enhancement of wireless
communication systems. The favored approach no longer
leans towards utilizing a solitary antenna element emitting
at a specific frequency [6]. Hence, there is a growing need
to improve antennas to be reconfigurable. The term”
reconfigurable antenna” itself suggests its properties such
as frequency agility, and sometimes it can include changes
in radiation pattern and even polarization direction
according to the application requirements [7, 8]. This
adaptability enhances the versatility of antennas, allowing
them to dynamically adjust to varying environmental
conditions and communication needs. Furthermore, the
demand for 5G technology has surged tremendously,
leading to an increased demand for antennas operating in
millimeter-wave technology [2]. In the literature,
numerous researchers have put forth various antenna
designs tailored for 5G applications operating within the
millimeter-wave spectrum, with particular emphasis on the
bands at 28 GHz and 38 GHz [9-11].

The novelty of this work lies in the integration of split
ring resonator metamaterial [12—15] and a defected ground
structure [16, 17] to enhance the antenna’s performance.
Additionally, by incorporating reconfigurability functions,
this antenna is engineered to be smart, and capable of
adapting its functionality dynamically to various
operational scenarios. Additionally, the implementation of
reconfigurability functions enables the antenna to operate
as a multifunctional unit, eliminating the need for multiple
antennas. This transformative approach not only enhances
performance but also streamlines design complexity,
making the antenna a versatile and efficient solution for
modern communication systems.

In this study, we introduce a novel dual band antenna
design tailored for 5G applications operating within the
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millimeter-wave spectrum. Firstly, we present a dual-band
microstrip patch antenna inspired by metamaterial and
Defected Ground Structure (DGS). This antenna operates
efficiently at two resonant frequencies, namely 28 GHz
and 38 GHz, both critical for 5G deployment. Secondly,
we propose a reconfigurable antenna operating within the
same resonant frequencies. This antenna offers versatility
by exhibiting different radiation patterns in the E-plane
and H-plane. Achieved through the integration of a
Positive  Intrinsic  Negative  (PIN) diode, this
reconfigurability enables the antenna to spread its
coverage in various directions, enhancing its adaptability
to diverse communication scenarios.

II. ANTENNA CONFIGURATION

The microstrip patch antenna, depicted in Fig. 1, boasts
compact dimensions of 11.8x13.9x1.6 mm® and
showcases a sophisticated design. Its radiation element,
resembling balanced pans inspired by complementary split
ring resonator metamaterials, is meticulously crafted from
copper with a thickness of 0.035 mm. The ground plane,
fashioned in the shape of an inverted T, mirrors this copper
construction. Driving its performance is the choice of
substrate a 1.6 mm thick FR4 with a permittivity of 4.3
which facilitates efficient signal propagation. The
integration of a Defected Ground Structure (DGS) and
metamaterials further enhances the antenna's capabilities,
elevating its performance to new levels. Specifically, the
DGS technique is utilized in this study to expand the
impedance bandwidth and refine the radiation pattern. The
antenna’s parameters, critical for its operation, are
calculated using rigorous equations and fine-tuned to meet
specific performance criteria outlined in Table I. To
validate these results, simulations are conducted using
advanced software such as Computer Simulation
Technology (CST) Microwave and Ansoft High-
Frequency Structure Simulator (HFSS), ensuring accuracy
and reliability in real-world applications. Before proposing
this structure, we utilized the equations to calculate the
dimensions Wp and Lp of the initially proposed antenna
depicted in Fig. 2(a). These dimensions were determined
based on the formulas provided in reference [18, 19]. This
structure yielded two resonant frequencies of 37.76 GHz
and 28.54 GHz, with a bandwidth of 14 GHz, as shown in
Fig. 3. While these results are promising, our goal is to
further enhance the design by incorporating PIN diodes for
reconfigurability and achieving multiple resonant
frequencies. To this end, we propose adding resonators on
the left and right sides of the radiator element of the initial
structure by cutting two rectangles, as illustrated in
Fig. 2(b). By inserting these two resonators and employing
the DGS technique, we aim to achieve the two resonant
frequencies for 5G applications: 28 GHz and 38 GHz, as
mentioned earlier.
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Fig. 1. The proposed antenna (a) Front view; (b) Optimized partial
ground 2 (Proposed), (c) Optimized partial ground 1.

