Chapter - 3
Reduced Ground Plane Effects in Hexagonal Planar Antenna

3.1. Introduction

After a suitable comparison in chapter 2. hexagonal antenna is chosen for further exploration

and investigation as a point of research work presented in this thesis and chapter. Narrow

impedance bandwidth and dual resonance arc characteristics of the probe fed quarter wave

hexagonal patch antenna as it can be concluded from chapter 2. In this chapter a ground plane

reduction is used as a technique to match the impedance, 10 SUppress adjacent resonance and

to achieve low cross polarization level at least in antenna boresight.

The effect of ground plane size reduction was theoretically investigated by Tong et al.

using CST Microwave Studio (CST MWS) to model different cases, and a minimum ground

plane size was recommended in (Tong 2011). The ground plane perturbation and

ground by etching slots in it, was

enhancement of bandwidth by reducing the area of the

presented earlier in (Islam 2015). A design strategy was developed for coplanar antenna with

a strip-ring-shaped reduced ground plane surrounding a circular patch for UWB applications.

_15 dB within 1.8 GHz to 13.5 GHz band, and its

The measured return loss was less than

efficiency was 93% (Marynowski 2009). An antenna was designed to study the reduced-

ground plane effects by cutting a notch from the radiator to concentrate the electric current on

i i i 007).
the radiator at lower operating frequencies for mobile devices (Chen 2007)

Noghanian et al investigated circular patch antenna to observe effect of change in ground

Plane size and shape on radiation patterns of the antenna (Noghanian 1998). A monopole-like

ground plane of rectangular patch antenna (John

radiation pattern is achieved by reducing
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2008). The suppression of undesired radiation and isolation between co and cross polarization

has been achieved using defected ground structure (Kumar 2017).

Octagonal shaped antenna with the reduced ground plane has been fabricated by Norra et
al. (Norra 2007) which has an operating bandwidth of 230 MHz. The dumbbell shaped

defected ground structure (DGS) cell effect on the dimension of MSA was presented by Arya

et al. and the cavity backed model was utilized to increasc the efficiency of the antenna (Arya

2008). The H-shaped patch antenna modificd with slots and ground plane have been

designed and analyzed by Razali et al. for WIMAX application (2.45 GHz) (Razali 2015).

The ground perturbation and reducing the area of the ground by etching slots to enhance the

bandwidth has been presented earlier (Islam 2015).

Hexagonal structure and its configurations such as regular hexagon, half hexagon, shorted

half hexagon and quarter hexagon were proposed and investigated in detail (Kumar 2003)

(Ray 2013) (Bilotti 2010). Hexagonal antennas excite higher modes and exhibit wide-band

behavior at high frequencies when the probe is directly fed to the vertex of hexagon (Joshi

2015a) (Joshi 2015b). Additional resonances are observed due to impedance mismatch in

probe-fed hexagonal patch antenna (Joshi 2016b). It is essential to identify a technique to

match the impedance in case of a thin substrate (thickness is less than /10) when directly fed

und plane reduction technique can be used

through probe to obtain matched impedance. Gro

to achieve impedance matching as was demonstrated for the clamshell mobile phone (Lee

ne is minimized when monopole antennas are designed for

2009). The effect of the ground pla
UWB applications (Ellis 2015) (Chen 2007). WSN nodes radiating through antennas with

in order to optimize the size and the bandwidth

truncated ground plane were developed
reduction technique is also used to achieve ultra

constraint (Kakoyiannis 2009)- Ground plane

i 2009). The effect of dimensions of ground

Wideband in a coplanar antennd (Mary"OWSk

Plane on radiation satterns of the antenna had been investigated by Noghanian et al
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(Noghanian 1998). Truncation of the ground planc has an influence on gain as well as on the
impedance bandwidth of an antenna as revealed by the parametric studies (Ansal 2015). The
eftect of size ot a ground plane on performance of a probe-fed antenna had been studied and
analyzed (Jha 2013). A potential solution to overcome the issuc of impedance mismatch 1s

reduced ground technique. The impedance matching using defected ground structure has been

achieved in (Kumar 2017). Tong et al. theoretically investigated the effect of ground plane

size reduction and recommended the minimum ground plane size (Tong 2011). The reduced

ground technique is utilized to match the impedance of the patch with the probe in vertex fed

hexagonal patch antenna.

