Chapter - 2
Design of Polygonal Patch and Feed Analysis

2.1. Introduction

As mentioned in chapter 1. patch antennas with different feeds are used in various wireless
communication applications. The popular feed types used for patch antenna with comparison
are summarized in section 1.2 which are the few reasons why probe feeding is utilized in this
work 1o design the antenna. The key feature of the probe feed which is exploited is the case
of fabrication and its impedance matching. FR-4 material is used as a substrate for the

analysis of polygonal patch antennas hecause it is economic and casily available.

The feed type and position of a polygonal patch antenna plays a vital role for matching the
input impedance. The effect of probe feed has been investigated in this chapter with basic

polygonal patch antenna geometry i.c. pentagon and hexagon. The effect of probe feed in a

non-regular pentagonal patch antenna has been investigated earlier to work in ISM band

(Natarajan 2003). A hexagonal shaped patch with probe feed has been reported earlier for a

broadband application (Singhal 2005). The variation of the input impedance with feeding

position in probe microstrip patch antenna has been investigated. Its analytical calculation to

match the input impedance 10 50 Q transmission line was introduced (Manteghi 2009).

Corner truncated probe feed square patch antenna has been investigated for GPS application

(Ma 2012). Various algorithms based on Artificial Neural Network, algorithms like Genetic

Algorithm have been used for the feed point optimization of probe-fed microstrip antenna

(Namkung 2007). To define the objective function for an optimization algorithm that includes

all parameters of an antenna for desired performance is still a challenge.
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Polygonal patch geometries such as circle. triangle, rectangle. pentagon and hexagon are
relatively complicated radiating structure. especially when fed with a probe (Kumar 2002).
Bilotti et al. proposed a design of polygonal patch antennas with a broadband behavior by
exploiting the clectrical antenna features of rectangular patches through proper edge
perturbations using full wave analysis (Bilotti 2001) (Bilouti 2003) (Bilotti 2010). Earlier
literature suggests that edge perturbation of a rectangular radiator helps in achieving broader
bandwidth. The edge perturbation technigue can be further explored on circular radiators to

study its effect once converted to polygonal geometries. The effect of probe feed (type and

position) has been investigated with basic polygonal patch antenna gecometry i.c. pentagon

and hexagon which show that it plays a significant role in deciding the input impedance

(Joshi 2015). Due to ongoing rescarch activity on various polygonal geometrics, there is a

&

curious requirement to compare performance of various basic polygon geometries based

patch antennas while exploring a suitable probe feed location for justified comparison. Near

1o accurate simulation software have further motivated for such a study.

Microstrip antennas arc popular since decades, but the serious limitations of these

antennas has been their narrow bandwidth characteristics. However, it can be improved to

certain extent by choosing suitable feeding technique and impedance matching network

(Garg 2001). Different geometries of star antenna like four point, five point, etc. are well

explored earlier by many researchers, e.g. Abbaspour et al. proposed a wideband and small

star-shaped microstrip antenna that has 81% bandwidth over the frequencies 4 to 8.8 GHz

with a good cross polarization level and uniform H-plane pattern (Abbaspour 2008).

A star shaped microstrip antenna including a simple feed is proposed by Mirzapour et al.

er the frequency range of 5 to 9.3 GHz (Mirzapour 2006).

that has a bandwidth of 63% OV
Vertex fed hexagram patch wideband antenna presented wideband of 4 GHz from 7.21 to

11.28 GHz A star geometry is achieved by moving the midpoint of an edge of polygon
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towards center of polygon. As the midpoint moves towards center of polygon exterior angle
between vertices of polvgon reduces. The effect of geometry perturbation of polygon to
polveram on antenna characteristics is observed. evaluated and presented. in this chapter. A

basic polygonal patch antenna c.g.. a pentagonal pateh reflects wideband characteristics as

analy zed carlier (Joshi 2014) and presented with a hexagonal patch antenna for the purpose of
comparison with polygram antenna designs afier edge perturbations.

Various gain improvement techniques such as EBG. fractals, stacked patches, slot loaded
patches. slit loaded patches can be applied to microstrip antennas with rectangular, circular or
triangular patches have been reviewed (Siakavara 2011).

A patch with metallic ring causes the enhancement in the gain as well as impedance
bandwidth as compared to patch without metallic ring has been presented by kumar et al. It
was observed that gain is enhanced by 4.3 dB and impedance bandwidth is enhanced by 2

percent when patch is surrounded by metallic ring as compared to the patch without metallic

ring. Analysis of the ficlds in the substrate shows that surface wave are scattered from

metallic ring and convert into the space waves (Kumar 2014). Zhang et al. designed, built and

analyzed a wideband, high-gain, circularly polarized antenna combined with coaxial balun

feed. The antenna has good impedance characteristic, symmetrical radiation patterns in both

principal planes, low back radiation, wide axial-ratio bandwidth, and good gain performance

(Zhang 2013).

Comparing both pentagonal and hexagonal designs, it was observed that pentagonal patch

permits better gain than hexagonal patch over the band of 11.4 to 20 GHz (Joshi 2015). Even

polygon to polygram can improve gain of an antenna. The effect of edge perturbation in

polygonal patch antenna design is studied. Pentagon or pentagram geometries provide a

wider bandwidth than hexagon or hexagram geometries. No significant variation is observed

in antenna characteristics when polygons are transformed to polygram geometries, other than
a characteristics
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a slight improvement in gain ot the hexagon pateh when transformed to hexagram geometry
with 0+ 163.15 (Joshi 2015). So. there is requirement to analyse polygonal slot in polygonal
patch antenna to improvise gain.

