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ABSTRACT: In this paper, a high gain antenna using Frequency Selective Surface (FSS) is proposed. The compact structure is designed
from a circular Ultra-wideband (UWB) monopole. Higher order modes of UWB antenna are suppressed by decreasing the thickness of the
monopole, ground plane dimensions, and increasing the gap between the ground plane and the monopole. Symmetrical portion of circular
monopole is etched to form a semicircular monopole, and an off-set feed is employed. Dual band characteristics and miniaturization
are achieved by etching horizontal and vertical slots and reducing ground plane dimensions. An FSS reflector is designed for gain
enhancement. This miniaturized antenna offers less blockage and therefore, higher gain improvement when an FSS is used as a reflector.

1. INTRODUCTION

SG and 6G technology offer seamless connectivity. Reliable
access with high data rate and low latency has made virtual
business using augmented reality a part of our life. Significant
bearing on economy has motivated researchers to improve per-
formance and functionality of 5G technology and deploy 5G
networks. It has provided an impetus to the design of novel
antenna for 5G applications.

Microstrip antenna is very popular in wireless communica-
tion applications, considering its various features like simple
design, ease of fabrication, light weight, and planar configu-
ration. It can offer linear and circular polarizations and can
operate over single or multi-band. However, it has narrow
bandwidth and low gain [1]. Monopole antennas offer wide
bandwidth but omnidirectional radiation pattern with peak gain
about 0-2 dBi. Multi-band monopole antennas are reported in
literature. Compact multi-band antennas enhance the function-
ality, reduce the cost, and improve the performance of the sys-
tem.

Multi-branches multi-band monopole antennas are de-
signed [1-3]. Slots are etched in radiating patch and ground
plane [4-7] to achieve multi-band characteristics.  Frac-
tal techniques are also employed to achieve multi-band
operation [8,9]. Dual band split ring monopole antennas
structures operating over the sub 6 GHz 5G bands have been
reported [10]. However, in many cases, we require wide band
and multi-band directional antennas.

Planar reflectors or reflective layers are employed to enhance
the gain of antenna. Artificial Magnetic Conductor (AMC),
High Impedance Surface (HIS), FSS or meta material surfaces
are designed to improve the antenna gain [11-20]. An FSS
based slotted semicircular UWB antenna is proposed. Peak
gain of 8.3 dBiover 3 to 12 GHz is achieved [11]. A fork shaped
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monopole antenna with 3 x 3 array of HIS is designed to im-
prove the gain of monopole. 7.34 dBi peak gain at 3 GHz is
achieved [12]. A slot shaped antenna with modified circular
loop FSS is reported. Peak gain of 7.9 dBi over 3.6 to 6.1 GHz
is achieved [13]. An AMC reflector is used to improve the gain
of a dual band split ring monopole antenna. Peak gains of 5 dBi
and 7.5 dBi over 2.37-2.5 GHz and 4.45—4.9 GHz respectively
are achieved [14].

A dual band U-shaped antenna with a meander line stub
is proposed. An FSS consisting of an array of square loop
shaped unit cell is employed. Peak gains of 6.8 dBi and 9.0 dBi
are achieved over 2.3-2.65 GHz and 4.9-6.45 GHz, respec-
tively [15]. Gain enhancement techniques using FSS are dis-
cussed in [16]. Single or multi-layer FSS is used as a reflec-
tor for obtaining directional radiation characteristics over UWB
frequencies. A super-wideband antenna with two inverted U-
shaped and a flower shaped slots in radiator is designed to op-
erate over 3.1-15 GHz. The peak gain of 8.3 dBi over UWB
is achieved by using a 3 x 3 array of I-shaped split ring meta
material unit cell as a superstrate at A/3 height [17]. Four dif-
ferent layers of FSS reflector, each with different periodicity is
employed. A star shaped patch antenna with a step feedline is
designed, and a square patch is etched in ground plane. The
peak gain of 7-8 dBi over 3 to 11.7 GHz is obtained [18].

