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A Multiband Arrow Shaped Patch Antenna
Based on Apollonian Gasket and Soddy’s circle

for application in LTE and UWB range
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Abstract: A novel arrow shaped planar multiband antenna
based on apollonian gasket and Soddy’s circle with Defective
Ground Structure (DGS) is described in this paper. The structure
isdesigned on an FR4_epoxy substrate (&=4.4).The performance
is evaluated using HFSS software. The antenna displays
multiband behaviour in the frequency range from 3 to 10 GHz
which is suitable for wireless communications applications.The
antenna gives tri-frequency response in LTE range(600 MHz-
6GH2):1.17 GHz 3.44 GHz and 6 GHzand tetra frequency
response in the UWB freguency range(3 GHz to 10 GHz): 8.1
GHz, 9.5 GHz 11.8 GHz & 13.5 GHz which could be used in
wireless and radar communications.The overall performance of
the antenna demonstrates an average impedance
bandwidth(IBW) of 300 MHz with a good impedance matching
(S11< -10 dB).The proposed antenna has the satisfactory
radiation characteristics throughout its operating band. The
measured highest gain differs from 1 dBi to 1.9 dBi inthe entire
frequency range.

Keywords. Arrow shaped antenna, apollonian gasket, Soddy’s
circle, multiband, defected ground structure (DGS), microstrip
patch antenna (MPA)

l. INTRODUCTION

Due to the rapid advancement in communication technology
the demand of more efficient devices has rose to a
significant peak. Many new techniques are being followed
while designing microstrip patch antenna to operate with
these devices over a wide frequency range. One of them is
use of Defective Ground Structure (DGS). As reported by
researchers integrating DGS to antenna improves radiation
characteristics. Kim and Park [1] first anticipated and used
the term ‘DGS' in describing a Defect in the ground plane by
introducing a dumbbell shape unit. Since then it has been
exploited for better performance of the microstrip antenna
by many authors. Introduction of slots in ground plane is a
very efficient process to obtain desired performance of a
printed microstrip antenna. Mark et a [2] proposed a fractal
antenna with hexagonal-ring elementswhich yields 5
resonant frequencies. Biswas et a[3] reported a dual band
printed antenna that resonated at 2.4 and 5.8 GHz for the
application of in WLAN/Wi-Fi.
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Naik et a [4] reported a design of a hex-decagonshaped
circular microstrip antenna operating at two resonating
frequencies 13.67 GHz,15.28 GHz with return loss better
than 35 dB. Impedance bandwidths of 854 MHz and
1140MHz, respectively are also required. Patel et a[5]
proposed a compact size triple-band antenna for Wireless
ISM and RFID applications resonating at 926 MHz
,1.57GHz &2.47GHz .IBW of 20MHz (913-934 MHz),
90MHz (1.5-1.59 GHz) and70MHz (2.43-2.50 GHz) are
obtained for the proposed range. Authors have reported
many techniques to obtain multifrequency operation like
crinkle fractal-structure, square spiral structure etc [6-9].
The microstrip antenna configuration with combination of
gap-couplingand multilayer stacking has been reportedby
Sun et.a [10]to work in multiband andbroadband range.
Kiruthikaet a [11] presents a compact size, dual band
antennawhich operates at two frequencies at 9.19 GHz and
10.85 GHz respectively. This antenna yields 600 MHz
(6.53%) and 1650 MHz (15.20%) IBWat these
frequencies.Khandelwal et a [12] presented the evaluation
of DGS through analysis and simulation. They discussed the
role of DGS in the field of microwave andmicrostrip
antennas with various applications, that isshrinking,
multibandperformance, bandwidthimprovement, gan
improvement, suppression of mutual couplingbetween two
elements, suppression of higher mode harmonics, reduction
of cross-polarization.Fernandez et al [13] described a design
of multi-frequency patch antenna using DGS for C band and
X band operations. Because of the use of DGS the antenna
produced resonant frequencies at 4.4 GHz, 6.3 GHz, 8.1GHz
and 8.8 GHz and rejection band 4.4 - 6.2 GHz for WLAN
applications, 6.5 - 8.0 GHz for satellite downlink and uplink
applications, 8.2 - 8.8 GHz for ITU and 8 GHz in X Band.
R.Er-rebyiy et al [14] settled a new observation concerning
the size reduction of microstrip patch antenna by using DGS
resonating at 3.5 GHz. By using DGS the operating
frequency was shifted to lower frequenct. Singh et.al [15]
reported a Sectored annular ringmicrostrip antenna with
DGS for circular polarization with 34.61% impedance
bandwidth at 2.6GHz and 6.96 dB peak gain. Usage of
Apollonian gasket geometry is also a new technique which
is used by many authors for fractal geometry [16-
19].Kumaret.al [20] presented a design of Appolliangasket
like CPW-fed fractal antenna. The antenna was reported to
be showing multiband behaviour with resonating
frequencies at 1.265, 4.66, and 7.8 GHz with IBW of 50%,
17%, and 15%, respectively.Rao et a [21] proposed a
Smith-Apollonian Gasket (SAG) fractaldesign for microstrip
paich antenna that has a multibandbehaviour in the
frequency range from 3 GHz to 10 GHz with frequency
peaks at 4.5 GHz, 5.5
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GHz, 7.5 GHz and 9.0 GHz. Guha et a [22] discussed about
the recent trends, applications and advantages of using DGS
in microstrip antennas.Manyother authors [23-31] discussed,
analysed and established the basic fundamentals of the
design of apollonian gasket and Soddy’s circle.