In this chapter, an impedance matched vertex-fed hexagonal antenna with truncated

ground plane is proposed and analyzed experimentally. This chapter also describes structure

~

of proposed antennas while demonstrating the effect of ground plane reduction in C-Band.

Besides an impedance match, reduction of ground plane suppresses additional resonances if

any. This chapter proposes a method to improve impedance matching, lower cross

polarizations levels and suppression of adjacent resonances if any in directly vertex-fed

hexagonal antenna by reducing the ground plane.

Section 3.2 presents the probe fed slotted hexagon antenna with reduced ground for

WLAN but with Spurious radiation. In SeCtiOn 33 the l‘educed gl'Ol-lnd plane dimensions are

optimized to suppress the spurious radiation of the probe fed hexagon antenna. In section 3.4

n to radiate in X -band. Section 3.5 shows that low

the reduced ground antenna is scaled dow
plane dimension of probe fed hexagon

S . nd
Cross polarization can be achieved when grou

antenna is optimized.

It is significant to note that the techniques described in this chapter have been presented
icant to n

for probe fed h | antenna Since wide pandwidth can be achieved using hexagon due
exagona .

- ry.
10 dual resonance property of hexagon geomet y
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3.2. Vertex Fed Hexagonal C-Band Antenna

[he compact regular hexagonal shaped patch antenna with hexaconal slot and reduced

ground plane is designed and optimized at 5.5 (GHz within C-band as shown in Fieure 3.1.

Y
) asaamm |
4 Glass epoxy FR-4 Substrate
Itr—431an6-0025,h-15mm1
Ground T
Plane
E w
- |1
5 Y
: 3
3 \ 3
@ ——t—> X
Hexagonal Patch Antenna 5
/ |
|
. / '
F Gp T 14.24mm i’
v

Figure 3.1. Schematic of the hexagonal shaped patch antenna with hexagonal slot and
reduced ground.

substrate (& = 4.3, 1an 5 = 0.025) of thickness (/1 =

The antenna uses a glass €poXy FR-4
und plane has the dimension of 14.24

1.5 mm) with dimension of 44.44 % 44.44 mm~. The gro

“33.33 mm*. The hexagonal shaped patch size is around 0.5500 ho % 0.4763 ), in terms of

the wavelength of the resonant frequency with a hexagonal slot with circumradius (rcut) of
r the vertex at a distance of 14 mm from center of

2.5 mm. The SMA connector is placed nea

d in (Joshi 2015d). The SMA connector has the pin radius of

patch using the analysis suggeste

76 mm and outer conductor of 2.565 mm with a

0.62 mm, dielectric (Teflon) radius of 2.0

height of 10 mm.
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(b) Simulated Reflection coefficients (Si1) for different values of G, when feed point is at 14

mm and rcut is 2.5 mm.

Figure 3.2. Effect of varying rcul and Gp.

nal slot can be obtained using technique proposed in

The optimum value of the hexago
(Joshi 2015¢) which Jescribes how the gain (in dB) varies with rcut. The rcut plays a

atch antenna. To study the effect of the rcut, a

significant role on gain characteristics of the p
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parametric study is again performed by varying the slot size by changing rcut as shown in
Figure 3.2(a).

The effect on gain (in dB) by increasing the value of reut is displayed in Figure 3.2(a). In

all simulations done. the circumradius of hexagonal shaped patch is 15 mm. Since. the gain at

5.5 GHz is highest when reut is 2.5 mm as shown in Figure 3.2(a), the value of rcut chosen

here is 2.5 mm. To optimize the reflection coefficient (in dB) further at 5.5 GHz, the ground

planc is reduced as the length, width and position of ground plane of a patch antenna plays a

significant role in its performance. Figure 3.2(b) displays the eftect of G, on reflection

coefficient (in dBB) when reut is 2.5 mm, where G, is defined as reduction in length of ground

plane i.c. by increasing Gp, length of ground plane decreases. By reducing the length of the

ground plane, the patch capacitance 15 changed due to change in overlapping area of patch

(imum value of G, at 5.5 GHz is 19.09 mm.

[N

d to model the hexagonal shaped patch

with the ground plane. It is observed that the op

Simple RLC resonant cquivalent circuit 1s use

. : a1
antenna with hexagonal slot, as shown in Figure 5.5.