A tri-band rectangle-shaped antenna using inverted U- and
L-shaped slots is designed. Gain of the antenna is enhanced by
3.58 dBiusing AMC [19]. A circle-shaped UWB monopole an-
tenna with FSS as a reflector at a height of \/4 is designed. The
peak gain of 9.7 dBi over 3.1 to 6.0 GHz is obtained. Overall
antenna dimensions with FSS are 108 x 108 x 20 mm? [20].
Using a planar corner reflector, the gain of antenna is improved
from 2.2 to 6.4 dBi over 3.1 to 10.6 GHz. Dimensions of an-
tenna with reflector are 20 x 20 x 15mm? [21]. A UWB high
gain antenna is designed using a curved single layer FSS, and
the peak gain of 12 dBi over 2.66 to 17.98 GHz (148% BW) is
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FIGURE 1. (a) Geometry of CMPA, simulated (b) return loss, (c) impedance variation plot, (d) magnified impedance variation plot.

TABLE 1. Optimized parameters of the structure in mm.

Ws | Ls | Lg | Wy Ly | Wy | R| L1 | W1 | L2 | W2 | L3 | W3 | W4 | Ws |t | W
2204182 3 8] 1 [ 35| 1] 7 [28] 1 [25]74][2]54
achieved. However, the antenna has large curved FSS dimen- strate (¢, = 4.4, tan§ = 0.02) using IE3D simulator, shown in
sions of 1.3)\¢ x 1.3 g [22]. A microstrip antenna (MSA) using Fig. 1. The lowest frequency corresponding to S1; = —9.5dB
meta-material for 5G applications [23] and a planar antenna for of a circular monopole is given by [27]
er application [24] are Qesigned using an it'erative wave de- fr=72/((2.25 x R+ g) x k) 1)
sign procedure. A novel wide band beam forming antenna array
is designed without using phase shifter and crossover. Thus, a where R and g in mm are the radius of circular monopole and
switched beam antenna system is introduced in [25]. the gap between the ground and patch respectively while f7, is
Here, a dual band antenna for 5G sub-6 GHz applications us- in GHz. The value of & is 1.15 for the FR-4 substrate [26, 27].
ing FSS as a reflector is designed to improve the gain of the In CMPA-1 (R = 10mm, g = 0.3mm and ground plane di-
antenna. Antenna gains of 8.0 dBi at 3.45 GHz and 8.3 dBi at mensions are 28 mm x 14 mm), the simulated f7, is 2.62 GHz
5.25 GHz are achieved, and the gain improvement is 6.3 dBi while the calculated f7, from Equation (1) is 2.74 GHz. The
and 5.8 dBi over lower and upper bands, respectively. Dual fundamental resonating mode and two higher order modes are
band characteristics and miniaturization are achieved by etch- observed over 2.5-12.5 GHz. 51, minima occurat 3.1, 6.1, and
ing the symmetrical portion of circular monopole, offset feed, 10.65 GHz. In CMPA-2, as the radius is decreased to 8 mm, the
by etching horizontal and vertical slots and reducing the dimen- structure resonates in fundamental mode, and only one higher
sions of ground plane. This miniaturized antenna offers mini- order mode is observed over 2.5-12.5 GHz. \S1; minima occur
mum blockage and therefore, higher gain improvement when at 3.6 and 10.4 GHz. In CMPA-3, “g” is increased to 6.3 mm,
FSS is used as reflector. and ground plane dimensions are decreased to 13 mm x 8 mm.
The structure resonates only in fundamental mode (R = 8 mm
and g = 6.3 mm). It resonates at 2.87 GHz and S;; < —10dB
2. DESIGN THEORY AND ANTENNA GEOMETRY over 2.62-3.26 GHz. S7; and impedance variation of these
Electromagnetic coupling between higher order modes that pro- structures are shown in Fig. 1. In CMPA-1, there are three loops
vide ultra-wide bandwidth depends on the shape and thickness on the impedance variation plots around 3.15 GHz, 6.1 GHz,
of the monopole. A circular monopole offers wider bandwidth and 10.65 GHz inside the reflection coefficient circle of 0.33,
than rectangular monopole as higher order modes excited in a while in CMPA-2 there are only two loops around 3.6 GHz and
circular monopole are combatively close to each other as com- 10.4 GHz. In CMPA-3, no loop is formed inside reflection co-
pared to rectangular monopole. Impedance bandwidth depends efficient circle of 0.33. It depicts that the higher order modes
on the dimensions and shape of monopole, ground plane di- can be suppressed by decreasing the radius and ground plane di-
mensions, and the gap between the ground plane and radiating mensions and increasing ‘g’. The dual band antenna is evolved
patch. Higher order modes can be suppressed by decreasing using CMPA-3 to operate over 3.3-4.0 GHz and 5.6-6.0 GHz.
the thickness of the monopole, ground plane dimensions, and The geometry of the dual-band antenna and its detailed di-
increasing the gap between the ground plane and the monopole. mensions are depicted in Fig. 2 and Table 1, respectively. The
It mean circular monopole which consists of a circle of radius step-by-step evolution of antenna is shown in Fig. 3. The dual-
10mm. band antenna is derived from a CMPA ‘Antenna 1°.
Since the CMPA Antenna 1 is symmetrical, half portion is
. . etched, and a semicircular monopole with an off-set feed is
2.1. Single Element Dual Band Antenna Design designed as Antenna 2. The ground plane dimensions are de-
A circular monopole antenna (CMPA), which consists of a cir-
cle of radius 10 mm, is designed on a 1.6 mm thick FR4 sub-
2 WWW.jpier.org
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FIGURE 2. (a) Geometry. (b) Top view. (c) Bottom view of fabricated structure.
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FIGURE 3. Evolution stages of the proposed antenna.
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FIGURE 4. Simulated S11 and impedance variation.