In this chapter the basics required for understanding the polygonal patch antenna and its
characteristics are discussed. The eftect of probe feed i.ce. location of the probe on various
characteristics such as impedance and gain of polygonal patch antenna especially a pentagon
and hexagon are examined and analyzed in section 2.2, In section 2.3, various polygonal
geometries such as triangle, rectangle. pentagon, hexagon and circle are used to design a L-
band probe fed radiator and performance are compared to analyse its characteristics. The
advantages and disadvantages of various radiators are also discussed with its fundamental
phenomenon of radiation. The similar comparison and analysis of various polygonal
geometries as analyzed in section 2.3 is done in the X-band by designing X-band quarter

wave radiator in section 2.4 of the chapter. Various issues associated with the different

polygonal radiator arc also discussed. How the characteristics of the antenna is changes when

the edges of the polygonal radiator is perturbed is discussed in section 2.5 of the paper. The

pros and cons associated with the edge perturbation of pentagon and hexagon are investigated

in detail. Finally in section 2.6, a polygonal slot technique to enhance the gain of vertex fed

polygonal patch antenna at higher frequencies are presented.

This chapter explicitly presents the properties, features and issues of polygonal patch and

edge perturbation by changing the original structure with probe feed on FR-4 substrate

through simulations only.

2.2. Probe Feed Effect in Polygonal Patch Antennas

A regular pentagonal patch antenna is designed in CST MWS as shown in Figure 2.1. The

regular pentagon geometry applied here, has a distance of 27 mm from center of pentagon to
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vertex of pentagon. This antenna is designed on a glass epoxy FR-4 substrate (¢, =4.3, tan 0 =

(.025. substrate thickness — 1.3 mm). The regular pentagon patch has (X-Y) dimensions of 54

mm - 94 mm. The substrate has dimensions of 80 mm = 80 mm and the ground plane has an

arca of 60 mm - 532.6 mm as shown in Figure 2.1. The center of the ground plane and regular

pentagon patch coincides and both conducting layers have the same thickness of 0.035 mm.

_ 60 mm ¢4 S
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FP5
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Figure 2.1. (a) Geometry of the proposed pentagonal-shaped patch antenna with the feed

points indicated (b) Side view.

The antenna is fed through a probe feed arrangement by using a standard SMA connector.

All vertices of polygonal patch are connected to SMA indicated by yellow (light) color points

in Fioure 2.1 but it is observed during simulations that the presence of feed points indicated
e2.1b S 0Ds =
[ ]

by yellow (light) color points do not have significant effect on the performance of the
3 7 b »

antenna. Feed points (FPI to FP7) indicated by red (dark) color points are excited one at a
£ - d. I'ee b

lime b At coaxdal pmbe-fced to demonstrate the effect of probe feed in pentagonal-
> through direct coa

shaped patch antenna.
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Similarly. a regular hexagonal patch antenna with feed points (FP1 to FP7) is designed

with 4 distance of 27 mm from center to vertex of the hexagonal patch as shown in Figure
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Figure 2.2. (a) Geomelry of the proposed hexagonal-shaped patch antenna with the feed

points indicated (b) Side view.

The pentagonal and hexagonal patch antenna arc simulated with a rectangular ground
s < i &

planc on CST MWS simulation software to study the effeet of probe feeding on various

parameter like reflection coefficient, impedance and gain. The results show that the reflection
coefficient is below -10 dB for a wideband of 8.6 GHz ranging from 11.4 to 20 GHz when

polygons are fed at the vertices i ¢. FP2 and FP3 as indicated in Figure 2.3 and Figure 2.4.
; : :
y changing the coordinates of feed point, from 0 to

Both polygonal designs are simulated b

. ‘ ved e wideband
26.5 mm on the radial distance from origin to vertex. It is observed that, the wi

C L lece tex. Fee int is also moved along

antenna performance is obtained at 26 mm 1.€. close to vertex. e d point 1s & along

: il o nulti ion instead of

the edge as well as from origin to midpoint of the edge. But ultiband operation instead o

her than at vertex of polygon.

B ints ot
broadband operation is observed at feed points ¢
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One of the significant parameters for patch antenna design is matching impedance to
transmission line. The simulation result shows that impedance oscillates closely around 50 €

in band of 11.4 to 20 GHz for both polygonal patches as indicated in Figure 2.5.
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Figure 2.5.  Simulated impedance for pentagonal and hexagonal patches at FP2/FP3.
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Figure 2.6. Simulated Gain (in dB) for hexagonal and pentagonal patch at FP2/FP3.

To d rate the effect of the probe feeding on gain (in dB), both polygonal patch
emonstrate

desig lated and the values discovered are displayed along with the main lobe
S1gns are simulated an

30



direction (in degrees) at which peak gain of antenna is observed in Figure 2.6. Positive gain

for both patch geometries is noticed at band where impedance is pertectly matched.
2.3. Performance Comparison of Antennas for L-Band Applications

A circular pateh is designed with radius oft 100.2 mm to operate at 1.5 GHz. i.c. center
frequency of 1.-Band as a uniform point of reference. Other polygonal patches are designed
as if the circular radiator is perturbed at circumterence but circumradius of cach patch (17) 1s
further optimized to achieve centre frequency of the L.-Band. The edge dimensions of ground
planc (Gy) and substrate (Sy) exceeds are twice of 15 by 10 mm and 20 mm respectively. The
effect of increasing number of edges (V) from V = 3 to 6 within a limit of }, = 100.2 mm is
studied. Basic polygonal antennas arc designed in CAD environment provided by CST MWS

software using a glass cpoxy FR-4 substrate (¢ = 4.3, tan ¢ = 0.025) of thickness 1.55 mm

with conductor thickness of 0.015 mm on both sides of epoxy. The radius of the center pin of

SMA connector is 0.65 mm, the radius while of dielectric ring used in SMA connector is

2.175 mm. The radius of outer conductor is 3.175 mm while the total height of SMA

connector is 13.5 mm. The dimensions of the polygonal patch antennas are presented in Table

2.1. The polygonal designs are optimized by varying feed angle (F,) from 0 to 2*/2* N with

the step of 2*n/8*N for one sector of the polygon.

The feed angle (F) is the angle between F,and x-axis in anticlockwise direction as shown
q

in Figure 2.7. The feed point (F) is the distance from the origin to the location of feed.

