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ABSTRACT: In this paper, an elliptical monopole antenna is operated in the fundamental mode by reducing the electromagnetic coupling
(EMC) between higher-order modes. The electromagnetic coupling is decreased by decreasing the width of the radiating element and
ground-plane dimensions, and by increasing the gap between the radiating element and the ground plane. The ellipse is sliced from the
top, as there is little surface current on the top portion of the monopole. The symmetrical portion of this sliced elliptical monopole is
selectively etched with little effect on impedance variation. Dual-band characteristics are obtained over 2.3-2.7 GHz (Wi-Fi and Bluetooth
bands) and 5.4-5.9 GHz (WLAN band), as well as over 2.3-2.7 GHz (Wi-Fi and Bluetooth bands) and 5.13-5.71 GHz (WLAN band),
depending on the etching amount. A rectangular strip is added to the etched monopole to operate over 2.3-2.7 GHz (Wi-Fi, Bluetooth
bands) and 3.3-3.9 GHz (5G band). To enhance the gain of the compact dual-band antenna, a reflecting metamaterial surface consisting
of an array of square patches is designed and placed below the structure. A high-gain dual-band MIMO antenna is designed by placing
four elements orthogonally above the center of the four edges of the metamaterial surface. S;; < —10dB, isolation > 18 dB and 22 dB,
and antenna gain of 7.5 dBi and 7.4 dBi are obtained over 2.35-2.7 GHz and 3.3-3.6 GHz, respectively. The structure is fabricated. The
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measurement results validate the simulation ones.

1. INTRODUCTION

ireless technology has evolved and continues to grow to

meet the increasing demands for high data rates, reliabil-
ity, low latency, and uninterrupted connectivity. Wi-Fi, Blue-
tooth, and 5G technologies have become essential for enhanc-
ing productivity, driving business growth, supporting economic
development, and improving entertainment and comfort. Vir-
tual and augmented reality, and video streaming have trans-
formed our experiences. The significant impact of 5G tech-
nology on our daily lives and socioeconomic landscape has
prompted researchers to enhance its functionality and perfor-
mance, reduce cost, miniaturize size, and expand 5G networks.
This has driven the development of novel antennas for 5G, Wi-
Fi, WLAN, and Bluetooth applications.

A monopole antenna offers an ultra-wide bandwidth (UWB)
as the fundamental mode, and higher-order modes get excited
and electromagnetically couple with other modes. A monopole
antenna offers an omnidirectional radiation pattern. However,
the gain and radiation patterns vary over the UWB [1, 2]. Multi-
band monopole antennas operate over a number of desirable
bands and thus have better functionality, low cost, and occupy
less space than a number of antennas operating over individual
bands.
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Various techniques have been employed to design multiband
antennas. An antenna with multiple branches offers multiband
operation as different branches resonate at different frequen-
cies [3—5]. Multiband antennas are designed by etching slots in
a patch or ground plane [6-8]. A compact dual-band antenna
has evolved by etching slots in a rectangular monopole for 5G
applications [9]. The fractal technique is used to design multi-
band antennas in [10, 11]. However, there are applications in
which directional antennas are required.

The gain of the monopole antennas is improved by using re-
flective layers. Frequency Selective Surface (FSS) or metama-
terial surfaces are designed to reflect the radiating fields and are
placed at a distance from the monopole radiator to cause con-
structive interference with direct radiating fields to enhance the
antenna gain [12-20]. A comprehensive study of the gain en-
hancement of UWB antennas is reported in [12]. 8.3 dBi gain is
obtained over 3—12 GHz using FSS [13]. A 1.3\ x 1.3 curved
FSS layer is used to enhance the gain of a UWB antenna over
2.66—-17.98 GHz, achieving a peak gain of 12dBi [14]. Gain
enhancement of the UWB antenna using an FSS by applying
machine learning technique is reported in [15]. However, radi-
ation patterns vary over the bandwidth. FSS is also employed to
improve the gain of dual-band monopole antennas in [16, 17].
However, these antennas have large FSS dimensions.