TABLE I. THE DETAILED PARAMETERS OF THE PROPOSED ANTENNA

CONFIGURATION
Parameter Value (mm) Parameter Value (mm)
Wp 7.45 Y 0.4
Lp 3 Y2 0.5
Lgl 4 g 0.1
Wgl 11.8 Ws 11.8
e 0.32 Ls 13.9
t 0.2 X1 1.8
Wf 1 Y1 4.45
Lf 3.6 Wg2 .8
X 2.1 Lg2 9.9
Ws
wp
E—
Ls te
1f| [wf
(a) (b)

Fig. 2. Initial structure of the proposed antenna: (a) Step 1; (b) Step 2.
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Fig. 3. Initial S11 results for antenna design steps 1 and 2.

III. RESULTS AND DISCUSSION

A. S11 and VSWR

Fig. 4 (a) illustrates the S11 results depicting the
evolution in antenna design. It’s evident that the antenna

functions within the millimeter wave spectrum,
particularly in the 24 GHz to 40 GHz range, yielding two
resonant frequencies: 28 GHz and 38 GHz, with S11
values of —25 dB and —70 dB respectively. This is
accompanied by an expansion in bandwidth within these
ranges, attributed to the combined use of metamaterial and
Defected Ground Structure (DGS). In the initial iteration,
utilizing a full ground, the antenna exhibited two resonant
frequencies with enhanced bandwidth, albeit with lower
S11 values, especially at the first resonant frequency.
Subsequent optimization, seen in Iterations 2 and 3 where
partial ground was employed, resulted in a shift toward the
desired resonant frequencies of 28 GHz and 38 GHz.
These frequencies are sought after for their applicability in
5G technologies. In Fig. 4(b), the Voltage Standing Wave
Ratio (VSWR) for the antenna stays below 2 within the
two frequency bands, enabling the antenna to operate
effectively.

Full Ground
Optimzed Partial Ground 1
Optimzed Partial Ground 2|

S11 (dB)

-40

-50

-60

-70

24 26 28 30 32 34 36 38 40

Frequency (GHz)
(@

Voltage Standing Wave Ratio (VSWR)‘

238

26

24

22

20

24 26 28 30 32 34 36 38 40
Frequency

(b)
Fig. 4. The antenna’s results of: (a) S11 and (b) VSWR.

B. 3D Gain and Radiation Patterns

In terms of gain, as shown in Fig. 5, the antenna has a
positive gain in both frequencies, averaging 2.245 dBi,
suggesting that it is useful for signal transmission and
reception. This gain is critical for optimizing the antenna’s
performance in a variety of communication applications.
As seen in Fig. 6, the radiation patterns exhibit distinct
properties required for antenna deployment. The E-plane
pattern exhibits directional behavior by concentrating the
signal in a certain direction, which is useful for point-to-
point communication or directing signal strength to a
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specified target area. In contrast, the H-plane layout
provides omnidirectional coverage, evenly spreading the
signal in all directions. This omnidirectional feature is
useful for applications requiring wide coverage, such as
wireless networks or broadcasting systems, as it ensures
constant signal reception from multiple directions.
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Fig. 6. Radiation patterns at: (a) 28 GHz and (b) 38 GHz.

C. Result of Varying the Antenna Parameters

In this section, we aim to investigate the effects of
altering antenna dimensions, particularly those pertaining
to split ring resonators and the ground plane, on the overall
performance. In Fig. 7(a), it is observed that varying the
distance (t) between the two resonators from 0.2 mm to 0.1
mm with a step size of 0.025 mm does not significantly
affect the S11 results, except for the emergence of an
intermediate resonant frequency. Conversely, altering the
distance (e) has a notable impact on the second band (38
GHz). As depicted in Fig.7(b), increasing the distance
from 0.16 mm to 0.32 mm with a step size of 0.04 mm
leads to an increase in S11, accompanied by the
appearance of an intermediate band exhibiting low
S11.When adjusting the width (X1) of the resonator,
increasing its value from 1.8 mm to 2 mm with a step size
of 0.05 mm results in an enhancement of the S11 within
the first band, accompanied by a slight leftward shift.
Conversely, there’s a decrease in S11 within the second
band, also with a slight leftward shift, as illustrated in Fig.
7(c). Regarding the length (Y1) of the resonator, depicted
in Fig. 7(d), altering its value from 4.45 mm to 3.35 mm
with a step size of 0.225 mm leads to a significant
reduction in the S11, along with the appearance of another
band exhibiting low S11. Fig. 7(e) and (f) illustrate the
variations in the width (Lg2) and length (Wg2)
respectively. These variations significantly affect both
resonant frequencies in terms of S11 and bandwidth.
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Fig. 7. Variation of the antenna’s parameters.