Finally, total thickness of antenna designed is 0.0079 times the free space wavelength of the

center operating frequency 1.5 GHz.
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Table 2.1. Patch Antenna Design

N Patch V, F. (V./2) F,() Gy(mm) Sy;(mm)
Geometry (mim) (mm)

s Circle (AY) 100.2 50.1 0 2104 2204

3 Triangle (A>) 96 48 0 202.0 212.0

4 Rectangle (Ay) 946 47.3 0 199.2 209.2

S Pentagon (Ay) 8345 41725 18 176.9 186.9

6 Hexagon (As) 855 42.75 0 181 191

The optimum values of £, for the antenna AL Az, A, Ay and As at center frequency of 1.5
GHyz are indicated in Table 2.1 along with the impedance bandwidths (BW). It is observed

that if a feed point is selected near the edge then the polygons having even N display better

performance in terms of impedance bandwidth that increases as NV increases.

The polygons with odd N perform well when feed point is selected between vertex and

center of edge. Fy is optimum at a different value at 18° for pentagon since it is asymmetric

over the width of the ground plan
compactness of antenna. Real p
Irequency of 1.5 GHz for anten

Hexagon has a real impedance

Table 2.2. Patch Antennas Impedance
N Patch Geomeltry | Re(Z,)(R2) Im(Z; )(2)
o | Circle (A1) 51.56 | -20.033
s Triangle(Ay 47203 +16299
4 | Rectangle (A3) 44.54 | +16.65
5 | Pentagon (A4) 46.26 | +9.285
| 48.07 1.039

6 Hexagon (As)
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closer to 50 € and lowest imaginary impedance.

BW
(%)

0.66
0.79
0.79
0.84

2.28

e but dimensions of pentagonal patch geometry favors
art and the imaginary part of input impedance at a center

nas A,-As after feed optimization are listed in Table 2.2.



Similar to a rectangular patch antenna, any polygonal shaped patch antenna may be
modeled as RLC equivalent circuit as shown in Figure 2.8, After applying equations given in
(Garg 2001), values for lumped elements (R. L. and () can be obtained for different

polygonal patch antenna, as given by cquations (2.1-2.3).

. ((;”I; ,4"‘. 9
= S 2.1
2h (2.1
/
[ = ; (2.2)
(2af. P C
R=—"— (2.3)
(211, )

where. A. is the effective overlapping area with ground of the polygonal patch, /. 1s centre

frequency of operating band, while height (/1) and diclectric constant (&) are substrate

characteristics, respectively.

L Antenna
R, t Lun Ll) Lv R" " Model
A A AT YT AN T
Connector L Probe Model L
i C = ==C L. R L C —=—
Height ph —r i ) —
Maodel Probe to Patch
Junction Model

Figure 2.8. Equivalent Circuit model of the antennas at /= 1.5 GHz for (a) A, (b) Az(c)

Az (d) Ay (e) As.

The probe can be modeled in three sections i.e. probe height model (Pozar 2014), probe

model (Garg 2001) and probe 10 patch junction model (Pozar 2014). The probe height model

is modeled as coaxial transmission line model by series resistance (R, = 0.03184 Q), series

inductance (L,, = 2.42 nH) and shunt capacitance (Cpy = 0.9663 pF). The probe model is
Ph .

modeled as by series inductance (Lo = 342pHand L, = 1.0161 nH), resistance (R, = 4.5894
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Q) as shown in Figure 2.8. The series inductors (L, and £,) used to model the feed probe are
proportional to the height of the dicleetric substrate. The transition or junction between probe
and the polygonal patch is modeled as shunt capacitance (€, = 12.20 pF), series inductance
(L, 0.298 nHl) and shunt inductance (£,> = 0.641 nH). The impedance of a probe height
model and probe junction model can be calculated using the equations given in (Pozar 2014),

while the impedance of the probe model can be evaluated using cquations given in (Garg

2001).
Table 2.3. Patch Antennas RLC Values Shown in Figure 2.8
N Patch R () L(inpH) C(innF)
Geometry
»  Circle 38.53 29.06 0.38
3 Triangle 17.54 76.56 0.15
4 Rectangle  18.21 51.21 0.22
5 Pentagon 21 55.36 0.20
6 Hexagon 26 48.26 0.23

For antennas shown in Figure 2.7, equivalent values for R, L, and C are indicated in Table

2.3. The input impedance (Z11) of antennas is evaluated using equivalent circuit model

(ECM) considering RLC resonator resonating at 1.5 GHz. Impedance Z;, is plotted in Smith

Chart (SC) for all antennas as shown in Figure 2.9. It is observed that at resonating

frequency, the circle and all polygonal patch geometries are intersecting the unit circle which

suggests that impedance value is close to 50 Q but is reactive, while curve for hexagon is

intersecting the zero imaginary line which suggests lowest reactive impedance value as

shown in Figure 2.9 and as suggested by Table 2.2.
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Figure 2.9. SC of Al compared with the results of A2, A3, A4 and A5 using Equivalent

circuit model.

Further. the effect of polygonal geometries on of reflection coefficient (S1)), impedance

(Z,1). farficld gain and directivity is studied and the results are compared and analyzed

through simulations on CST MWS.

Figure 2.10 shows the reflection coefficient (Siy in dB) of all antennas Ay, Az, As, Ay and

As. It is observed from the plot that scattering characteristics of polygonal patch antennas are

dependent on shape of patch, moreover, on number of edges, N. The hexagonal shaped patch

antenna has the largest bandwidth among A1 10 As. High bandwidth of the hexagon is due to

dual but proximate resonances, on¢ at 1.50 GHz and other at 1.52 GHz. Reflection coefficient

(in dB) value decreases as the value of N is increased from 3 to 6 as shown in Figure 2.10.

