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Abstract. This paper designs a unidirectional high gain,
low-cost cascading ring antenna with coaxial feeding and
metal without the dielectric. The designed antenna suits for
high power transfer applications such as radar communi-
cations, wireless local area network (WLAN), and base
stations. The use of gap-coupled cascading rings in the
design enhances the gain to 13.4 dBi at the resonance
frequency of 2.45 GHz, improving the side lobes level and
front-to-back ratios. The proposed antenna has symmet-
rical half power beam width (HPBW) in H-plane and
E-plane of 37 degree and 36.5 degree, respectively. The
cross-polarization field component of the antenna below
—25dB in H-plane, and below —45 dB in E-plane is ob-
tained from the measurements. The measured antenna has
10 dB bandwidth of 95 MHz i.e., 2.405-2.50 GHz that
covers the ISM 2.45 GHz band. The designed antenna is
planar in structure with compact radiating rings of size
1.16A%x0.41%0.11. The measured and HFFS simulated
results are found in good agreement.
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1. Introduction

In modern wireless communication systems, we re-
quire unidirectional high gain antennas for long-distance
communication systems such as base stations, radar com-
munications, and coal-mine applications. The antenna for
such applications requires a unidirectional radiation pat-
tern, high gain, low-cross polarization, symmetrical radia-
tion pattern, low front-to-back ratio, and high-power han-
dling capacity. The non-planar antenna can easily achieve
wide bandwidth, but the planar structure is preferred be-
cause of its simple structure and easy fabrication process.
Many high gain microstrip antennas have been studied in
this literature survey. However, the conventional rectangu-
lar microstrip antenna has low gain and low power han-
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dling capacity because of the dielectric substrates [1], [2].
An antenna array technique is used to improve the gain of
the microstrip antenna, but it requires the design of the
feeding network that increases the antenna's cost, and the
feeding network absorbs power too [3], [4]. Recently, some
meta-material techniques have been used to enhance the
gain of the microstrip antenna by reducing the dielectric
constant through the air holes, but this approach makes
design complex and has low power handling capacity com-
pared to metallic antennas [5], [6]. The Yagi-Uda antenna
array enhances the gain, but it requires directors, reflectors,
and feed elements, which increases the design complexity
and cost [7], [8]. The dielectric resonator antenna (DRA)
gives wide bandwidth but low gain and low power han-
dling capacity [9], [10]. Therefore, antenna array configu-
rations are required to enhance the dielectric resonator
antenna's gain, but it requires an external feeding network
that increases antenna complexity and design cost [11],
[12]. Thus, feeding network and dielectric materials should
be avoided to reduce the cost and complexity of the an-
tenna; hence, metallic antennas with a simple structure are
preferred [13], [14]. The metallic antenna array reported in
[15] has 10% impedance bandwidth and peak gain
of 11.81dBi, but it occupies a large volume
(3.5X x 0.43% x 0.26)), and it requires an external feeding
network. The waveguide-fed antenna reported in [16] has
14% bandwidth and a high gain of 15 dBi, whereas it re-
quires a bulky design that occupies a large volume, too.
The dual-band metallic antenna reported in [17], [18] has
a bandwidth of 10%, but peak gain is smaller than 11 dBi.

The works, as mentioned above, require an external
feeding network with low gain and low power handling
capacity due to the use of dielectric substrates. In this pa-
per, a high gain antenna is designed by cascading two-gap-
coupled rings to the central ring antenna, and simple coax-
ial feeding is used for excitation. The four parallel arms of
the cascading rings have in-phase current components;
hence, these arms are the primary radiators. The outer arms
have a small current compared to the middle arms. Thus,
the directivity of the antenna is enhanced due to the reduc-
tion of the side lobes. The cascaded rings improve the
HPBW in H-plane and make the radiation pattern symmet-
rical. The measurement_antenna has a resonance frequency
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of 2.45 GHz with 10 dB bandwidth from 2.405-2.500 GHz.
The proposed antenna has a high gain of 13.4dBi at
2.450 GHz with HPBW of 37 degree in H-plane and 36.5
degree in E-plane.

2. Structure of the Primary Ring
Antenna

The primary square ring antenna structure is shown in
Fig. 1, and its dimensions are indicated by the symbols.
The square ring of inner side length a, width w, and thick-
ness 0.5 mm is suspended at height / on the circular ground
plane of radius R. The side of the square ring, which is
perpendicular to the y-axis, is fed from a 50-Q coaxial
probe and its opposite side is shorted to the ground plane
through a shorting pin of radius 1 mm. The structure of the
primary ring antenna is simulated by taking dimensions
(R=110mm, a =46.5 mm, w=2.5 mm, and /4 =12 mm).
The simulated return loss and directivity are plotted in
Fig. 2 and Fig. 3, respectively. As the height % increases,
the bandwidth is increased, while resonance frequency is
shifted to the lower side, and the antenna's directivity is
slightly reduced. The simulated resonance frequency of
2.54 GHz with 10dB bandwidth of 2.46-2.62 GHz is
observed with the directivity of 11 dBi at resonance.