An artificial magnetic conductor (AMC) reflecting surface
is designed to enhance the gain of a coplanar-waveguide
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FIGURE 1. Different stages of development of a dual-band antenna.

(CPW)-fed dual-band (2.37-2.5GHz and 4.45-4.9 GHz)
split-ring monopole antenna. The peak gains of 5dBi and
7.5dBi are obtained over two bands [18]. A metamaterial
surface (MS) consisting of a 3 x 3 array of split-ring unit
cells is placed at 0.33\ from a UWB monopole to achieve
8.3 dBi peak gain [19]. A metallic reflector is used to increase
the gain of a 5G mm-wave antenna for high-speed railway
communication [20].

Multiple-input multiple-output (MIMO) antennas have been
proven to be the backbone of 5G technology, supporting vari-
ous industrial, medical, transportation, and environmental ap-
plications. MIMO technology results in a high data rate and low
latency [21]. In compact devices, mutual coupling degrades
the performance of the MIMO antennas. T-shaped decoupling
structure [22], neutralization-lines, stubs, and slots [23] are
used to enhance isolation. However, an oval-shaped MIMO
antenna with a slot and rings [24] and a 4-element MIMO an-
tenna designed using a hybrid-shaped monopole with a circular
slot and a strip [25] have achieved good isolation without the
use of any isolation structure.

Here, a dual-band antenna to operate over 2.3-2.7 GHz and
3.3-3.9 GHz for Bluetooth, Wi-Fi, and 5G sub-6 GHz appli-
cations is designed. A reflecting MS is placed below the an-
tenna. The maximum gains of 7.5 dBi at 2.5 GHz and 7.4 dBi
at 3.45 GHz are obtained. The 4-element high-gain MIMO an-
tenna with isolation > 18 dB is proposed for 5G applications.
High-gain MIMO antennas also find applications in radio fre-
quency (RF) energy harvesting for recharging wireless sensors
and devices [26].

2. DESIGN THEORY AND ANTENNA GEOMETRY

The electromagnetic (EM) coupling between fundamental and
higher-order modes depends on the shape and width of the radi-
ator, ground-plane dimensions, and the gap between the radia-
tor and ground plane. An elliptical monopole antenna is op-
erated in the fundamental mode by decreasing the EMC be-
tween the fundamental and higher-order modes. The EMC is
decreased by decreasing the width of the radiating element and
ground-plane dimensions, and by increasing the gap between
the ground plane and radiating element. The surface current
decreases from the feed to the top edge of the monopole radi-
ator. Therefore, the top portion of the elliptical monopole is
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etched with little effect on the impedance bandwidth (BW) of
the monopole. The symmetrical part of an elliptical monopole
can also be selectively etched with a negligible effect on the
impedance BW. The selective etching from the top and the
right, to some extent, does not affect the impedance BW of
the monopole; however, dual-band characteristics are obtained
over 2.3-2.7 GHz (Wi-Fi, Bluetooth bands) and 5.4-5.9 GHz
(WLAN band), as well as over 2.3-2.7 GHz (Wi-Fi, Bluetooth
bands) and 5.13-5.71 GHz (WLAN band), depending on the
amount of etching. A rectangular strip is added to the etched
monopole to operate it over 2.3-2.7 GHz (Wi-Fi, Bluetooth
bands) and 3.3-3.9 GHz (5G band).

The gain of the dual-band antenna is enhanced using a re-
flective metamaterial surface consisting of an array of square
patches whose dimensions and periodicity are < 0.1\g, where
Ao 1s the free-space wavelength at the highest operating fre-
quency. The AMC surface is placed at a distance such that the
reflecting fields and direct radiating fields are in phase, to im-
prove the gain of the antenna over both bands. The four dual-
band antenna elements are placed orthogonally at the center of
the edge of the AMC surface to design a high-gain dual-band
MIMO antenna.