Hexagonal and pentagonal shaped patch antenna exhibit low value of reflection coefficient as
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compared to circle. while triangular and rectangular patches have reflection coetticients of

same order as that of circular radiator.

w
b
Ay T SR TS g [ SA— (E—
30 4+ —— Hexagon(N=6) ' ___________ r __________ |
—¥— pentagon(N=5) : f & : : ; ;
.35 oot —.— | y T ..? ........... E ............ ........... ; ........... E ............ : ............E ..........
1o - —'*— range ‘- ] . ........... .L ---------- J ----------- . ........... ‘- ........... ........... . ..........
_45 - t | : T t T T
1 103 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

Frequency (GHz)

Figure 2.10. The Sy (in dB) of A, compared with the Syy of Ax, A, Ay and As.

Impedance matching 1s onc of the prime objectives of an antenna design when fed through
a direct RF probe. The impedances (Zy) in €) are cvaluated for all proposed designs, A Al
Az, Ay and As as discussed in carlier and are compared in Figure 2.11. It is observed that
value of Z,, (real and imaginary part) at 1.5 GHz. is 48.07 + 1.039/ Q for As which suggest
a geometries.

hexagon more suitable than the other antenn
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The impedance is highly capacitive for antenna A,. inductive for A-, highly inductive for
¢ < e

As and inductive for Ay at 1.5 GHz as observed in SC shown in Figure 2.12. Probe can be
y € ot

modeled by series inductance due to which, all the loops lie in the inductive region of SC as

shown in Figure 2.12. Comparing, SC (Figure 2.9) derived from equivalent circuit model,

d using simulation results, 1t 1s observed that probe inductance

with SC (Figure 2.12) generate

ation. Two loops are observed in simulation results of

dominates and requires compens

circular and hexagonal patch antenna, those are indicating adjacent resonances near 1.5 GHz.
nd hexagone
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Figure 2.12. The SC of Al compared with the SC of A2, A3, A4 and AS.

The effect of patch geometry on farficld gain (in dB) is shown in Figure 2.13, where the

wain points displayed in figure are observed at distant main lobe direction in radiation pattern
evaluated at a common frequency of 1.5 GHz for different values of N. It is interesting to

observe that although triangular and hexagonal patches have lower ratio of patch to ground

plane arca, they provide higher gain compared to other patch geometries as shown in Table

2.4, Hexagonal shaped patch has positive gain of 0.16 dB while the triangular patch antenna

has a gain of 1.7 dB al 1.5 GHz.
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Figure 2.13. The farficld gain of A1 compared with the gain of A2, A3, A4 and AS.
The farficld directivity of patch antennas is shown in Figure 2.14. The triangular patch
antenna (8.9 dBi) and hexagonal patch antenna (7.58 dBi), both are more directive compared

1o others. Directivity decreases with increase in the ratio of patch to ground plane arca with

an exception of rectangular radiator. Pentagonal (5.16 dBi) and rectangular (1.48 dBi) patch

are less directive as compared (o circular radiator (6.06 dBi). The 3-dB beam-width of

circular patch is 34.3°In main lobe direction of 30 at frequency of 1.5 GHz with three side

lobes with level less than -6.7 dB. In case of hexagonal patch, the 3-dB beam-width is 54.6°

in main lobe direction of 0" at frequency of 1.5 GHz with side lobes with level less than -8.9

dB. The circular and rectangular have null at 0° as shown in Figure 2.14. It is observed that

the performance of triangular and hexagonal patch antennas are comparable but the beam-

width of hexagonal patch is less than that of triangular radiator. Table 2.4 summarizes

comparison of all patch antennas discussed in section 2.3 on basis of gain (in dB), directivity

(in dBi), efficiency and beam-width (in degrees) at 1.5 GHz.
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Figure 2.14. The farficld directivity of A compared with the results of Az, Azs Ay As.

Table 2.4. Performance comparison of L-band patch antennas
N Patch Ratio of Gain (in Directivity Efficiency Beam-
Geomeltry Patch to dB) (in dBi) ) _

Gl‘()llﬂd (0)(0)
Area

oo Circle 0.7115 -4.32 6.06 0.0814 34.3

3 Triangle 0.2940 1.71 8.88 0.1779 58.6

4 Rectangle 0.4511 -9.96 1.48 0.0706 45.2

5  Pentagon 0.5304 -3.54 5.16 0.1215 69.6

6 Hexagon 05799 00744 758 0.1683 54.6
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2.4. Performance Comparison of Antennas for X-Band Applications

To analvze antennas discussed in section 2.3 when fundamental mode is radiated, the

dimensions of antennas are chosen such that they radiate in X-Band at 8.5 GHz antenna

where dimensions are presented in Table 2.5,
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Figure 2.15. Schematic of (a) Antenna: A (b) Antenna: A> (c) Antenna: As (d) Antenna:

Ay (e) Antenna: As.
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The results obtained after simulation on CST MWS are compared to study the effect of all

Table 2.5,

Patch
Geometry

Circle (A4)

Triangle (A>)

Rectangle (As)

Pentagon (Ay)

Hexagon (As)

X-band Patch Antennas Design

Vofmm)  F,(mm) L, (mm) j L, (mm)
4.35 ] o# 20 21 |
5.70 .7 20 21 |
5.28 1.6 20 21
4.90 1.6 20 kiA?fig
4.73 1.6 20 21

patch geometries on reflection coefficient (Syy), impedance (7)), farfield gain.

Scattering characteristics of antennas arc
reflection coefticient,
shaped patch antenna has the |
antenna exhibit low v

rectangular patches have

J'S] I [(dB)
1o
th

"
<)

Figure 2.16. The S;, (in dB

) of Al compared w

high reflection as compared to circular radiator.

dependent on shape of patch. The effect over
S, with change in N can be observed in Figure 2.16. The hexagonal
argest Bandwidth among A to As. Hexagonal shaped patch

alue of reflection coefficient as compared to circle, while triangular and

--- Circle

— Hexagon

Pentagon |

Rectangle

—o- Inangle

Frequency (GHz)

9.8

ith the Sy of As, As, Ay and As.

10]



The impedances are evaluated for all proposed designs and are compared in Figure 2.17.
Design AL As Ay and Ay shows resistive impedance at resonating frequency as observed in
SC shown in Figure 2.18. All the loops are touching unit circle of the SC as reflected in

Figure 2.18.