Ground plane

Shurn'r;g PIN

Fig. 1. The design structure of a primary ring antenna.
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Fig. 2. The simulated return loss of the antenna with variation
in height /.
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Fig. 3. Simulated directivity with variation in height .

3. Working Principle

The current density of the proposed antennas is sim-
ulated at 2.54 GHz, and is shown in Fig. 4. The current
flows from the coaxial probe to the ground plane through
two non-fed arms and a shorting pin. The current path is
indicated in Fig. 4, which shows that the total length trav-
ersed by the current is equal to the wavelength. Therefore,
by equating the whole current path with wavelength yields
the mathematical expression for the calculation of the reso-
nance frequency of the primary ring antenna. The reso-
nance frequency 2.54 GHz is obtained from HFSS simula-
tion and 2.56 GHz is obtained from the analytical equation
(1). Thus, the simulated and calculated resonance frequen-
cies are approximately matched.

c

~ S 1
2a+2h~A or f 2arh) (1)
where a is the side length of square ring, c is the speed of
light in free space, / is the suspended height of the ring
from the ground plane, f is resonance frequency and 4 is
free-space wavelength corresponding to the resonance
frequency.

The normalized radiation pattern of the primary ring
antenna simulated at resonance frequency 2.54 GHz, is
shown in Fig. 5. The simulated antenna has broadside radi-

Fig. 4.

Simulated surface current density at 2.54 GHz.
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Fig. 5. Simulated radiation pattern at 2.54 GHz (a) H-plane,
(b) E-plane.

ation with low cross-polarization below —22 dB in the
H-plane and below —48 dB in E-plane. The simulated radia-
tion pattern has asymmetrical half-power beam width
(HPBW) of 50 degree in H-plane and 31 degree in E-plane.
The side lobe level is below —9 dB in E-plane, and there is
no side lobe in H-plane. The antenna is unidirectional with
front to back ratio of 12dB at resonance frequency
2.54 GHz.

The far-field radiation mechanism of the proposed
antenna is similar to a horizontally polarized A/2 dipole
antenna placed at height 4 above the ground plane, as
shown in Fig. 6 [19]. In our design, two parallel non-feed-
ing arms of the square ring radiate similar to the A/2 dipole

Fig. 6. The image of dipole antenna placed horizontally to the
ground plane above height 4 [19].

antenna with spacing a between the two radiating sides.
Therefore, the radiation pattern is similar to the two ele-
ments dipole array placed at height # over the ground
plane. We can derive the equation for maximum radiation
intensity, radiated power, and directivity of a horizontal
dipole antenna placed at height 4 over the ground plane
using equations (2)—(5) from [19].

2
U = ’7(”) sin” (kh) forh < A/ 4, )
2\
2 . .

po- nn(lj 2 sin(2kh) ~ cos(Zkft) . sm(Zkiz) )

A) |3 2kh (2kh) (2kh)

.2
D=4 S e 2
})rad R(kh) 4

R (kh) = g_sin(Zkh)_cos(Zkh)+sin(2kh) 5)
13 2k (2kn) (2kR) |

Here, k is propagation constant, % is the height of the dipole
antenna from the ground plane, / is the length of the dipole
antenna and # is the wave impedance in free space
(1207 Q).

If height 4 is equal to zero, then the dipole antenna is
shorted with the ground plane, and it does not radiate, and
similar things happen with the proposed antenna. The pro-
posed antenna's radiation intensity is derived by multiply-
ing the square of the array factor with the radiation inten-
sity of the horizontal dipole antenna. The derived radiation
intensity of the square loop antenna is given in (6).

max

2
= Z(Zj sin’ (kh ) cos’ [kzacos(bj forh<a/4,(0)

The maximum radiation intensity of the square ring
antenna is zero if 4 is very small. Therefore, we chosen
h=2/8 and a=1/2 and @ = /2 in our design to obtained
radiation intensity given by (7). The maximum radiation
intensity can be received if we select # = 4/4; however, the
radiated power is zero; therefore antenna does not radiate
effectively.

4. Gain Enhancement by Cascading
Rings

The primary square ring antenna design discussed in
the preceding section has a directivity of ~11 dBi at reso-
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nance frequency 2.54 GHz. In this section, the directivity
of the primary square ring antenna is improved with two in-
phase cascaded rings. The structure of the proposed cas-
caded antenna is shown in Fig. 7.