In this article a new structure of MPAwith DGS is proposed
for multiband operation.The structure is fabricated on an
FR4_epoxy dielectric substrate (g,=4.4) having thickness of
1.6 mm and a loss tangent of 0.02. This design produces
multiband operation with an acceptable gain. From the
literature survey it is evident that different mathematical
models may be used to design the configuration of the slots
on the patch which along with the DGS may result in better
performance. In this design an arrow shaped microstrip
patch antenna is configured using apollonian gasket with the
concept of Soddy’s circleas shown in Figure 1(a). A
rectangular window is used on the ground plane as DGS.
Ansoft HFSS is used to simulate the proposed structure. The
antenna produceshepta-frequency response at frequencies
1.17GHz, 3.44 GHz, 6 GHz, 8.1GHz , 9.5 GHz , 11.8 GHz
& 135 GHz with S11 <-10 dB. This covers theL TE and
UWB range of frequency.The radiation pattern and gain is
obtained for the resonant frequencies. The impedance
bandwidth at the resonances is found in the range from 3%
to 6 %.In the later part of the paper an equivaent circuit
model of this configuration is designed using the NI AWR
software environment. The results obtained from the HFSS
analysis and circuit model are tested using Vector Network
Analyser. A good matching is observed. The heptafrequency
response of a single element antenna is suitable for Wireless
communication,Intelligent Transportation System
(ITS),WiMAX, Wi-Fi, RFID, ISM band applications, etc.

. DESIGN METHODOLOGY

In this design primarily acircular patch of radius a is chosen
asgivenin Fig.1 (a) for resonance at 6 GHz as per the basic
formula[32]

f——anC (1)

" 2mafe,

Here X'mn = 1.81 for TM110 mode,c= 3 x 10®m/sec,

e = 44 for FR4_epoxyandf,=6GHz , the resonating
frequency and a=9mm, the radius of the circle. The authors
implemented the concept of Apollonian gasket and Soddy’s
circle to taper the three edges of the circular patch and
cutting a inner circular ot as shown in figure 1(a).The
edges are cut using the periphery of the Apollonian circles
namely A,B & C [Figurel (8)]. D & E are the outer and
inner Soddy circle respectively. The radius(s) of the circle E
is obtained by using the
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Figure 1. (a) basic design procedureto implement slots
on the patch(b) Proposed microstrip patch antenna
concept of Soddy’s inner circle. The radii of both outer and
inner Soddy circles can be found by using the formula given

by Frederick Soddy [26]

r1r2r3
Lr, + Tl + Tl + 2.0 (1 + 1, + 1)

+
r, =

Here rirars are the radii of the 3 mutualy tangent
circlesand r4* isthe radius of the inner and r47is the radius of
outer Soddy circles. In our case we have taken
,=r,=rf;=aandr,” =S. Under this assumption we
Oet,
5. & (3
3a%+3.4a°

The peripheral cuts and the dot at the patch centre andthe
DGS a the bottom ground plane introduce multiple
resonances.