6() . e R

. == Circle ‘

() . |

30 | — Hexagon |
40 i Pentagon

S 30 - - Rectanglel]
- | riangle

< 82 84 86 88 9 92 94 96 98 10
Frequency (GHz)

(a)

--- Circle

10 — Hexagon
A - | Pentagon|
0.'” VVVVVVVVVVVVVV -~ Reetongle] i
G | ) i
210+ |- Triangle
220 1
- 1_____1__————_‘—— -
308 g2 84 86 8.8 9 92 94 96 98 10
Frequency (GHz)
(b)

Figure 2.17. The Zi) of A compared with the Z; of As, As, Ay and As (a) Real Part (b)

Imaginary part.
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[Impedance View]

-=-= Circle
— Hexagon
------ Pentagon

- = Rectanele
sectanglg

—- | rangle

Figure 2.18. The SC of A, compared with the SC of As, Az, Ay and As.

The effect of patch geometry on farfield gain (in dB) is shown in Figure 2.19, where the
gain points displayed for all antennas are observed at main lobe direction in radiation pattern

evaluated at a common frequency of 8.5 GHz. The gain is comparable for all antennas except

triangle which exhibit lower gain.

\

<

3
= 4
S5 2=m i el
3.5 {]— Hexagon
--- Pentagon
31-- Rectngle
- | nangle T YO ) ‘ '
2 S 55 <1 86 88 9 9.2 9.4 9.6 9.8 10
' ' Frequency (GHz)

Figure 2.19. The farficld gain of Al compared with the gain of As, Az, Ay and As,
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The radiation pattern of proposed patch antennas at two fundamental plane i.c. E and H-
plane are shown in Figure 2.20. All design have similar radiation pattern due to fundamental

mode radiation as shown in Figure 2.20.

Farfield Gain Abs (Phi=0)

--- Circle

— Hexagon

60 | Pentagon
- - Rectangle
\ ik
| |-o= Irangle
190
10
120

150~ %L, 150
180

Theta / Degree vs. dB
(a)
Farfield Gain Abs (Phi=90)

=== Circle
— Hexagon
------ Pentagon

- - Rectanele

- I'mangle

180
Theta / Degree vs. dB

(b)

attern of Ay

. o o2 ed with the results of A>, As, Au,
Figure 2.20. The farfield radiation P compared with the ¥ 2 As A4

As.
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lable 2.6 summarizes performance comparison of all patch antennas discussed carlier on
basis of gain (in dB). directivity (in dBi). efficiency and beam-width (in degrees) at the center

frequency of X-Band.

Table 2.6. Performance comparison of X-band antennas
Al Puatch Ratio of Guin (in Directivity (in  Efficiency () Beam-
Geometry Patch to dB) dBi) width
Ground 0)(°)
Area
~  (ircle 0.152 5.1 6.55 0.7786 86.7
3 Triangle 0.109 4.75 6.5 0.7307 89.3
4 Rectangle 0.140 5.06 6.55 0.7725 86.7
5 Pentagon 0.145 5.07 6.54 0.7752 86.8
6 Hexagon 0.148 5.08 6.54 0.7767 86.7

2.5. Edge Perturbation Effect in Polygonal Patch Antennas

CST MWS software used 10 design pentagonal and hexagonal patches, is again used to

simulate antenna designs based on both patch geometries and their transformations. The

simulated results obtained are observed and analyzed to study the effect of change in

geometry i.e., from polygon to polygram, on reflection coefficient (S1), impedance (Z11) and

far field gain (in dB). Both polygonal patch antennas are simulated with a rectangular ground

planc and substrate with same dimensions. The performance of the antenna is analyzed by

feeding a vertex of polygon through a direct coaxial probe, in context to identify operating

multiband or wideband characteristics of the designs in objective for analysis. It is observed

during simulatjons that the presence of feed points indicated by yellow (light) color points do
not have significant effect on the performance of the antenna in context to the broad band that
ica

IS subject of interest.
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In order to understand the performance characteristics of polvgonal patch i.e. pentagon
and hexagon, the edges are perturbed such the regularity in shape is maintained. The antenna

in Figure 2.21 is assumed to use a glass cpoxy FR-4 substrate (¢, = 4.3, tan 0 = 0.025) of

thickness 1.5 mm with an area of 80 = 80 mm®. The size of the ground plane is 60 = 52.6

mm-~. All the feed points are Kept closer to vertices of pentagon at a radial distance of 26 mm

from the center of pentagon. The change in geometry of polygon was introduced by varying

coordinates of midpoints (vm) of edges of polygons so that the midpoint moves on a

trajectory towards center of polygon ') radially. This results an interior vertex in between

wo exterior vertices of polygon. An anele. 0 is formed at each edge of polygon which lies

between two exterior vertices and one interior vertex. All the interior vertices of pentagram

(dashed line star seometry in Figure 2.21) are moved from 'vim' to 'O in steps of difference of
. Slc — J =

I mm on the radial (dotted) line as shown in Figure 2.21, to investigate the effect of change in

remance. The distance indicated by a dotted line between
antenna geomeltry on antenna's performance. The distance indicated by a dotted line betwee

'vin' and 'O' in Figure 2.21 is 21.8 mm for a pentagon with radial distance R =27 mm.
< — P . — .

60 mm \ L

—
e T

Ground
Plane

52.6mm

~
Bt = S
& Pentagonal Patch Antenna = o

[ SC ic.
Figure 2.21. Pentagon to pentagrait schemat

a polygonal patch with six edges and six vertices,

Similar to the schematic of Figure 2.21,

Le, | | h is desi d with a radial distance of 27 mm from center to 1ts vertex as
€., hexagonal patch is designed ™
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shown in Figure 2.22. The ground plane. substrate material and their dimensions are kept

same as for pentagonal patch discussed carlier in pentagonal. The feed points are kept at a

radial distance of 26 mm from center of hexagon close to its vertices. To analyze the effect of

change in geometry on hexagonal patch antenna, the hexagram interior vertices are moved in

steps of 1 mm distance from 23.38 mm, the distance of midpoint of edge 'vin' of” hexagon

from center of hexagon, towards the center of hexagon 'O" as shown in Figure 2.22. The

midpoints of edges of polygon arc defined using variable coordinates to maintain equal radial
distance from center of polygon to all nterior vertices every time any iteration for simulation

1s performed.