2.1. Evolution of Dual-Band Antenna

The dual-band antenna is derived from an elliptical monopole
antenna. The different stages of development are shown in
Fig. 1. The scalar and vector surface current densities of these
stages at their resonant frequencies are shown in Fig. 2. The
geometry of the dual-band antenna, along with the detailed pa-
rameters and dimensions, is presented in Fig. 3.

Initially, an elliptical monopole antenna (EMPA), with a ma-
jor axis length of @ = 21.0mm, a minor axis length of b =
12.4 mm, and a gap between the EMPA and ground g = 10 mm,
is designed on a 1.6 mm thick FR4 substrate (¢,, = 4.4, tan§ =
0.02) using the IE3D simulator. The length and width of the
ground plane are Lg = 16 mm and Wg = 10.2 mm, respec-
tively. This antenna is referred to as ‘Ant-A’. The surface cur-
rent flows along the edge of the EMPA. The lowest operating
frequency (1), corresponding to S;; = —10dB of ‘Ant-A’,
depends on the current path length from the ground plane edge
to the top of the EMPA and is given by [1].

fr=12/(0.25w(a +b) + g) (1)
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FIGURE 2. Scalar and vector surface current densities of different stages at their resonant frequencies.
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FIGURE 3. Geometry of the proposed dual-band antenna designed by
etching the selective portion of the elliptical monopole (Lg = 16,
Wg = 10.7,9g = 55,a = 21, b = 124, Wf = 3, S1 = 3.1,
S2=31,Lr =142, Wr =5,L =10, W = 1.7, W1 = 2.0,
W2 = 2.1). All dimensions are in mm.

The theoretical value of f; using (1) is 1.987 GHz, whereas
the simulated fr, is 2.015 GHz. The EMPA resonates mainly
in the fundamental mode with a minimum S;; < —35dB. As
the surface current density is not uniform along the edge and
decreases from the feed point to the top edge of the EMPA
(Fig. 2), the effective current path length decreases. Therefore,
the fundamental resonant frequency is higher than f7,. The res-
onant frequency and impedance bandwidth also depend on the
ground plane dimensions. The EMC between the fundamen-
tal and higher-order modes is decreased by increasing ‘g’ and
decreasing the width of the radiating element ‘b’ (b < a) and
the ground-plane dimensions so that the EMPA resonates in the
fundamental mode.
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Since there is little current at the top portion of the EPMA;
therefore, EPMA is etched from the top by 3.1 mm (about
15% of the major axis length ‘a’) with little effect on the
impedance BW of the monopole. The ground plane width
is decreased to 6.2mm. This antenna is termed ‘Ant-B’. A
decrease in the ground-plane width decreases the inductive
impedance and increases the resistance of the structure. There-
fore, the impedance variation plot shifts downward and to-
wards the right, and the resonant frequency increases in Ant-
B. 511 < —10dB is obtained over 2.23-2.68 GHz. The ge-
ometry and surface current density of Ant-B are symmetrical
along the Y -axis; therefore, a quarter part (right-top) of Ant-
B is etched with little effect on the impedance of the structure.
This antenna is termed ‘Ant-C’. S1; < —10dB is obtained over
2.31-2.77 GHz. S}, and impedance variation plots of ‘Ant-A’,
‘Ant-B’, and ‘Ant-C’ are shown in Fig. 4.