creased to 13mm x 6 mm, and ‘g’ is decreased to 6.0 mm. It
resonates at 3.1 GHz with S1; < —10dB over 2.86-3.56 GHz.

Since there is little current at the center and top of the An-
tenna 2, in Antenna 3, 5 mm portion from the top of the semicir-
cle is etched to decrease the dimensions of antenna and increase
the resonating frequency so that the antenna operates over the
desired 3.3-3.6 GHz, 5G band. It resonates at 3.5 GHz with
S11 < —10dB over 3.18-4.0 GHz. S1; and impedance varia-
tion plot of these structures are shown in Fig. 4. As ‘g’ is de-
creased in Antenna 2, the impedance becomes more capacitive,
though the decrease in ground plane dimensions decreases the
capacitive effect. The decrease in the dimensions of the radiat-
ing monopole, in Antenna 3, further decreases the capacitance
of the structure as shown in Fig. 4.

In a monopole antenna, the surface current density is mainly
concentrated at the edges of a monopole. Therefore, a horizon-
tal slot S1 of length L1 and width W1 is etched at a distance
‘g’ from the edge of ground plane in Antenna 3 to form An-
tenna 4. The slot S1 increases the capacitance, and thus the
resonant frequency decreases with the introduction of slot S1.
The impedance plot shifts downward due to increase in capac-
itance. Thus, the slot helps in miniaturization of antenna. An-
tenna 4 resonates at 3.39 GHz with S1; < —10dB over 3.1-
3.8 GHz. Another slot S2 of length L2 and width ‘R-W?2’ is
etched at a distance ‘¢’ from the top edge of monopole antenna
in Antenna 4, and the structure is termed as Antenna 5. The slot
increases the capacitance. As a result, the resonant frequency
decreases, and the impedance plot shifts downward. Slot S2

Www.jpier.org



PIER C

Verulkar et al.