D. Reconfigurability Function

To achieve additional resonant frequencies and alter the
antenna’s directional characteristics for frequency and
radiation pattern reconfigurability, we implemented a

445

design incorporating split ring resonator metamaterials and
a PIN diode, as depicted in Fig. 8(a). The structure of the
PIN diode is further elucidated in Fig. 8(b). These PIN
diodes were simulated in CST using lumped elements to
model their behavior accurately. The equivalent circuit of
the PIN diode includes a resistor (Rs), capacitor (CR), and
inductor (L) in both the ON and OFF states. In the ON state,
Rs is Q and L is 0.45 nH, while in the OFF state, Rs is 5
MQ, L remains 0.45nH, and C is 0.14pF. The S11 results,
illustrated in Fig. 9, indicate that the PIN diodes
predominantly operate within the 28 GHz and 38 GHz
bands. Furthermore, the radiation patterns, showcased in
Figs. 10 and 11, exhibit a high level of reconfigurability,
as detailed in Table II. This table underscores the antenna’s
capability to adjust both its radiation pattern and resonant
frequencies, highlighting its versatility and suitability for
various communication scenarios.
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Fig. 8. Reconfigurability function (a) radiation patterns reconfigurable
antenna and (b) Equivalent circuit of the PIN diode.
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Fig. 10. E plane and H plane at 28 GHz: (a) D1 and D2 OFF, (b) D1 .
OFF and D2 On, (c) D1 ON and D2 OFF, (d) D1 and D2 ON. Fig. 11. E plane and H plane at 38 GHz: (a) D1 and D2 OFF, (b) D1

OFF and D2 On, (c) D1 ON and D2 OFF, (d) D1 and D2 ON.
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TABLE II. THE DETAILED PARAMETERS OF THE PROPOSED ANTENNA

CONFIGURATION
States S1 S2 S3 S4
PIN Diodes states g; 81}::1F: %if 81?1]: 811:11
Fr (GHz) 37%336 2388.?0684 2385?06234 52(1)22
st @B) SSom T
Gain (dBi) T o aw o
Beam direction E Plane (deg) 3? ;3 ;; ég
Beam direction H Plane (deg) ;8 4]1; ?; ;8

E. Related Work

In this section, we undertake a comprehensive
comparison between our proposed antenna and other
structures documented in the literature, all operating
within the resonant frequencies of 28 GHz and 38 GHz, as
detailed in Table IIl. Our analysis reveals that our
proposed antenna not only showcases commendable
performance in terms of bandwidth and S11 values but also
demonstrates notable advancements in other crucial
parameters such as radiation efficiency and gain.

TABLE III. THE DETAILED PARAMETERS OF THE PROPOSED ANTENNA

CONFIGURATION
. 3 Fr BD Avg gain
Ref. Size (mm°) (GHz) (GHz) S11 (dB) (dBi)

[11] 12x11x0.9 38 9.2 —33 9.48
[10] 8x5x0.254 28 3.76 —30 3.12

[1] 15x25x0.508  28/38  0.9;2  —25;-26 7.45

1.23; —34.5;

[4] 7.5%8.8x0.25  28/38 1.06 573 6.23
[19]  7.14x5.88x0.13  28/29 0.6;0.5 —34; 29 8.765
This 4.63; e
work 11.8x13.9x1.6  28/38 466 25; =70 2.245

F. Comparison

To validate our findings, we meticulously recreated the
structure within the HFSS software and compared the
results with those obtained from CST MWS. The outcomes,
depicted in Fig. 12, exhibit a striking similarity in resonant
frequency values across both platforms, validating the
accuracy of our simulations. These results hold significant
implications for millimeter-wave 5G applications, where
precise frequency alignment is crucial. Thus, our
comprehensive analysis underscores the robustness and
reliability of our methodology, strengthening confidence
in the suitability of the design for real-world deployment.
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Fig. 12. Comparison of CST MWS and HFSS regarding the S11 results.
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IV. CONCLUSION

In conclusion, this work presents a novel dual-band
antenna design tailored for millimeter-wave 5G
applications, operating specifically at resonant frequencies
of 28 GHz and 38 GHz. Through the integration of
complementary split ring resonator (CSRR) metamaterial
and defected ground structure (DGS), key performance
metrics such as bandwidth and S11 value are significantly
enhanced. The proposed antenna achieves an impressive
impedance bandwidth of 4.63 GHz and 4.66 GHz for the
28 GHz and 38 GHz bands, respectively, with S11 values
of -25 dB and -70 dB, demonstrating excellent
performance. Moving forward, future work will involve
the measurement and characterization of the antenna’s
performance in real-world environments. This will provide
valuable insights into its practical applications and
potential optimizations for further enhancement.
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