. RESULTSAND PARAMETRIC STUDY

The simulation of the configuration shown in Figure 1 is
performed using Ansoft HFSS software.
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The patch antenna with DGS gives a multiband hepta-
frequency response at resonant frequencies 1.17GHz, 3.44
GHz, 6 GHz, 8.1 GHz , 95 GHz , 11.8 GHz & 13.5 GHz
with S11 of -17dB, -21dB , -16dB , -28dB , -43dB, -20 dB
& -15 dB,respectivelyin the frequency range from 1 GHz to
14 GHz as shown in Figure 2. The measured impedance
bandwidths for S11 <-10 dB are50 MHz(1.14 GHz-1.19
GHz), 200 MHz (3.38 GHz-3.58 GHz), 210 MHz (5.84
GHz-6.05 GHz), 200 MHz (7.93 GHz -8.13 GHz ), 250
MHz (9.35 GHz-9.6 GHz),430 MHz (11.39 GHz-11.82
GHz), and 500 MHz (13.29 GHz-13.79 GHz). The
measurements are done using Agilent Vector Network
Analyser. The simulated and measured results are found in
good agreement as shown in Figure2.A little mismatch
between the ssimulated andmeasured results may be due to
soldering effect or fabrication, and SMA connector losses.
The highest gain achieved by the antennais 1.9 dBi.
Following parametric study is done to see the effects of
different dimensions of configuration on antenna
performance.

[11.AThe effect of the radius of inner circular: The
inner circle radius(s) affects the resonant frequencies to a
great extent. The circular slot introduces capacitive effects
on the radiating patch. Hence change in the dimension of the
circular dot results in the change of resonant frequency
peak.

SllindB

— Simulated(HFSS)
Measured

1 3 5 7 -] 11 13
Frequency in GHz

Figure2: Simulated and measured S uvs.frequency for
the antenna

Figure 3 shows the S11lvs.frequency plot for different inner
circle radius. It can be observed that with the increase in the
radius of the inner circle the resonant frequency tends to
shift towards the right i.e. if the circle radius is increased
resonant frequencies also increase. Through curve fitting
and iterative technique the relation between resonant
frequencies and inner circle radius is found and are
expressed below:

Tablel: Antenna parameter (All dimensionsarein mm)

Lr | Wr S L¢ | W | L W | Lp | Wp
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Figure 3: Simulated and measured Su1 vs. frequency for
different inner circleradius

[11.BThe effect of DGS design parameters:Figure4 shows
the Si1 response vs. frequency for different DGS window
size. It has been observed that with the change in the size of
window shaped DGS the higher resonant frequencies gets
shifted though the lower resonance frequencies (< 6 GHz)
remain the same. The etching of the window shaped defect
on ground plane induces reactive elements to the ground
which affects the higher resonating frequencies mostly. The
final dimension of the WDGS is selected to be 10 mm x 12
mm for optimum performance.

o]
-10 *
-20

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Frequency in GHz

B e P

RN

Figure 4: Simulated and measured S 11 vs. frequency for
different WDGS(L=10 mm ,W=12 mm)
From the above parametric study the design configurations
ae findised and shown in  Table |. The
optimised performance of the antennaisgivenintablell.
Tablell: Optimised performance of the proposed

antenna
Frequenc | 1.17 | 34 6 81 | 95 | 11.8 | 135
yinGHz
S11 17 | 21 | -16 | 25 | -:33 | -20 | -14

Bandwidt 6 6 3 4 3 3 3
hin%

Gain(Ma 1.9dBi
X)

Applicati LTE/WIMAX Radar Communication /
ons wireless Communication

26 1303 |12 |38 |40 |10 |12 |23 |4 | UWB applications |

_ Figure 5 shows the radiation pattern of the antenna for all
]:1_'_'11'1155:5;37( 4b) (43) the seven resonant frequencies. The antenna radiation
f2: 1‘ Bs 4 7 é? pattern at different resonance frequencies are shown in Fig
= -LobS+ 7. (40) 5. Broadside radiation characteristic is found at all
f4=-0.97 s+ 9.19(4d) frequencies
fs =-0.9 s+ 10.57 (4e) '
fe =-0.9s+ 12.62 (4f)
fz7=-1.37s+ 1531 (49)