Frequency (GHz)

129.421.00
e 50@'42———480.45

e 164 21

=+

= j425.13

j12.00

'
j2.88

119.01

?1\..' i w
e WI’ 2 g'425 13
\ N 1=

12.00 :
. “[164.21
-124.52 2
50,45

-
-39.42)5g

(== Antenna4 —=— Antenna5 —— Antenna6)

FIGURE 5. Simulated S11 and impedance variation.
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FIGURE 6. Simulated surface current density of Antenna 2, Antenna 3, Antenna 5, and Antenna 6.

also results in two distinct current paths, and thus the struc-
ture operates over dual bands. Antenna 5 resonates at 3.22 GHz
and 5.4 GHz, and S1; < —10dB over 2.98-3.5 GHz and 5.32—
5.66 GHz as shown in Fig. 5. In Antenna 5, at 3.3 GHz, there
is significant surface current density over the entire structure;
however, the surface current density is less in the area just be-
low the right of slot 52, and the vector surface current density
shows that the surface current tends to flow towards the left. At
5.4 GHz, the surface current density is evenly distributed in the
area just below the right of slot 52, and the vector surface cur-
rent density shows that the surface current tends to flow towards
the right edge. The surface current densities of Antenna 2, An-
tenna 3, and Antenna 5 at resonant frequencies are shown in
Fig. 6.

Now, a vertical slot S3 of length L3 and width ‘W3’ is
etched at a distance ‘W’ from the left edge of monopole an-
tenna towards the right just below the slot S2 in Antenna 5 to
form Antenna 6. Antenna 6 resonates at 3.3 GHz and 5.3 GHz,
and S1; < —10dB over 3.25-3.65 GHz and 5.14-5.62 GHz
(Fig. 5). Since the surface current density, in Antenna 5, in
the area just below the slot S2 is less, and it tends to flow to-
wards left, slot S3 effectively decreases the current path length
over the lower band. The scalar and vector current density at
3.4 GHz depicts that significant current flows from the left of
slot S3 and comparatively quite less current on the right of slot
S3. Thus, resonant frequency of lower band increases due to
decrease in effective current path length. However significant
surface current around slot S3 increases the effective current

path length over the upper band, and therefore, resonant fre-
quency of the upper band decreases. Thus, dimensions of slots
S1, 52, and S3 control the dual band operation. The surface
current densities of Antenna 2, Antenna 3, and Antenna 5 are
depicted in Fig. 6. To analyze the structure, a parametric study
is carried out.

The dimensions of slot S1 affect the lower band more than
the upper band as surface current density is concentrated around
S1 at lower band. The increase in length of L1 decreases the
resonant frequency of lower band. Similarly, the resonant fre-
quency of lower band decreases with increase in W1. The sur-
face current is mainly concentrated over the left portion of the
feed line at lower band and over the right portion of the feed
line at upper band. As a result, L1 and W1 have little effect on
upper band. Fig. 7 shows Sy; for different L1 and W1.

Since the surface current density around slot S2 is signifi-
cantly more at upper band than at lower band, the dimensions of
slot S2 affect the upper band more than lower band. The reso-
nant frequencies of both the bands decrease with increase in L2.
As the electric path length increases more at upper band, the
resonant frequency of upper band decreases more than lower
band. The increase in W2 also decreases the resonant frequen-
cies of both the bands. However, its effect is less than L2. The
increase in L2 increases the perimeter around slot .S2 more than
increase in W 2. Further, as W2 increases the effective current
path length increases, which should decrease the resonant fre-
quency, but decrease in capacitance of the slot due to increase
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FIGURE 9. Simulated S11, (a) different L3, (b) different V3.

in W2 offsets the decrease in resonant frequency. S for dif-
ferent L2 and W2 are shown in Fig. 8.

Since the surface current density around slot S3 is signifi-
cantly more at upper band than at lower band, the dimensions
of slot 53 affect the upper band more than lower band. The
resonant frequencies of both the bands decrease with an in-
crease in L3. As the electric path length decreases more at up-
per band, the resonant frequency of upper band decreases more
than lower band. The increase in W3 has little effect on res-
onant frequencies of both the bands. As W3 increases the ef-
fective current path length increases, and it should decrease the
resonant frequency, but decrease in capacitance of the slot due
to increase in W3 balances out the decrease in resonant fre-
quency. However, its effect is less than L3. S1; for different
L3 and W3 are shown in Fig. 9.