The symmetrical part in ‘Ant-B’ is further etched to about
85% of the elliptical major axis length. This antenna is termed
‘Ant-D’. It increases the surface current density on the radiating
monopole and EM coupling; therefore, another loop appears in
the impedance variation plot, which results in dual-band char-
acteristics. There is a negligible effect on the lower-band res-
onant frequency and bandwidth. At 2.4 GHz, the surface cur-
rent density is greater along the elliptically shaped edge, and
the surface current density vectors tend to tilt towards the left
edge. At 5.6 GHz, the surface current density is more along the
right edge and is significant along both edges, which indicates
electromagnetic coupling and a loop on the impedance variation
plot. This results in the emergence of another band. The struc-
ture exhibits dual-band characteristics. S;; < —10dB is ob-
tained over 2.29-2.70 GHz and 5.35-5.96 GHz. This structure
is suitable for Bluetooth, Wi-Fi, and WLAN applications. The
vertical edge is etched by 2 mm to form ‘Ant-E’. The surface
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current density increases owing to the decrease in the conduct-
ing area. It increases the electromagnetic coupling and, there-
fore, the loop area on the impedance variation plot. There is
a negligible effect on the lower-band resonant frequency, as it
is mainly governed by the elliptical edge; however, the upper-
band resonant frequency decreases as it depends on the EM cou-
pling and is governed by the right edge. As the effective current
path length of the right edge increases, the upper-band resonant
frequency decreases. S;; < —10dB is obtained over 2.29—
2.68 GHz and 5.13-5.71 GHz. This structure is suitable for
Bluetooth, Wi-Fi, and WLAN applications. A rectangular strip
of 5mm x 14.2 mm is added on the right side of ‘Ant-D’, and
a small rectangular patch is added on the top-left side to form
‘Ant-E’. The spacing between the rectangular strip and the ver-
tical right edge of ‘Ant-D’ and ‘g’ is optimized. S;; < —10dB
is obtained over 2.38-2.83 GHz and 3.27-3.67 GHz. The pro-
posed dual-band structure operates over Bluetooth, Wi-Fi, and
sub-6 GHz 5G bands. The S;; and impedance variation plots
of ‘Ant-D’, ‘Ant-E’, and ‘Ant-F’ are shown in Fig. 5.

3. HIGH-GAIN DUAL-BAND ANTENNA USING A RE-
FLECTING AMC SURFACE

A metamaterial or AMC surface, considered here, is an array of
square patches with periodicity and dimensions less than 0.1\
(Ao — wavelength in free space at 3.6 GHz). The AMC sur-
face consisting of an 11 x 11 array of 7mm square patches
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with a periodicity of 9 mm is placed below the designed dual-
band antenna ‘Ant-F’ at height ‘. The center of the MS co-
incides with that of the dual-band antenna. The metamaterial
surface reflects the fields radiated and directed towards the MS.
At a particular height ‘H’, the fields radiated upward by the
monopole interfere constructively with the fields reflected by
the MS placed below the monopole antenna. If these fields (ra-
diated upward by the dual-band monopole and reflected from
the MS) are in phase, they constructively interfere and enhance
the gain of the antenna. The antenna gain depends on the re-
flection phase, dielectric substrate, and height of the MS from
the dual-band antenna [12, 13].

3.1. Reflection Coefficient of AMC Surface

The gain enhancement of the antenna is governed by the re-
flection coefficient of the AMC surface. The AMC surface,
a uniform array of square patches (unit cells) is designed on
a 1.6mm FR4 substrate. Full-wave Floquet analysis is car-
ried out to analyze the unit cell of the AMC surface using the
ANSYS-HFSS software, as shown in Fig. 6(a). The resonant
frequency of the AMC layer corresponds to 0° reflection phase,
whereas the AMC bandwidth corresponds to +90° phase vari-
ation. The effect of the unit cell of different patch dimensions
‘a’ at constant periodicity ‘ P’ and different periodicities P’ by
keeping patch dimensions ‘a’ fixed at the resonant frequency is
analyzed. The metallic patches on the AMC surface act as in-
ductors, and the spacing between the patches acts as a capacitor.
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FIGURE 7. Antenna with 11 x 11 array AMC surface. (a) Top view. (b) Side view.