Antenna
R, L L, L, R, L Model
W | probe to Patch r

Connector Height Probe Mode Junction Model R L C
Model ! ' !

f — ’

) ¢ == 1 AC, C

ph -'l'. L A Clhs j-

Figure 3.3. Equivalent C i -cuit model of the proposed antenna.

g 2001), lumped elements (RLC) can be obtained

After applying equations given in (Gar

. i ' 2.1-2.3).
for different polygonal patch antenna, as 8IVeT in chapter 2 by equations { 2.3). The

ed to calculate C, for different effective overlapping

e L . :
Xpression given in equation (2.1) 15 US
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arca, where (7 is cquivalent capacitance calculated for a series combination of Ci. ACur

(change in capacitance duc to reduced ground), and ACu. (change in capacitance due to

introduction ot hexagonal slot), where. 7 is 1 and 2. The effective overlapping area (4.) of the

hexagonal pateh with a full square ground is 584.57 mm~ while capacitance (Cy) calculated

using equation (2.1) is 7.42 pF. The effective overlapping arca (4.) of hexagonal patch with

the reduced ground (reduced by a factor of G, =19.09 mm) and after introducing the

hexagonal slot is 242.81 mm-* and capacitance (C) is found to be 3.08 pF using equation

(3.1).

T, 1,1 o
CC, ACuy ACuns

The hexagonal patch inductance (L, =0.270 nH) is calculated using equation (2.2) for FR-

4 substrate height (/) of 1.5 mm and probe diameter () of 1.24 mm at frequency, fi = 5.5

GHz. Similarly, hexagonal patch resistance (R, = 131.4 Q) is calculated using equation (2.3)

by substituting Q = 13.97 which calculated using (Garg 2001).

The rigorous approach of coaxial probe modeling and analysis is given in (Garg 2001)
(Pozar 2014). Consider the equivalent circuit model of a probe fed polygonal shaped patch
antenna as shown in Figure 3.3. The input impedance (Z\,) of a patch antenna is determined
for a RLC resonator near its resonant frequency i-e. 3.5 GHz. The SMA connector or probe
can be modeled in three sections i.e. probe height model (Pozar 2014), probe model (Garg
2001) and probe to patch junction model (Pozar 2014). The probe height model can modeled

el by series resistance (Rpn = 0.0644 Q), series inductance

as coaxial transmission line mod
ance (Cph = 0.4181 pF). The probe model can modeled as
ci ph

(Lon=2.417 nH) and shunt capa
L,= 0.607 nH), resistance (Rp

" d = 16.28 Q) as shown
¥ series inductance (L, = 25-071 pH 2"

and Lp) used to model the feed probe, are proportional

in Figure 3.3. The series inductors (Lo
junction between probe and the polygonal patch

to the height of the dielectric substrate. The
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can be modeled as shunt capacitance (¢, = 0.1302 pF). series inductance (L, = 211 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 calculated

using equations given in (Garg 2001).

IO EETLL O T TR L
s

(a)

Figure 3.4. Photograph of the fabricated antenna () Front (b) Back.

The picture of the fabricated hexagonal shaped patch antenna with hexagonal slot and

reduced ground is shown in Figure 3.4. The fabricated antenna has an overall size of around

0.8148 7. « 0.8148 A, which is very compact. To study the effect of hexagonal slot and

reduced eround on reflection coefTicient (Si1) and impedance (Z11) for the proposed antenna,
the simulated results obtained from CST MWS are analyzed and compared with

gies Vector Network Analyzer (N9928A).

measurements collected from Keysight Technolo

The reflection coefficient (S11) result obtained from equivalent circuit model with probe is

NA measured results. The results from VNA, equivalent

also compared with simulated and V
sing CST MWS are compared in Figure 3.5. The

circuit model and the full-wave simulation

‘milar 99 to 5.71 GHz (=400 MHz).
simulation and measurement results show a similal band from 5.29 10 ( )

ivalent circuit model is due to the probe to patch

The second frequency at 6.7 GHz 1n equ

own in Figure 3.3 helps in identifying the

] - L ' s sh
Junction capacitance. Circuit modeling @

SPurious frequency 6.7 GHz.
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Figure 3.5. Measured Reflection coefficient (in dB) (S i):