3. DUAL BAND HIGH GAIN ANTENNA USING FSS

The gain of a monopole antenna can be increased by placing an
FSS layer at a height below the monopole antenna. FSS consists
of an array of elements or unit cells with fixed inter-element
spacing and periodicity. FSS layer reflects the fields radiated
by a monopole antenna, and if these fields are in phase with the
fields radiated by the monopole in upward direction, it causes
constructive interference and results in increase in directivity
and gain. The gain of antenna depends on the shape, size, spac-
ing between the unit cell of FSS, dielectric constant and thick-
ness of substrate, and height of FSS from the antenna [12, 13].
The center of FSS layer is aligned to the center of monopole
antenna. There is little effect of small misalignment of center
of monopole relative to FSS layer on impedance bandwidth and
gain of antenna.

WWwWw.jpier.org



PIER C

Verulkar et al.

| _ e
th th S
S o & S &

Reflection Phase(degree) @
B
=]

[
h
=)

3 3.5 4 4.5 5
Frequency (GHz)

55

0
210
T a0 —S11 —S12
2 30
T 40
g 50 /’\
= -60
& 70
w -80
P 3 35 4 4.5 5 5.5 6
frequency in (Ghz)

FIGURE 10. (a) FSS unit cell; simulated (b) reflection phase, (c) S-parameters.

(a)

Antenna

—
H Ground

F55
'—I- 1
Substrate Ground
() (c)
10

o
T 8
\.-, —
g X
g 5§

4 [}
=
g /
= 2 |
) !

0 L

3 3.5 4 4.5 5 5.5 4.5 5 5.5 6
Frequency (GHz) Frequency (GHz)
2X2 me=e—== 3x3 4x4

FIGURE 11. (a) Antenna with 4 x 4 array FSS; Simulated (b) S11, (c) antenna gain for different array size.

3.1. Design of Unit Cell

The magnitude and phase of reflection coefficient of FSS de-
termine the gain of antenna. An FSS consisting of an array
of unit cells is designed on a A = 1.6 mm thick FR4 sub-
strate. Full-wave Floquet analysis of FSS is carried out on a unit
cell, by ANSYS High Frequency Structure Simulator (HFSS),
as shown in Fig. 10(a). For constant periodicity, resonant fre-
quency corresponding to 0° reflection phase decreases with the
increase in patch dimensions while for constant patch size, it
increases with periodicity. Square patch of side A = 15mm
and periodicity P = 17 mm offers the desired AMC bandwidth
(corresponding to +90° phase variation) from 3.2 to 3.7 GHz
and 5.15 to 5.5 GHz. The reflection phase in Fig. 10(b) depicts
that the reflection phase varies linearly over 3.2-3.7 GHz and
5.15-5.5GHz. S7; and Sy plots in Fig. 10(c) depict that FSS
reflects the waves as Sp1 is close to 0dB, and S5 < —40dB
over the desired bands from 3.2-3.7 GHz and 5.15-5.5 GHz.
The effect of array size or dimensions of FSS, spacing be-
tween the antenna and FSS, unit cell patch dimension, and the
spacing between the metallic patches of FSS is studied. The ef-
fect of shape of metallic patch on antenna gain is also analyzed.

3.2. Effect of Array Size of FSS

The top and side views of the antenna with 4 x 4 array FSS
and S7; and gain variation for different array sizes are shown in
Fig. 11. FSS increases the gain of antenna as the waves radiated
from the monopole antenna are reflected and constructively in-
terfere with the radiated waves in the forward direction. The
gain of antenna depends on the dimensions or array size of FSS.
As the array size increases, the gain increases, but the improve-
ment in gain decreases with increase in array size. The increase
in array size also increases the size of FSS and antenna. FSS
dimensions with a 4 x 4 array of unit cell are 70 x 70 x 1.6 mm3.
It is fabricated on a 1.6 mm thick FR4 substrate and placed at
12 mm from the dual band monopole antenna. FSS dimension
or unit cell array size of FSS also affects the impedance match-
ing of antenna. Impedance matching and bandwidth improve
with the increase in unit cell array size [11, 13]. Front to back
lobe ratio also improves with array size. However, the size of
antenna limits the array size of FSS. FSS comprising a 4 x 4
array of unit cell provides 8.0 dBi and 8.3 dBi peak gains over
3.2-3.7GHz and 5.15-5.5 GHz.
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3.3. Effect of Spacing between Metallic Patches