The inductance decreases with a decrease in patch size; there-
fore, the resonant frequency increases with a decrease in the
unit-cell patch dimensions (Fig. 6(b)). As the capacitance de-
creases, the resonant frequency increases with an increase in the
spacing between patches for a constant patch size (Fig. 6(c)).
A square patch of side a = 7mm and periodicity P = 9mm
is chosen as it offers the desired AMC bandwidth from 2.3 to
3.9 GHz, resonant frequency of 3.1 GHz, and the linear reflec-
tion phase variation with frequency over 2.3-3.9 GHz.

3.2. Effect of AMC Surface Height from Monopole Antenna

The AMC surface placed below the antenna acts as a reflecting
surface (Fig. 7). The AMC surface increases the gain of the
monopole antenna when the fields/waves radiating towards the
AMC surface are reflected from it and constructively interfere
with the fields/waves radiated by the monopole in the upward
direction. The maximum gain is obtained at a particular height
when the fields radiated by a monopole in the forward direction
are in phase with the fields reflected from the AMC surface.

Assume that ¢ f is the phase of the fields transmitted by the
monopole in the forward direction, ¢r the phase of the reflected
waves, and ¢d the phase delay corresponding to the complete
propagation trip from the monopole to the AMC surface and
then from the AMC surface to the monopole. If the monopole
antenna is placed at a height ‘H’ from the AMC surface, then
for the fields transmitted from the monopole to be in phase with
the reflected fields, Equation (2) should be satisfied.

of =¢d+¢r and ¢d=2x20Ix fx Hlc (2)
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The AMC surface also loads the monopole antenna. The
waves reflected from the AMC surface affect the impedance
and impedance matching of the structure. The effect of height
on impedance matching and gain is analyzed. As the height
between the monopole and AMC surface increases, impedance
matching improves in the lower band but degrades slightly in
the upper band. The bandwidth increases with an increase in
AMC surface height. In the upper band, the resonant frequency
and BW increase slightly. As the electrical height (H\) in-
creases with an increase in frequency, the loading effect of the
AMC surface decreases over the upper band. As the AMC
height is varied from the optimum height (H = 18 mm), the
maximum gain of the antenna decreases over the upper band.
S11, and the gain variations for different heights of the AMC
surface are shown in Fig. 8. A peak gain of approximately
7.5 dBi is obtained over both bands.

The scalar and vector surface current density distributions
on the AMC surface are shown in Fig. 9. The radiated fields
from the dual-band antenna incident upon the AMC surface in-
duce surface currents, which in turn, reradiates the fields. At
2.45 GHz, although the magnitude of the surface current is less,
it is in phase in most unit cells of the AMC surface. However, at
3.45 GHz, the magnitude of the surface current is greater in the
central unit cells than in the cells at the edges; the surface cur-
rent vectors are in phase in a limited number of cells. The mag-
nitude and in-phase components of the fields radiated/reflected
by the AMC unit cells help to improve the gain of the antenna.
The vertical component of the surface current enhances the co-
polar gain, whereas the horizontal component leads to cross-
polarization. The cross-polarization in the upper band is more
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FIGURE 10. (a) Top view, (b) bottom view of monopole antenna, (c) antenna with AMC.

than in the lower band of the antenna with the AMC surface as a
cross-polar component more in the upper band of the monopole
antenna.

3.3. Fabrication and Measurement Results

The optimized monopole antenna and AMC surface are fabri-
cated (Fig. 10) to validate the simulated results. The Agilent
Field Fox N9116A Vector Network Analyzer (VNA) is used to
measure S1; in an anechoic chamber. The VNA, along with the
cable and connector/adaptor connecting it to the antenna port,
is calibrated to mitigate measurement errors and ensure the ac-
curacy of S1; measurements.
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A standard horn antenna is used in an anechoic chamber to
measure the radiation patterns in the far-field region. The pro-
posed antenna under test (AUT), a receiving antenna, is con-
nected to the 9916A Agilent Field Fox spectrum analyzer, and
the standard horn antenna, a transmitting antenna, is connected
to a microwave source, the Agilent Field Fox network analyzer
N9916A. The distance between the transmitting and receiving
antennas is kept more than 2D?/); D is the maximum dimen-
sion of the antenna, and ) is the wavelength corresponding to
the operating frequency. Friis’ transmission equation is used
to calculate the gain of the antenna. The connector and cable
losses are considered in the gain calculation.
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FIGURE 13. (a) Geometry. (b) Fabricated MIMO antenna. (c) S-parameters of MIMO antenna.