60 mm T

A 4

€

4 | Ground

Hexagram Patch -
Antenna

52.6mm

[ ¢
|
]
I

I’ S~ !
Hexagonal Patch.o

Antenna

Figure 2.22. Hexagon to hexagram schematic.

. - - al antenna is sensitive to geometrical perturbations
Scattering characteristics of a polygons
=]

¢ 2.24 for pentagonal and hexagonal patch antennas

as may be seen in Figure 2.23 and Figur

respectively.
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0 - — 51,1 (vm=19.8)
| == 511 (vm=20.3)

1 : Al —— 51,1 (vm=20.8)
\/\‘\[/Wﬂ\f‘/\/\f\ —— 51,1 (vm=21.3)

- —— 51,1 (vm=21.8)
—— 51,1 (vm=10.9)

o 12 14 16 s 20
Frequency (GHz)

Figure 2.23. Simulated reflection coelficient (in dB) for pentagon to pentagram.

0 51,1 (vm=21.38)
51,1 (vm=21.88)
—— 51,1 (vm=22.38)
—— 51,1 (vm=22.88)
— 51,1 (vm=23.38)
—— 51,1 (vm=11.69)

o 12 14 16 18 20
Frequency (GHz)

Figure 2.24. Simulated reflection coefficient (in dB) for hexagon to hexagram.
The effect over reflection coefficient S, can be observed with change n angle or change

in coordinate of the interior vertex as it moves towards center of polygon. Pentagonal antenna

design is simulated by changing the coordinates of midpoint (vim) of edge, from 21.8 to I mm

on the radial distance in steps of I mm from midpoint to center of polygon. Similar

simulation is performed on hexagonal patch design, between 23.38 to | mm radially. As the

angle (0) decreases with midpoint of edge reaching closer to center of polygon, the multi-

resonances disappears from the frequency range i.e. in the operating band. Also frequencies

resonating at higher and lower values drifts to S, values greater than -10 dB as 0 decreases

beyond a certain value. It is observed that, the wideband antenna performance is obtained for
[e . -
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pentagonal and hexagonal patch design respectively. But multiband operation instead of
broadband operation is observed at angles lower than 165.63 and 163.15 for pentagonal and
I £ g
hexaconal patch designs respectively. Itis observed that the reflection coefficient is below -
E I ¢ p 3
10 dB for a wideband of 12 to 20 GHz at the optimum vertex coordinates of pentagonal and

hexagonal shaped patch as indicated in Figure 2.23 and Figure 2.24 respectively.

--vm = 19.8 mm
100 I - —vym = 20.8 mm
k 1 : - -vm = 21.8 mm

10 12 14 16 18 20
Frequency (GHz)

(a) Pentagon to Pentagram

160
140
120
100
80
60
40
20

- -ym=21.38 mm |
- -ym=22.38 mm ‘
23.38 mm |

Vv =

Z,, ()

14 16 18 20
Frequency (GHz)

(b) Hexagon 1o Hexagram

Figure 2.25. Simulated impedance Vs frequency matrix.
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Matching impedance to transmission line is one of the significant objectives for a patch

and antenna design. The impedance is evaluated for both designs and their variations

discussed in carlier and are presented in Figure 2.25(a) and Figure 2.25(b). It is observed that

values of Z;; bevond 12 GHz starts stabilizing 1o approximately 50 Q in the operating band

for both the polygonal designs and their star geometry variations.

._
vl

Farfield Gain (dB)
o

-5
-10
15—
10
_ 15
=[Es)
£ °
~
30
= -5
Z-10
= 5
= 20

~Ee

10

. « 0, & g
P : == ‘
. vm=19,87.
= ym=20.8
1
- _V1]1=2l.8_£
Il 12 13 14 15 16 17 18 19 20
Frequency (GHz)
(a) Pentagon to Pentagram
[ . v T n & n
0 - ] @
o :
| evm=21.38
= ym=22.38
» vm=23.38
17 18 19 20

11 12 13 14 15 16

Frequency (GHz)

(b) Hexagon to Hexagram

Figure 2.26. Simulated farfield gain vs. frequency.
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The effect of the geometry on far i in (i i

cet of the geometry on far ficld gain (in dB) is evaluated for both polygonal patch
designs. The simulated gain res se of

ens. The simulated gain response of both polygonal patch antennas is shown in Figure

2.26(a) and Figure 2.26(b).

Farfield Gan Abs (Phi=90)

0
o 5 farfield (f=17) vmn = 19.8
~ Phi=270 —— farfield (f=17) vim = 20.8

Ptu= 90

=g
e f a1 Fi i 1 VI )1 8

5

180

Theta / Degree vs. dB
(a) Pentagon to Pentagram

Farfield Gan Abs (Phi=90)

0
— farfeld (f=17) vm = 22 18

Phu=270 —— tarhed (f-17)vm - 23 18
farfield (f=17) vm =21.38

180

Theta / Degree vs- dB

(b) Hexagon 10 Hexagram

Figure 2.27. Simulated farfield gain at 17 GHZ
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Figure 2.26(a) shows that the gain (in dB) in operating band of pentagonal antenna i.e. 12
10 20 GHz reaches to a maximum value of 4.5 dB at 17 GHz. The pentagon patch has a gain
greater than 3 dB in the frequency range of 16 1o 18 GHz. The pentagram geometries do not
provide significant changes in gain, as may be scen in Figure 2.26(a) that gain values for
pentagram geometries mostly coincides with gain values for pentagonal patch antenna. In
case of hexagonal shaped patch antenna, the gain starts rising above 0 dB after a frequency of

IS GHz and reaches to a maximum value of 2.95 dB at 20 GHz as shown in Figure 2.26(b).