The edge to edge spacing between the metallic patches of FSS
affects the gain of the antenna. As the spacing is increased,
the gain decreases. The decrease in gain is more at upper band
than at lower band as electrical spacing (S/\) increases with the
increase in frequency. As the capacitance increases, the reso-
nant frequency decreases with decrease in spacing between FSS
patches. 511 and gain variation for different spacing between
the patches of 4 x 4 array FSS are shown in Fig. 12.

3.4. Effect of FSS Height from Monopole Antenna

FSS increases the gain of antenna as the waves radiated from
the monopole antenna are reflected and constructively interfere
with the radiated waves in the forward direction. Maximum
gain is obtained at a particular height when the fields radiated by
a monopole in forward direction interfere constructively with
the fields reflected from the FSS. As the height between the
monopole and FSS is varied from this optimum height, the max-
imum gain of the antenna decreases over the desired dual bands.
FSS height has little effect at lower band; however, impedance
matching improves with the increase in FSS height from an-
tenna over upper band. S7; and gain variation for different
heights of FSS is shown in Fig. 13.

3.5. Effect of Shape of Metallic Patch of FSS

Effect of shape of metallic patch on the gain of the antenna
is also analyzed. FSS comprising an array of square (15 mm
side) metallic patch provides higher gain than the array of cir-
cle (15 mm diameter) or hexagon (7.5 mm side) shaped metal-

lic patches. The effective metallic area and therefore, reflection
magnitude is more for square metallic patch array than circular
or hexagonal metallic patch array. Therefore, higher gain is ob-
tained with the FSS comprising square patches. Antenna with
FSS comprising different shapes of metallic patches is shown
in Fig. 14(a). S11 and gain of antenna for these FSS are shown
in Fig. 14(b) and Fig. 14(c), respectively.

FSS enhances the gain of antenna if the waves radiated from
the monopole antenna and reflected from FSS constructively
interfere with the radiated waves in the forward direction. Let
ot be the phase of fields transmitted by monopole in forward
direction, ¢r be the phase of the reflected waves, and ¢s be
the phase delay corresponding to the complete propagation trip
between monopole and FSS of height H, then for constructive
interference Equation (2) should be satisfied.

pt=¢s+¢r and ¢s=2x2Ix fx H/c (2)

Maximum antenna gain is obtained at 12 mm spacing between
FSS and antenna over dual bands using 4 x 4 array FSS layer.
The gain variation and antenna efficiency of dual band antenna
with and without FSS are shown in Fig. 15. Peak gain with
FSS is improved to 8.0 dBi and 8.3 dBi from 1.7 dBiand 2.3 dBi
without FSS over 3.2-3.7 GHz and 5.15-5.5 GHz, respectively.

The scalar and vector surface current distributions are shown
in Fig. 16. The radiated fields from the monopole antenna il-
luminate the FSS layer. The central patches of FSS are illumi-
nated more than the patches at the edges. The surface current
on the metallic patches is in phase and thus helps in improv-
ing gain of the antenna. The horizontal components of surface
current give rise to cross polarization.

WWwWw.jpier.org



PIER C

Verulkar et al.

Square Circular Hexagonal

b c

(b) o (0 .
] 5
.10 _ 8
515 g s
9
£ ig E 4
N ]
2-30 2
w -35

-40 0

3 3.5 4 4.5 5 5.5 3 35 4 4.5 5 5.5 6
Frequency (GHz) Frequency (GHz)

=== Circular == Hexagonal

Square

FIGURE 14. (a) FSS comprising of an array of patches of different shape; Simulated (b) S11; (¢) Gain variation.