When the primary ring antenna is simulated, it has
only two sides with a common mode current; hence, these
sides radiate like a horizontal dipole antenna placed at
height & over the ground plane, and its collective effect
enhances the directivity. However, the cascaded ring
antenna has two extra gap-coupled rings.

Therefore, the cascaded ring antenna has four parallel
sides, which has an in-phase current, and these parallel
sides radiate like four elements horizontal dipole array over
the ground plane and enhance the directivity. The return
loss of the cascading ring antenna is simulated with a vari-
ation of the gap G, the result is shown in Fig. 8. When there
is no gap between the arms, i.e., G = 0 mm, then the current
flows from the coaxial probe to the shorting pin through the
inner loop and outer loop and impedance is matched at the
frequency of the outer loop. Hence the resonance frequency
is determined by equating the circumference of the outer
loop with wavelength, which is at 1.8 GHz, as obtained
from HFSS simulation.

If a gap G is created in the outer arms of the cascaded
ring antenna then the current's significant components flow
from the coaxial probe to the shorting pin through the sides
of the middle ring. Hence resonance frequency is due to the

Shorting PIN

Ground Plane

Fig. 7. The structure of the proposed cascaded ring antenna.
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Fig. 8. Simulated return loss with a variation of G.

central primary ring, which is identical to the resonance
frequency of the primary ring antenna derived in (1), but
a slight shift in resonance frequency is occurred due to the
change of reactive part of the impedance of the cascaded
antenna. For example, the G =4 mm antenna has a reso-
nance frequency of 2.45 GHz, closer to 2.54 GHz, the res-
onance frequency of the primary ring antenna. As the gap
G increases, less current flows in the outer side, and the
majority of the current flows in the inner loop; hence the
resonance frequency is shifted toward the resonance fre-
quency of the primary ring antenna. The antenna simulated
for G =6 mm has a resonance frequency of 2.48 GHz. The
surface current density of the proposed cascaded antenna is
simulated at 2.45 GHz, which is shown in Fig. 9.

The current flows in all the parallel sides are in phase;
hence these sides are the main radiating elements. The
current flow in the antenna structure is drawn in Fig. 10.
The broadside directivity of the antenna is simulated with

Fig. 9. Simulated surface current density at 2.45 GHz.
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Fig. 10. Principle of the proposed cascaded antenna structure.
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Fig. 11. Simulated directivity with variation in gap G.
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Fig. 12. Simulated 2-D radiation pattern at 2.45 GHz.
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Fig. 13. Simulated 3-D radiation pattern at 2.45 GHz.

[

variation in G, as shown in Fig. 11, when G =0 mm, then
the directivity is 11.9 dBi at the resonance frequency of
1.8 GHz. While gap G increases, the resonance frequency
is shifted at the higher side, and the antenna's directivity
reaches 13.7 dBi at 2.45 GHz for the gap G =3 mm. There
is a 1.80 dB improvement in directivity which is due to
a reduction in side lobe level.

The simulated antenna with the single ring has asym-
metrical HPBW with 52 degree in H-plane and 31 degree
in E-plane. The HPBW improved and became symmetrical
by introducing the cascading rings. The cascaded antenna
with 35 degree HPBW in H-plane, and 36 degree HPBW in
E-plane is obtained from the HFSS simulation, as shown in
Fig. 12. The cascading ring improved the front-to-back
ratio 17 dB, and side lobe level below 13 dB, in E-plane
and the side lobe below 22 dB in H-plane as obtained from
the simulation. In Fig. 13, the antenna's 3-D radiation pat-
tern is simulated at 2.45 GHz, and the antenna has a di-
rectivity of 13.7 dBi, and the side lobe is reduced in the
direction of cascading rings (H-plane).

5. Fabrication and Measurements

The cascading ring antenna prototype is shown in
Fig. 14. It has been fabricated from a copper sheet of
a thickness of 0.5 mm. A simple 50-ohm SMA connector
feeds the middle ring, and its opposite side is shorted to the

(b)

Fig. 14. Prototype of the proposed antenna: (a) Top view,
(b) side view.

ground plane through a pin of radius 1 mm. The soldering
of the coaxial probe and shorting pin provides the support
to suspend at height % of the cascading ring over the circu-
lar ground plane. The antenna is fabricated with dimen-
sions of radiating rings: a=44mm, w=25mm, G=
4 mm, 2 =12 mm, and R = 110 mm. The designed antenna
has advantages of being planar in structure, fabricated with
metal only, small area occupied by radiating elements,
simple feeding, and high power handling capacity due to
metallic structure.

The return loss of the proposed antenna is simulated
and measured using a vector network analyzer, and meas-
urement and simulated results are mentioned in Fig. 15.
The results show that the simulated antenna has a 10-dB
impedance bandwidth from 2.410-2.495 GHz with a reso-
nance frequency of 2.45 GHz. However, the measured an-
tenna has a 10-dB impedance bandwidth from 2.405 GHz
to 2.50 GHz with a resonance frequency of 2.45 GHz.