A significant objective of the patch antennd design is to match impedance to transmission

line. The impedance (Z1), real part and imaginary part, obtained from measurements and

simulation are compared and prcscmcd in Figure 3.0 respectively. The optimum value of

simulated 7, (real and imaginary) between 527 to 5.71 GHz is at 5.5 GHz which is

operating band as shown in Figure 3.6. Measurement

approximately 53.92 + 18.94/ Q in the
n value of Zy; at 5.5 GHz to

results of the fabricated antenna from VNA show the optimut

band between 52910 5.71 GHz.

approximately 56.43 + 17.25/ in the operating
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Figure 3.6. Measured Impedance Real and Imaginary part (Zi1)-

A loop is observed in Smith Chart within the operating frequency band in both simulation

and measurement results as shown in Figure 3.7. The loop is rotated anticlockwise towards

the capacitive region as shown in Figure 3.7(b). due to the capacitive effect of the small air
gap between the connector flanges and the antenna. The actual probe effect is seen in
measured result shown in Figure 3.7(¢)- The probe model chosen in equivalent circuit model
results in impedance values closer to measurements as compared to simulation. The main

lobe Axial Ratio (AR) through CST simulation at frequency 5 5 GHz is found to be 5.84 dB

> : .
=2 dB that suggests linear polarization.
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Figure 3.7.  Smith Chart for proposed antenna using (a) CST (b) Equivalent Circuit Model

(c) VNA.

3.3. Adjacent Resonance Suppression in a vertex-Fed Hexagonal C-Band Antenna

Thestiyctume oF the proposed (-Band antennd designed at 5 GHz is shown in Figure 3.8. The
antenna strycture is developed on FR-4 substrate of thickness, 1 = 1.5 mm, with dielectric
- e 1s deve

_ 0.025 with an overall dimension of 46 x 46 mm-

o o =
Nstant, ¢, = 4.3 and loss tangent, (tan 0)
he CiI’CUlﬂradiuS of patch, R = 17.5 mm and the ground

iS Us-, ~ .
>C
d for proposed antenna destgr- T
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planc has an arca of 37 = 39 mm’ reduced to 9 = 39 mm-~. The patch size is around 0.58 A x
81 % i = . .. L . : .
0.51 7.at 5 GHz with a coinciding slot with a circumradius, r., = 3 mm.
Y
) 46 mm 4
b T >
1 Glass epoxy FR-4 Substrate
(=1.5mm) A
W)
= NG
B 3
N =
—r
=X

(a)

35 mm

Probe to Patch Junction

46 mm

h =1.5 mm| Glass epoxy FR-4 Substrate

9 mm

Connector E
Height =

(b)

Figure 3.8 Hexagonal patch antenna structure (a) Layout with dimension (b) Side view.

nector placed at the vertex of hexagon e 17.5

The RF energy is fed through a SMA con

Mm from the patch centre The pin radius of SMA connector s 0.62 mm, and radius of

dielectric (Teflom) d with SMA connector is 2.08 mm. The outer conductor of SMA
cflon) used with <
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connector has a radius of 2.57 mm with a height of 10 mm. The length of the ground plane is

reduce VT |
educed by G, = 28 mm to a narrower ground plane than the ground plane used in (Joshi

2 . : _ o |
2016b). Presence of hexagonal slot increases current density in patch and improves oain

slightly (Joshi 2015¢).

l'o explain the mechanism of the proposed antenna with suppressed spurious frequency, an

equivalent circuit is modeled using typical mathematical and analytical simulation platform

and presented in Figure 3.9. The complex probe model consists of the connector height

to patch junction model. The inductance due to probe

model, the probe model and the probe
height, £, is due to the inner conductor of the probe height with resistance Ry, while Gy 18

1 the inner and outer conductor separated by Teflon

the capacitance developed betweet
dielectric of the probe height. The optimized ground does not overlap with the hexagonal slot

¢ and modified model is presented in

in the patch, model of Figure 3.3 i modified in terms

Figure 3.9, and equation (3.1) i reduced to equation (3.2).

Antenna

! K, L Model

rh I-]'/l W
VT "
: Patch
Connector Height Probe Model Probg to _L
Model i Junction Model , R ! ( I}( )
| \ ( "’"j_

(==

!

¢

—
pl T

.

-

ed antenna.