(a)

10

8 -

/

5./ O\

:, \ /

3 VL
SN\ I/ ™

3 3.5 4 4.5 5
Frequency (GHz)

5.5

( e without FSS

6

(t:ZlOO

§ 80 /-\\ //"—“\

E 60 //\\\ / P

fol N [/
A /

2 5 N\ / /

g, NS/

3 3.5 4 4.5 5 5.5 6
Frequency (GHz)
— with FSS)

FIGURE 15. Simulated (a) gain; (b) Antenna efficiency.

-0dB

-3dB

£dB

-9dB

-12de
-15de
-18de
21 dB
24 dB
27 dB
-30dB
-33dB
36 dB
-39de
-42dB

-

3.45 GHz

5.25 GHz

FIGURE 16. Simulated scalar and vector surface current distribution of antenna with FSS.

4. FABRICATION AND MEASURED RESULTS

S-parameters and radiation patterns of the fabricated antenna
(Fig. 17) are measured using Agilent 9916A network analyzer
and standard horn antenna in an anechoic chamber. Simulated
and measured S7; parameters and antenna gains are shown in

Fig. 18. The compact size of monopole antenna causes less
blockage to the fields reflected by FSS, and therefore, the an-
tenna offers higher gain improvement. Gain improvement de-
creases as dimensions of monopole antenna increase due to
blockage. Fig. 19 shows the radiation patterns at 3.45 GHz and
5.25GHz. The cross polarization is more at 5.25 GHz than at
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FIGURE 17. (a) Top view, (b) bottom view of monopole antenna, (c) FSS, (d) antenna with FSS.
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FIGURE 18. (a) Simulated and measured S1: with FSS. (b) Simulated and measured gain without FSS.

TABLE 2. Comparison with reported antennas.

Monopole Antenna with Operating Electrical Size Peak
Ref. Antenna Reflector Bands of Antenna Gain
(mm?®) (mm?) GHz with FSS dBi
[11] 30 x 30 x 1.6 62.5 X 63 x 25 3-12 0.625 x 0.63 x 0.25 8.3
[12] 60 x 42 x 1.57 66 x 66 x 5.77 2.7-3.5 0.59 x 0.59 x 0.059 7.34
2.37-2.5 5
[13] 28 x 36 x 1.6 79.9 X 79.9 x 8 0.63 x 0.63 x 0.064
4.45-49 7.5
[19] 32x28 x 1.6 108 x 108 x 20 3.1-6.0 1.116 x 1.116 x 0.207 9.7
3.14-3.83 7.1
[21] 29.2 x29.2x 1.6 | 79.6 X 79.6 x 7 0.833 x 0.833 x 0.073
4.40-5.02 8.2
Thi 2-3. .0
Bl 21x128x1.6 | 70x70x 12 3237 1 0746 % 0.746 x 0.128 |
work 5.15-5.5 8.3

3.45 GHz due to significant increase in horizontal electric field
component at 5.25 GHz.

5. COMPARISON WITH STATE OF ART ANTENNAS

The proposed antenna is compared with reported antennas with
respect to dimensions of monopole antenna, overall dimensions
of antenna with reflector, operating bands, and peak gain in
Table 2. The antenna in [11] is a high-profile antenna. The

antenna in [19] offers higher gain but has significant larger di-
mensions than the proposed antenna. [12] and [13] are smaller
in dimensions but offer less gain, whereas [21] has larger lateral
dimensions and less gain. The dual band monopole antenna de-
signed to enhance the gain has smaller dimensions than [19,21]
and thus offers minimum blockage and maximum gain im-
provement. The antenna is simple to design, low in cost, and
offers 8.0 dBi peak gain over lower 5G band and 8.3 dBi peak
gain over upper WLAN band.
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FIGURE 19. Measured radiation patterns, (a) without FSS, (b) with FSS.
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tenna gain is enhanced by using an FSS reflector. Due to
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