The measured S}, (Fig. 11(a)) and antenna gain (Fig. 11(b))
are compared with the simulated results. The measured results
verify the simulated ones. The in-phase reflection of the AMC
surface results in an improvement of 5.5 dB. The monopole an-
tenna radiates the fields, but also causes the blockage of the

47

(a) Simulated and measured S;; with/without AMC. (b) Simulated and measured gain with/without AMC.

reflected fields. Therefore, a small monopole antenna offers
higher gain improvement. The gain improvement decreases
as the dimensions of the monopole antenna increase due to
blockage. Fig. 12 depicts the measured radiation patterns of
the monopole antenna with and without the AMC surface. The
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TABLE 1. Comparison with the latest reported antennas.
Ref Monopole Reflector Antenna with Operating Electrical size Peak
' Antenna (mm?) Surface reflector (mm?) Bands GHz (Ao X Ao X Ao) Gain dBi
[13] 30 x 30 x 1.6 FSS 62.5 X 63 x 25 3-12 0.625 x 0.63 x 0.25 8.3
2.3-2.65 6.8
[16] 100 x 70 x 1.0 FSS 80 x 80 x 17 0.6 x 0.6 x 0.13
4.9-6.45 9.0
3.2-3.7 8.0
[17] 21 x 128 x 1.6 FSS 70 x 70 x 12 0.746 x 0.746 x 0.128
5.15-5.5 8.3
2.37-2.5 5
[18] 28 x 36 x 1.6 AMC 79.9 X 79.9 x 8 0.63 x 0.63 x 0.064
44549 7.5
27.3-2 .
[20] 12 x 8 x 0.64 Plane metallic 24 x 16 x 9 7:3-29 2.184 x 1.45 x 0.819 7:96
36-42 8.2
2.35-2.7 7.5
This work 16 x 294 x 1.6 AMC 100 x 100 x 18 1336 0.78 x 0.78 x 0.166 74

omnidirectional radiation pattern of the dual-band antenna be-
comes directional with the application of the AMC surface. The
cross polarization is more at 3.45 GHz than 2.5 GHz due to the
significant increase in the horizontal electric field component
at 3.45 GHz.

4. FOUR ELEMENT HIGH-GAIN DUAL-BAND MIMO
ANTENNA

A four-element MIMO antenna is designed by placing an ele-
ment above the center of each side of a 100 mm x 100 mm AMC
surface at a height of 18 mm (Fig. 13(a)). The elements are
placed orthogonally. Therefore, spatial and orthogonal diver-
sity techniques are used to achieve isolation in a high-gain dual-
band antenna using a common AMC surface. The antenna of-
fers isolations > 18 dB and > 22 dB over the lower and higher
bands, respectively. Thus, a simple high-gain MIMO antenna
with high isolation is designed without using any complicated
isolation techniques. The fabricated MIMO antenna is depicted
in Fig. 13(b). The measured and simulated S-parameters are
shown in Fig. 13(c). As the MIMO structure is symmetrical,
negligible variation is observed in S71/.55,/533/S44. Therefore,
S]], 522, S]z, S|3, and 514 are shown in Flg 13(C) S]] and Szz
overlap with each other. Similarly, S5 and S4 overlap because
of symmetry.
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The scalar and vector surface current distributions at 2.5 GHz
and 3.45 GHz (Fig. 14) illustrate the coupling between the el-
ements of the MIMO antenna. The bottom antenna element is
excited, whereas the other three are matched-terminated. The
surface current density induced at 2.5 GHz, in the adjacent el-
ements (left and right), is higher than that in the top element.
Thus, S12 = Si4 > Si3. Due to the increased electrical
distance between the elements, the surface current density at
3.45 GHz is lower than that at 2.45 GHz. As a result, higher
isolation is achieved at 3.45 GHz.