Figure 3.9, Equivalent circuit model of the design

3.2)

The prob del is due to the inner conductor of the probe which is inserted in the
€ model 1S ue
t the patch. The pin with length equal to A will have
eC

Sub .
Strate with height / via hole to conn |
es inductance

ch junction have a seri
c€ (Rp)- The

ing . robe to pat
Uctance (L, + L,) and resistan P
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Ljiand a s e C .
J and a shunt capacitance (. The proposed antenna 1s modeled as a simple parallel RLC

cireuit which resonates at a fi ) . o
cuit which resonates at a frequency /=5 GHz as shown in Figure 3.9. The capacitance (C

= 10.098 pF) is due to full ground overlapping with the hexagon. Due to reduced ground

plane (RGP). the capacitance € is reduced by a factor modeled as a capacitor in series (AC,

= DK : . . . . . . ) ) .
1.625 pF) to form €. The values of the lumped circuit elements are indicated in Table 3.1.

Table 3.1. Values of Lumped Elements of Equivalent Circuit Model

Model Parameters | Values
R
Antenna Model ' 1.4 pF
L 0.72 nH
R 226.27 Q
I
Connector height Model Rpn 0.06 Q2
A
Lo 2.42 nH
PR
Co 0.46 pF
_____________.___———f——_____.___——-_____.——
Probe Model Lo 21.6 pH
Lp 0.63 nH
IAE—
R, 1480
] o
Junction Model L 5 nH
¢ 0.20 pF
_—///__________.__-—

signed antenna is shown in Figure 3.10. The

The picture of the prototyp¢ of the de

d antenna i measured on a vector network analyzer

SCaltering parameter, S of develope
(VNa) (Keysight N9928A) to observe the effect of RGP on Sui. The Su measurements from

th that observed in (Joshi 2016D).

% ,
NA are shown in Figure 3.11 and compared V!
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(a)
Figure 3.10. Picture of'the designed antenna (a) Front view (b) Back View.

Spurious frequency at 7 GHz as observed in (Joshi 2016) is evidently suppressed as shown
n Figure 3.11 due to increase in Gp. Suppression of 7 GHz is observed when ground plane is
reduced. Thus, RGP may be used as a effective technique to suppress a successive higher
order mode., if required in certain application. A frequency shift from 5.5 GHz to 5 GHz is
also observed in Figure 3.11 due to increase in circumradius of patch from 15 mm (Joshi
1ge in radial distance R is done here, in

2016) 1o R = 17.5 mm in proposed antennd. The chat

tions. The measured return 1oss of proposed antenna

this w :
his work 1o target indoor WLAN applica
d S, results are also

_ 600 MHz). The measure

display a band from 4.8 to 5.4 GHz (
s and equivalent cireuit model result as shown in Figure

Compared with the simulation result
-10 dB band from 4.79

t model also shows a similar

3. S . .
I The simulated and equivalent circul

t 5
©3.29 GHz (~ 500 MHz).
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Figure 3.11. Scattering parameter, [Si || (in dB)

The variation of the input impedance with frequency on the Smith Chart, with results
obtained from measured, simulated and modeled antenna i« shown in Figure 3.12. A loop in
the capacitive region of Smith Chart is observed within the operating bandwidth as shown in
]:ii%llrc 3.12. The resonant frequency obscr\'cd m circuit modeling is very close to that
Observed during measurements. It can be observed from the Smith Chart that measurements
reflect low reactance than observed in simulated results at 5 GHz. Although vertex-feeding is
MOl a suitable location for matched impedance but impedance, 211 is found to be 53.37 - 3.2/
. ‘1e the si d and equivalent circuit
2 when measured on VNA at 5 GHZ due to RGP While the simulate

( ) ( Qand 55 + 0/ Q respectively at 5

: o as 45.26 - 21/
Model reflects the value of input impedance a5 45. 3

GHy.
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_ VNA Measured
-- CST simulated
Equivalent Circuit Model

Figure L . . . : ;
gure 3.12. Variation of the input impedance of the proposcd antenna on Smith Chart.

he modal characteristics of the proposed antennd i also analyzed and observed using the

surface cur ; : . - Fonts 5 : o o .
face current density with four different phase of excitation signal 1.e. 07, 90", 180" and

270" at resonating frequency of 5 GHz and is displayed in Figure 3.13. The surface current
dl.‘nsi;y analysis suggest that the maximum current density is observed at the overlapping area
Of the hexagon with the ground. The surface current vector is along the two edges within the
overlapping area of the patch 18 shown in Figure 3.13(a). The vector MOVes on surface of the
Patch from feeding vertex to the nearest vertex and returns back to the feeding vertex again
through edges forming a loop at 0" phase 0 { the excitation signal. The vectors follow opposite
igure 3.13(c). At 90" phase, the

as observcd from F

direction with the phase reversal of 180,
SUrface cuprent vectors are creating {hree loops along the three vertices of the hexagon
OVerlapping with the ground as reflected n Figure 3.13(b). Similar effect is observed at 270
Phase ip Figure 3.13(d), where vector directions ar¢ opposite 10 that of 90" phase.
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of the designed antenna at 5 GHz at different phase of