Fromthe above analysis the final dimension of sis selected
to be 1.2 mm for best performance which also agrees well
with the value obtained from the Soddy’s equation (2)
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Figure5: Theradiation pattern of the proposed
structureat (a).1.17GHz (b.) 3.44. GHz (c.) 6GHz (d.)8.1
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roduces capacitive effect.

I11.C. SURFACE CURRENT DISTRIBUTION
The distribution of surface current density helps in better
understanding of the performance of proposed antenna.

Figure 6(a) shows the top surface current density and bottom
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1.17, 3.4, 6, 8, 9.5, 11.8 and 13.5 GHz.The ground plane

using HFSS simulation for excitation at resonant frequencies
defectschange the current distributions. The components of
current that are parallel to the edge of the defect cause an
inductive effect and the components perpendicular to the

conductors of the antenna configuration which is obtained

edges T
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Figure6: current distribution on the surface of the patch
for different frequencies(a) 1.07GHz(b) 3.44GHz (c) 6
GHz (d) 8.1GHz. (e) 9.5GHz (f) 11.8GHz (g) 13.5GHz

It is seen that the current density is higher on the feed line

and around the lower half of the DGS for the resonant

frequency at 1.07 GHz and 3.44 GHz. As thefrequency
increases thecurrent gets more intense towards the edges of
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the patch. At 6 GHz current density at both the edges ‘le’
(left edge)and're’ (right edge) are high. For 8.1 GHz the
concentration is higher towards're’. The current density gets
concentrated towards the bottom edge ‘be’of the patch at
resonance frequency 9.5 GHz. Again at 11.8 GHz and 13.5
GHz the superficial current density is higher at all the edges
of the patch and around the whole structure of DGS. From
the above observation it can be concluded that the lower half
of the DGS affects the lower frequencies more than the
upper half of the DGS window. As the resonant frequency
increases the circular dot on the patch and the whole
structure of DGS on ground plane starts to influence the
frequency response of the antenna.ln Figure 6-a., the
intersection of current at the upper part of PQ and RS edges
of DGS is perpendicular giving rise to capacitive effect. At
the lower part of side surfaces QP and RS of Defective
Ground Structurethecurrent distribution is predominantly
paralel causing an inductive effect. The combined result
produces a resonance at 1.07 GHz. At 3.44 GHz (Figure 6-
b) same effect observed with stronger distribution of
currents resulting in additional resonance. In Figure 6-c the
current distribution changes direction causing capacitive
effect at the edges PS & QR and inductive effect at the
edges PQ & RS, causing resonance at 6 GHz. In Figure 6-dit
can be observed that the superficial current around the
defect causes predominantly inductive effect with little
capacitive effect at the top edges.In Figure 6-e again the
edges PS & QR give rise to capacitive effect and the upper
edges of PQ & RS give inductive effect resulting in
additional resonance at 9 GHz. In Figure 6-f it is seen that
the side edges PQ and RS store electric energy giving rise to
capacitive effect while the horizontal edges PS & QR
current causes an inductive effect giving rise to resonance at
11.09 GHz. All around the defect in figure 6-g, current
distribution shows strong capacitive effect with some weak
inductive component giving rise to resonance at 13.5 GHz.
The circular opening on the patch modifies the current
dispersal and trap electric fields, giving rise to capacitive
effect. The outward current around the edges of the patch
causes an inductive effect. The DGS and the patch with
circular dlot produce multiple resonances a seven
frequencies mentioned above.