The radiation patterns are measured by exciting one port at
a time, with the other three ports matched-terminated. The
measured radiation patterns of the MIMO structures (Fig. 15)
are stable, orthogonally polarized, and broadside-directed. The
front-to-back lobe ratio is less as the elements are placed above
the edge of the AMC surface.

4.1. MIMO System Performance Parameters

A MIMO antenna system offers a multichannel system; there-
fore, it must satisfy certain MIMO performance parameters,
such as Envelope Correlation Coefficient (ECC), Total-Active
Reflection coefficient (TARC), Directive Gain (DG), and Mean
Effective Gain (MEG) to ensure proper functioning of the
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FIGURE 16. Performance parameters of MIMO antenna. (a) ECC, (b) DG, (c) TARC, (d) MEG.

MIMO system [21-25]. These MIMO parameters are analyzed
for the proposed dual-band high-gain MIMO antenna system.
The ECC (ECC12 is between element-1 (bottom) and
element-2 (right), and ECC13 is between element-1 and
element-3 (top)) of the proposed MIMO structure is < 0.02
over the lower (2.3-2.7 GHz) and upper (3.3-3.6 GHz) bands.
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The ECC is less than the standard ECC of 0.5. The diver-

sity gain (DG12 and DG13) is calculated.

It is more than

9.998 dB over both the bands. A DG close to 10 dB substan-

tiates the performance of the MIMO antenna.

The MEGs

(MEG! and MEG?2) of close-by elements are nearly equal;
therefore, MEGI/MEG?2 is approximately 0dB. ECC, DG,
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MEG, and TARC adhere to and satisfy the MIMO antenna’s
specifications. These performance parameters are shown in
Fig. 16.

5. COMPARISON WITH STATE-OF-THE-ART ANTEN-
NAS

In Table 1, the dual-band high-gain antenna is compared with
the latest antennas in terms of the technique used, monopole
dimensions, overall antenna size with a reflector, operating
bands, and peak gain. The structures in [13, 16, 17] have em-
ployed FSS, while [18, 19] have used AMC, and [20] has uti-
lized a plane metallic reflector. Refs. [13,20] have a higher pro-
file than our antenna. Refs. [16, 17] are smaller in size, but [16]
offers less gain in the lower band, whereas [17] has a slightly
higher gain due to the larger monopole dimensions than our an-
tenna. Ref. [18] provides a lower gain than our antenna. The de-
signed antenna has significantly smaller monopole dimensions,
resulting in less blockage and greater gain improvement. Our
antenna has a low cost, is easy to design, and supports the 4-
element high-gain MIMO operation for Bluetooth, Wi-Fi, and
5G bands.

6. CONCLUSION

A compact dual-band antenna is designed from an elliptical
monopole by selectively etching a symmetrical portion of an
ellipse and adding a rectangular strip to the etched elliptical
monopole. The dimensions of the ground plane are reduced,
and the gap between the monopole and ground plane is in-
creased to ensure that the monopole is excited in the fundamen-
tal mode. An AMC reflecting surface is designed and placed
below the monopole to enhance the antenna gain. A MIMO
antenna is designed by placing the antenna elements above the
four edges of the AMC surface. The 0.78 Ay x 0.78\¢ X 0.166 )\
antenna provides the maximum gain of 7.5 dBi over the lower
band and 7.4 dBi over the upper band, with A\ being the free-
space wavelength at 2.35 GHz.
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