But gain values improve at 16 and 17 GHz when patch geometry is modified to hexagram

from a hexagon. Satisfactory performance of both polygonal patch geometries is visible at 17

GHz in form of antenna gain and therefore, radiation patterns at 17 GHz for both polygonal

patches and their transformations are presented in Figure 2.27(a) and Figure 2.27(b).

Radiation patterns suggest that the pentagon and pentagram geometries provide a larger beam

width pattern.

2.6. Gain Improvement in Polygonal Patch Antennas

In this section the polygonal slot in introduced in polygonal patch in order to enhance the

gain at higher frequency. The schematic of a regular pentagonal patch antenna with

pentagonal slot at the center is designed in CAD environment provided by CST MWS

software as shown in Figure 2.28(a). The antenna in Figure 2.28 is assumed to use a glass

epoxy FR-4 substrate (¢, = 4.3, tan 5 = 0.025) of thickness 1.5 mm with an area of 80 x 80

mm-, The size of the ground plane is 60 x 52.6 mm”.
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>

Ground .

Plane

80mm

=

52.6mm

> X o]

80mm
52.6mm

Hexagonal shaped slot

Pentagonal shaped slot

Hexagonal Patch Antenn
[+) (]

pentagonal Patch Antenna
o o,

(1) (b)

Figure 2.28. Schematic of (a) Pentagonal shaped patch antenna with pentagonal slot

(Antenna:Al) (b) Hexagonal shaped patch antenna with hexagonal slot (Antenna:A2).

The pentagonal slot was created by varying radial distance (R2) of pentagonal slot so that

the vertices of polygonal slot moves on trajectory from center of polygon 'O" to radial

distance *R2" radially. This results in a pentagonal slot at the center of polygon. The radial
2.28(a)) are varied from 'O’ to 'R2" in steps

distance of pentagonal slot (dashed line in Figure

of difference of 1 mm on the radial (dotted) line as shown in Figure 2.28(a), to investigate the

o . . . o mma'e merfarmance The radis ietance
effect of pentagonal slot in antenna geometry on antennas performance. The radial distance

of pentagonal slot indicated by a dotted line ‘R2’ in Figure 2.28 is 15 mm for a pentagon with

radial distance R1 = 27 mm.

Similar to the schematic of Figure 2.28(a), hexagonal patch is designed with a radial

distance of 27 mm from center to its vertex as shown in Figure 2.28(b). The ground plane,

substrate material and their dimensions are kept same as for pentagonal patch earlier in
istance of 26 mm from center of hexagon close

section. The feed points are kept at a radial d
Lo its vertj T | the effect of slot on hexagonal patch antenna, the hexagonal slot
S vertices. To analyze the €

e from center of hexagon 'O toward the radial

vertices are moved in steps of I mm distanc
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distance "R2" as shown in Figure 2.28(b). The vertices of polygonal slot are defined using
variable coordinates to maintain equal radial distance from center of polygon to all interior

vertices every time any iteration for simulation is performed.

CST MWS software used to design pentagonal and hexagonal patches is again used to
simulate antenna designs based on both patch geometrics with polygonal slot. The simulated
results obtained are observed and analyzed to study the eftect of polygonal slot on reflection

coefficient (S) ). impedance (Z11). far ficld gain (in dB) and surface current.

Scattering characteristics of a polygonal antenna is sensitive to polygonal slot as may be

seen in Figure 2.29(a) and Figure 2.29(b) for pentagonal and hexagonal patch antennas

respectively. The effect over reflection coefficient S, can be observed with change in radial

distance *R2" or change in coordinate of the vertices of slot as it moves from center of

polygon ‘O towards ‘R2". Pentagonal antenna design is simulated by changing the radial

distance (R2) of pentagonal slot. from 0 to 26 mm on the radial distance in steps of 1 mm

center towards the vertex of polygon- Similar simulation is performed on hexagonal patch

design, between 0 to 26 mm radially.

As the radial distance of polygonal slot (R2) increases from center towards vertex of

polygon, the multi-resonances disappears from the frequency range i.e. in the operating band.

It is observed that, the wideband antenna performance is obtained for pentagonal and

y. But multiband operation instead of broadband operation

hexagonal patch design respectivel
is observed at R2 lower than 15 and 16 for pentagonal and hexagonal patch designs
ent is below -10 dB for a wideband of

respectively. It is observed that the reflection coefficl

nce of polygonal slot of ‘R2’ of pentagonal and

12 to 28 GHz at the optimum radial dista
) and Figure 2.29(b) respectively.

hexagonal shaped patch as indicated in Figure 2.29(a
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—R2 =16 mm
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Frequency (GHz)

(b) A2

Figure 2.29. Simulated reflection coefficient (in dB) for antennas with different values of

R2.

The impedance is evaluated for both designs and their variations discussed in earlier and
o 2 c

It is observed that values of Z;, between

are presented in Figure 2.30(a) and Figure 2.30(b)

18 GHz to 20 GHyz is stable to approximately 50 Q in the operating band for both the
c J h

polygonal designs with polygonal slot.
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Figure 2.30. Simulated impedance VS. frequency matrix for antennas with different values

of R2.

th polygonal patch antennas is shown in Figure 2.31(a)

The simulated gain response of bo
and Figure 2.31(b). In Figure 7.31(a) and Figure 2.31(b), the gain points displayed are
observed at distant main lobe direction in radiation pattern evaluated at different frequencies

for pentagonal and hexagonal patch antennas with polygonai slot with different values of R2

¢ the gain (in dB) in operating band of pentagonal

respectively. Figure 2.31(a) shows tha

1 distance 15 mm i.e. 810 28 GHz reaches to a optimum
ia
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value
has a gain greater than 3 dB in the frequency range of 18 to 20 G

shaped patch antenna with hexagonal slot of

dB at 18 GHz as shown in Figure 2.31(b).

of 5.3 dB at 18 Gz The pentagon patch with pentagonal slot of radi

1al distance 15 mm

iHz. In case of hexagonal

“padial distance 16 mm has a optimum gain ol 4
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Ihe surface-current distributions of both polygonal shaped patch antenna at [requencies 18
GHz. 19 GHz and 20 GHz as shown in Figure 2.32 and Figure 2.33. Pentagon shaped patch
antenna with pentagonal slot of 15 mm is taken for analysis of surface current due to

improved gain characteristics as shown in Figure 2.