The gain of the proposed antenna is measured from
a two-port vector network analyzer in an anechoic cham-
ber. The reference antenna (double ridged waveguide horn
antenna) is first connected to port 2, and the proposed cas-
caded ring antenna is connected to port 1. We activate Sy;
for the frequency range (2.3-2.6 GHz). After this, we nor-
malized the calibration, which gives 0 dB S,; over the se-
lected sweep. This means the gain is now normalized to the
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reference antenna. Now we replace the reference antenna at
port 1 and the proposed cascaded antenna at port 2, and we
measured S,;, which is the gain of the proposed cascaded
antenna concerning the reference antenna. Hence the gain
of the proposed antenna can be determined by (10).

Gcascaded = SZI + Gref- (10)

Here Gyseadeq 18 the gain of the proposed cascaded antenna
and G is the gain of the reference antenna. The gain of
the reference antenna G, is 9.8 dBi at 2.45 GHz, and S,; is
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Fig. 15. The simulated and measured return loss of the
cascaded antenna.
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Fig. 16. The simulated and measured realized gain of the
cascaded antenna.
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Fig. 17. The simulated and measured normalized radiation
pattern at 2.45 GHz: (a) H-plane, (b) E-plane.

3.6 dB obtained from the measurements; hence the gain of
the measured antenna is 13.4 dBi from (10). The measured
broadside gain is matched with the HFSS simulated gain of
13.6 dBi as shown in Fig. 16.

The normalized radiation pattern of the antenna is
simulated and measured in H-plane at 2.45 GHz, as shown
in Fig. 17(a).The simulated antenna has a low cross-polari-
zation level below —30 dB, in H-plane and the cross-polari-
zation level below —40 dB, is obtained in E-plane, as shown
in Fig. 17(b).

Ref. Total planar area & Total height Resonance frequency & 10-dB bandwidth Peak gain Dcfrﬁggtc Feeding technique
[16] 40* & 0.93) 5.8 GHz & 14%(5.40-6.20 GHz) 15 dBi 1 Wave-guide feeding
[20] L1 & 0.11) 2.45 GHz & 11.4%(2.26-2.54 GHz) 11.7 dBi 3.55 Feeding network
[21] 1.316\% & 0.048) 2.9 GHz & 13 %(2.83-3.22 GHz) 10.5 dBi 22 Coaxial probe
[22] 957\ & )\ 5.6 GHz & 5.3 % (5.45-5.75 GHz) 14.8 dBi 1 Coaxial probe
[23] 1.060* & 3.171 5.6 GHz & 17.8% (5.10-6.10 GHz) 16.7 dBi 22 Waveguide feeding
This work 2.533% & 0.1A 2.45 GHz, 3.87 %(2.405-2.50 GHz) 13.4 dBi 1 Coaxial probe

Tab 1. Comparisons of the proposed high gain antenna and previously reported high gain antennas.
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The measured antenna has a cross-polarization level
below —25 dB, HPBW, and 36.5 degree in H-plane. The
cross-polarization level below —40 dB and HPBW 37 de-
gree are measured in E-plane, and the antenna is unidirec-
tional with a front-to-back ratio of 15 dB. The measured
results are in good agreement with simulated results. There
is a slight deviation in simulated and measured results due
to fabrication and measurement errors.

A performance comparison of various reported
antennas in the literature along with the proposed antennas
is tabulated in Tab. 1. The proposed design shows good
enactment over existed ones.

6. Effect of Ground Plane Size

In this section, the performance of the proposed an-
tenna is studied concerning changes in the radius of the
ground plane. In Fig. 18, we have simulated the broadside
directivity of the proposed antenna regarding the ground
plane radius R. The simulated broadside directivity of the
antenna is shown in Fig. 18. The directivity is increased as
the ground plane radius increases from R =100 mm to
R =120 mm due to the enhancement of the effective area.
However, the broadside directivity of the antenna decreases
as the ground plane size increases from R =120 mm to
R =140 mm due to destructive interference from the large
open-ended ground plane.

7. Conclusion

This paper proposed a high gain antenna for radar
communication, WLAN applications, base stations, and
energy harvesting applications. The antenna structure is
simple and designed from copper, and less complex coaxial
feeding is used for the excitation. In the proposed antenna,
in-phase cascading rings are used for gain enhancements.
The designed antenna has a high gain of 13.4 dBi with
a symmetrical radiation pattern in the E and H planes at the
resonance frequency. The operating principle of the pro-
posed antenna is explained using four elements horizontal
dipole antenna array placed over the ground plane.
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