Figure 3.13. Surface current density

excitation signal (a) 0" (b) 90 (c) 1807 (d) 270

3'4'\/erte"-FEd Hexagonal X-band Antenna

patch antenna with reduced ground is

The . d
[he design of a compact regular hexagonal shape
a lower frequency of X-Band. The proposed

S . o
hown in Figure 3.14 and is optlmlzed at

FR-4 substrate (€= 43,tan 0= 0.025) of thickness
y FR-

a .
Mtenna in Figure 3.14 uses a glass epox

I . 5
> mim with dimension of 32 * §3.5 mun ¢
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Figure 3.14. Schematic of the proposcq hexagonal shaped patch antenna with reduced
ground.

The dimension of the ground plane is 10.44 x 24.44 mm"~. In terms of the wavelength of
e is around 0.6960 £, x 0.6027 /4.

the resonance frequency, the hexagonal shaped patch siz

The antenna is fed through a probe near (he vertex at a distance of 10 mm from center of
patch, The radii of the SMA connector are 0.805 mm, 2.22 mm, 5> mm for center pin, SMA

Teflon, and outer conductor respectively, and the height of SMA connector is 10 mm.

und plane of a patch antenna play a significant role in

The length, width and position of gro
Its performance. To study effect of the ground reduction, a parametric study is performed by
[« . e - =

reducing (he ground by a factor 'Gp' as shown in Figure 3.14. Gp is defined as reduction in

p length of ground plane decreases. Figure 3.13,

length of ground plane i.¢. by increasing G

Figure 3.16 and Fi 317 shows the effect on reflection coefficient and impedance (real
16 and Figure 3.1/ 5 :

’ - ino value of Gp.
and imaginary part) respectively by increasing value of Gp
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Figure 3.15. Simulated Reflection coefficients (Sy) for different values of Gp when feed

point 1s at 10 mm.
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; o the cireum-radius of hexagonal shaped
In all simulations done for parametric analysis. the circum-radius agonat shap

: ; ~equency € - pushed up by reducing
Patch is 12 mm. [t was observed that the resonant frequency can be p P by e

: s e “the ground, the patcl
the ground 1o a lower frequency of X -Band. By reducing the length of the grounc patch

“apacitance (') is changed due to change in the overlapping ared of patch with the ground.
Pueto change in the overlapping area the resonating frequency shifts towards higher range as
Shown iy Figure 3.15. It is observed that when Gp s equal to 15 mm, the operating
b““dwidth = Hialisr than when. Gp 18 equal to 3 mm. Thus, optimum value of 14 mm is
= v

Ch() con =T ; .
S¢n for Gp to develop the antennd.

-le imple RLC resonant equivalent
The hexagonal shaped patch antenna can be modeled as a simp
[ < C [e ‘ ' i
hat the equivalent circuit model 1s obtained for the
ha

et a shown in Figure 3.18. Note
(1) and 8.69 GHz (£2). Lumped elements

v e 1@ 5 (}HZ
bt Measured resonating frequencics e 7.l f o
; . .oy as done for a E-patch
M a sim 1 L RLC can be obtained similarly
>IMple resonant circult .
: i - (Malekpoor 2015), equations
Malekpoor 201 Jification in eduations €T i (N
ar 5). After modilic | _ |
i / equation (2.1)
xpression given in €q
(2.1 . antenna. The €
1=2.3) are | ; . ynal pate
obtained for a hexagt |
Iy _eractive overlapping area.
" sed 1o caleulate ", € and C2 for different effective
alculate ', Cy a 2
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L
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Figur
e 3.18. Equivalent Circui .
Equivalent Circunt model of the hexagonal shaped patch antenna with its probe

feeding network.