(a) (b) (¢)

Figure 2.32. Simulated surface current distribution of A1 with radial distance of 15 mm for

the frequency (a) 18 GHZ (b) 19 GHz (¢) 20 GHz.

W | LI L1 ke
[

(b) (c)

stribution of A2 with radial distance of 16 mm for

(a)

Figure 2.33. Simulated surface current di

the frequency (a) 18 GHZ (0) 19 GHz (¢) 20 GHZ

Similarly, hexagon shaped patch antenna with hexagonal slot of 16 mm is taken for
gure 2.33. Al frequencies 18 GHz, 19 GHz and 20

analysis of surface current as ShOWn in Fi
ormly along all edges of both the polygonal

GHz, the surface currents were directed unif
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patches with slight variation at the slot edges. The surface currents that were directed along
the patch’s edges reduced the antenna’s gain tow ards the lower and higher frequencies of the
bandwidth. To understand this current distribution involved in the wideband response surface

current at different resonating frequencies i.c. 18 GHz. 19 GHz and 20 GHz are analyzed.

The farfield directivity (in dBi) of both polygonal shaped patch antenna at frequencies 18
GHz. 19 GHz and 20 GHz as shown in Figure 2.34. The hexagonal shaped patch antenna
with hexagonal slot of radial distance 16 mm is highly directive as compared to pentagonal

shaped patch antenna with pcmuuonul slot of radial distance 15 mm as shown in Figure 2.34.

Fartedt Drecinty Abs (Fhroe®
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Figure 2.34. Simulated farficld directivity at frequencies 18 GHz, 19 GHz and 20 GHz for

(a) Al of 15 mm radial distance (b) A2 of 16 mm radial distance.

2.7. Conclusion

o Y 3 formance of probe fed pol gonal patch
In this chapter the fundamental characteristics and performance of p polyg p

it | iti .ation is presented. The
antenna are investigated in detail. [nitially, effect of probe posulon/loaatlon is p
' i and found that vertex is
Probe position is varied in order to enhance the pandwidth of antenna and
B C
: Cthe ¢ . desiened antenna probe feed
the optimal position for wideband operation of the antenna. The desig p

dth of antenna. probe feed analysis suggested

int i . andwi
Point is varied in order to enhance (e ban
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that feed point should be kept closer to vertex of polygon is suitable for a wideband
performance of an polygonal patch antenna. The designed antenna bandwidth is 11.4 to 20
GHz. Comparing both pentagonal and hexagonal designs, it was observed that pentagonal

patch permits better gain than hexagonal patch over the band of 11.4 t0 20 GHz.

It has been demonstrated that different polygonal patch geometry can provide subtle

variation in the radiation and impedance characteristics of the patch antenna. The equivalent

circuit model and the full wave simulation tool i.c. CST MWS is used to validate the

performance of various polygonal geometries. The performance of probe-fed antennas_with

different patch geometries is compared by varying N from 3 to 6 with a circular patch

designed for L-Band. Triangular patch has comparatively high gain, directivity and

efficiency. while hexagonal patch has a jower beam-width that makes it suitable for antenna

arrays. Circular and rectangular patches have lower beam-width with poor gain and

efficiency compared 1o hexagonal patch. Polygonal patch antennas required for L-Band

applications may be designed by optimizing coordinates of feed point on patch.

The effect of edge perturbation in polygonal patch antenna design is studied. The midpoint

of an edge of a polygon is moved towards center of polygon to achieve a polygram or a star

geometry. A wideband between 12 to 20 GHz was observed when polygon patch is fed at a

vertex of 26 mm from the center of polygon. It is observed that bandwidth, impedance and

till an angle, 6, defined by interior vertéx of

gain of a pentagonal patch antennd are retained

star geometry is above 165.63°. Similar observations were found with hexagonal paich

h angles corresponds to 2 mm distance from center

antenna when 0 greater than 163.15°. Bot

gon. For angles less than 0, multiband

of edge of polygon towards center of poly

eband characteristics disappears as return loss greater

characteristics are observed and wid

metries provide a wider bandwidth than hexagon or

than -10 dB. Pentagon or pentagram geo

is observed in antenna characteristics when

. jation
hexagram geometries. NO s:gmﬁcant variatl

62



polygons are transtformed to polygram geometries, other than a slight improvement in gain of

the hexagon patch when transformed to hexagram geometry with 0 less than 163.15 .

The effect of polygonal slot in polygonal patch antenna design to improve gain
characteristics is studied. The pentagon and hexagon shaped patch antenna with pentagonal
and hexagonal slot is analyzed respectively. The central polygonal slot is analyzed by varying
the radial distance of the slot from 0 to 26 mm. It was observed that pentagon shaped patch

antenna with pentagonal slot of 15 mm radial distance improves the gain at 18 GHz.

Similarly. hexagon shaped patch antenna with hexagonal slot improves the gain at 18 GHz at

a radial distance of hexagonal slot of 16 mm. It is observed that bandwidth, input impedance,

farficld gain and surface current of a pentagonal patch antenna are optimum at radial distance

of pentagonal slot of 15 mm. Similar observations were found with hexagonal patch antenna

with the hexagonal slot of 16 mm. Optimum gain for both the patches is between 18 to 20

GHz.
As it is mentioned carlier, this chapter lays the base of polygonal patch especially,

hexagon for the rest of the Thesis. It is very significant to understand the basic character of

hexagon because many issues and concepts of the probe fed hexagon antenna will be utilized

and exploited in the subsequent chapters of the Thests.
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