V. DEVELOPMENT OF COMPARABLE
CIRCUIT FOR THE PROPOSED ANTENNA

LsSoH  L=5aH  L=SoH  L-SnH  L-2.08nH L=11360H L2

Cpach=30 pF R-1120 R-10 (R-10| (R-10| R-3.760 R-10 Re10

Leea=0.3
CoSpF  CeSpF CaSpF  CaSpF  Co2pF

C=1.9pF €=0.326pF

o184 pf

Re500

€=0.9pF

L2850
Ch1L193pF
L0.83 00

Figure 7: The equivalent circuit of the proposed antenna
Ancomparable circuit of the proposed antenna is constructed
using NI AWR software environment as shown in Figure 7.
In this circuit Lea represents the feed line inductance and
Chaten IS the antenna capacitance.
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Thediscrete RLC element signifies each resonant frequency.
The final values are obtained by optimising the value in NI
AWR circuit simulation software to match the resultsfound
from HFSS simulation as shown in Figure 8.
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3 ! |

£ 20

= |
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30 ——— Simulated(HFSS) " |
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40 = —=—="Circuit Simulation
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Frequency in GHz
Figure 8: Comparison of Su responsesfound from HFSS
simulation, Circuit ssmulation and M easurement

V. EXPERIMENTAL SET UP

Bottom
View

(b)
Figure9: (a) Hardware of the proposed structure (b)
Experimental set up of the

Figure 9 (a-b) shows the hardware of the patch antenna and
experimental set up. The return loss and radiation pattern is
measured with a Vector Network Analyser. Table Il shows
the performance of the proposed antennain comparison with
those reported by others. The present antenna performs
better in terms of multiple resonances and increased
application area.

Tablelll. Evaluation between the proposed antenna and

other published works

R | Sizelm | Resona | OperatingBa | No.of | Applications
e | md(e) | ting nd(GHz) Band | covered
Freq( S
GH2z)
38 x 40 | 1.17, (1.14- 1.19) ,( | Hepta | LTE/WIiMAX,
X< | x16 3.44, 3.38- band WLAN,
2| =44 | 681, 3.58),(5.84- ITS,Wi-Fi,
9.5, 6.05), (7.93- RFID, IEEE
§ 11.8,13 | 8.13), (9.35- 802.11a,ISM
g2 5 9.6),(11.39- band
b 11.82),
(13.29-13.79)
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[2] 32 x40 | 1.7 (1.69-1.88), Tetra GSM1800,2.4
x 1.6 2.4 (2.34- band /5.2/5.5
(e:=4.4) 3.1 2.52),(3.07- WLAN

45,6 3.59), (4.17- WIMAX
6.26)

[3] 66 x 66 | 2.45, (1.8-2.8), Dual Wi-MAX
x 1.6 5.8 (5.5-6) Band RFID,

(e=4.4) ZigBee
WPAN,
Bluetooth,
WLAN

[5] 20 x 0.926,1 (0.913-0.934) Tri- RFID,GPSan
21x1.6 .57, (1.5-1.59), band d IEEE802.11
(e:=4.4) 2.47, (2.43-2.50) a/blgls

[7] 14x14x 1.780,3 (1.691-1.880), Tri- GSM1800,Wi
1 .520, (3.412-3.624), band MAX,WLAN
(&:=4.4) 5.2 (5.139-5.441)

[20] | 60x60x 1.265,4 (0.97- Tri- L-band,C-
1.53 .66,7.8 1.53),(4.258- band band & X
(6:=4.3) 5.05),(6.99- Band

8.89) applications

[21] | Circle 45,55, NA Quad ITS ,WiMax,
radius 7.5,9 band satellite
=18mm communicatio

n
Height
1.5 mm
(€=3.55
)
VI. CONCLUSION

A compact Arrow shaped MPAIis designed using the
concept of Apollonian Gasket and Soddy’s circle with a
window shaped defected ground structure and fabricated on
FR4_epoxy substrate for Wireless communication,
WIMAX, Wi-Fi, RFID, ISM band applications. Seven
resonant frequencies are obtained by optimising the design
parameters which covers the IEEE L/S/ C/X/Ky-band. The
design parameters of the DGS are optimised to get better
impedance matching for all the seven frequencies. The
resonant frequency and impedance matching are highly
influenced by the DGS position and window design
parameters. The antenna performance also gets affected by
the circular slot on the patch. An equivaent circuit model is
designed and reported. The response of the fabricated
antenna shows good matching with the ssimulated structure
and yields reasonable gain (1 to 2 dBi)which makes it
suitable for wireless applications.
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