The effeet i
c”CCl ©e Y . . A
ive overlapping arca (A.) of the hexagonal patch with the full square ground is

A2 mm- A . . ,
m" and capacitances (¢ = C2) calculated using equation (2.1) is 4.75 pF. The

effect
Ve ove : . )
erlapping (A.) of hexagonal patch area with the reduced ground (reduced by

factor Gp =15 i 2
mm) is reduced to 150.03 mm- and capacitance (C) is found to be 1.90 pF
the value of capacitance of the

uSing .
¢ . A
quation (2.1). Due to reduction In the ground,

hex
agon : " . . :
al patch is reduced. This effect can be modeled as the additional series capacitance

a hexagonal patch can be obtained from

(AC .
n)- The additional series capacitance (ACpey) Of

Cquat;
ion (3.2) and calculated using the formula given in equation (3.3).

CnXC’ (3'3)

ACnrg = ¢o-C

W 1 .
here, n s the number of resonating frequencies and its value 1S | and 2. The value (ACn =
xagonal patch using equation (3.3) is

F af
PF) of the additional series capacitance of the he
nductance (L1 = 0.26 nH and L2 = 0.18 nH)

indic .
ated in Figure 3.18. The hexagonal patch i

ate height (/) of 1.5 mm and

Cale .
ulateq using equation (3.3) for FR-4 substraté with substr
requencies 7-15 GHz (1) and 8.69 GHz (f2) as shown

(R = 461.29 Q an
culated using (Garg 2001).

Probe 4:

d

. lameter (df) of 1.24 mm for the

n Fj 3 :

u : dR>= 377.63 Q) 15
gure 318 Similarly, hexagonal patch resistance

Q= 39.26 which cal

Cal(:ul
Ated using equation (2.2) by substituting
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The input i
ut impedance S e : ) .
I wpedance (7)) ol a patch antenna of equivalent circutt model shown in Figure

318 is de - .
5 deter : . s . : o s
mined for a RLC resonator near its resonant frequencies L.e. 7.15 GHz and 8.69

GHz. T} .
. The serie G . )
¢ series inductors (L, — 0.38 niTand Ly = 0.04 nH) of the SMA connector or feed

probe, and is pr : , _
is proportional to the height of the diclectric substrate (/). The SMA connector or

n be o - . -
an be modeled by series inductance (L., and L), resistance (Rp=25.73 Q) and parallel

Capacitance (( _
ce (G -0.06 pk) with other hexagonal shaped patch antenna lumped RLC

c[C]]‘]C g
nts as s — . . .
as shown in Figure 3.18. The impedance ot a SMA connector or the feed probe can

be o
Ld]L‘l[ . . - . .
lated using the formula given in (Garg 2001).

Fig
ure 3 , : . R L
gure 319, shows a picture ol d developed hexagonal shaped patch antenna W ith reduced

around 0.9280 A x 0.97135

tenna is

gZround. T
- The overall size of the hexagonal shaped patch an

/ -
e WHich
hich is very compact.

Eﬁ:- - LI
(a) (b)
a
ed patch antenna with reduced

Fi
gu S
*¢ 3.19. Photograph of the fabricated hexagonal shap

ground (a) Front (b) Back

The < : oht Technologies
b SImulated results obtained are analyzed and compared with Keystel 8
study the effect of reduced ground on

reﬂeclio and jmpedance (Z1) for a
N coefficient (S,;), voltage standin

Exa
I'shaped patch antenna.
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Fiﬂurn
€ 3.20. Mecasured Reflection coellicient (in dB) (Si1)-

The results obtained from equivalent circuit model with and without probe are used to
“Ompar reflection coefficient (Sp1) with simulated and VNA measured results. The reflection
“Oefficient o antenna is measured using VNA and s plotted in Figure 3.20 Figure 3.20
Mpares results from equivalent circuit model with feed probe and the full-wave simulation
U?‘sing CST o ' . 795 to g.73 GHz (778 MHz)
MWS. The simulation results shows @ pand from /-

Whj ]L%\w

VN/\b

A measured result shows % band from g.57 1o 8.89 GHz (321 MHZ). The measured
a.mdu.ridlh is less due to the hductance troduced by coaxial feed: The same inductive
e 4N be verified from VNA measured gmith Chart with a big loop (at .69 GHz) in
]ndUC{ive region shown in Figure 3 22(¢) while the simulation shows a big loop (8.35 GHZ)
Wi fam Je== . . . ) -~ .
" Major part in capacitive region. It proves (hat SMA connector 15 responsible fo1

ng -
& down the impedance bandw1dth.
¢ objectives for a patch

g i . of the significan
h]“g 'mpedance to transmission line 18 one of g |
{ measured and compared with

ang
Cnn
A Qb
Sign. The impedance real P

2 1 l-esp€Clively'

‘-

Sim
Ulay
ed ]‘ a0
esults as presented in Figure >
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Fig
Ure o i
3.21. Measured [mpedance Real and [maginary part (Z11)-

[t s . . c W@ P
15 Observe - 3 .22 GHyz is optimum at 8.52 GHz to
bserved that values of Ziy betweeh 7.95 to 8.75 GHz 18 0f ¢
aPproy; . .
OXImately S - - hex: q] shaped using simulated real
lately 50 + 9,97 Q) in the operating band for hexagonal shape S ¢

an imaginur)‘ 711 as shown in Figure 321 Measurements using VNA shows that the value
EATEY optimum at 8.69 GHz to uhpro.\'inmlcl,\’ 51.6 + 10/ QN the operating band oL the
fabricatcd hexagonal patch antenna between .57 10 { 89 GHz.
The Smirp Chart of hexagonal shaped patch antennd s shown in Figure 3.22. In the

Oper

aling f; : .1 Chart, a loop 1S observed
g frequency band, in both imulated and measured gmith Chart. a 100P
a5 g avee loop in the ca acitive
*hown In Figure 3.22(a) and (b) Qimulatcd results show a large looy p
g 22(a) an j X
regj 5 (GHz and other at
1o : . eusp are at 7:1 ¢
" While the measured results show WO loops Whos¢ Gusp =

8.6

9 GH, &
2 frequencies. Smith Chart for H

' no Equivalent
ynal patch antenna with probe using Eq
exage

b nodel in CST is less accurate so the
robe 1

72(b). The P

Circ 3
ugt
Mode]
del is shown in Figure 3.2 '
} sent in the

' qdth 1s pre
operating pandwid p

May
Um portj ) ‘o
ortion of the big 100 representing _
g P i1s as shown in Figure 3.22(a). While,
1ts

acitj :
v Oy 1 . e [ reSL
€ fegion i.c. patch reactance dominates th te as compared (0
5 ..o more accurate ¢
ok Mode] j - .gjon lin€ modeling 1° I
) 3 vale - SIS 5 . .
i equivalent (855 on as shown 1 Figure

3 hence the loop is
‘22(b)

: ive regl
ik e inducttV
rotated 'll’ltiCIOCkWise mwalds th

C
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3.22. Smith Chart for chagonal patch antenna using (a) CST (b) Equivalent circuit

ln()del (¢ ¢) VNA.
Th
¢ ac 03 .
Actual probe effect is seen in measured result shown i Figure 3.22(b). where the loop
is . i 8
Slna” ) .
. ~ . e
and rotated anticlockwise direction fully m inductive T

gion as compared to

qU]V,
dlel-“
T
ransmission line model.

xagonal Antennas

35
"P
Y tBX'ledll

erfo
r
mance Comparison of V€T
are designed as shown in

reduced g,round

with
Z Figure 3.23(b).

e
Vel"[
€x-
fed thdgondl pdth antcnnab

g the X _axis 1S shown I

Fi
gu[‘e 3
237 )
3(a) while the cross section alon
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L, >
- ! "
Glass epoxy FR-4 Substrate
(hr=15mm) jcm} _

Plane

M

W,

=X

h=1.5mm

(onnector
Height

|

(b)

antenna with reduced ground (a) Schematic (b)

Fi
BUre 3.23. Proposed vertex fed hexagonal

Cross sectional view.

; es are designed and
To understand the effect of reduced ground. three antenna p! ototypes €
¢ antennas arce shown in Table 3.2. In all

faby: .
Pricateq, Dimensions of featurces used for all thre
5 = 0.025) with height (7 =1.5

“Hlenna Prototypes, substrate material FR-4 (e =43 and tan ¢ | |
Mm) jg used, In all antenna prototypess standard sub-miniature (SMA) connector with a pin
diameler 6192, o 1 wsed o ool Ehe hexagonal patch. The height of the outer conductor is
10 mm With radius 257 mm as Shown i Figure 3.23(b). Since, first antenna prototype
e gonal slot while antenna prototypes. i.e. Antenna 2

An
tenna ]) ¢ of the hexa

does not consis exagonal slot

nal slot. The values of radius of h

'clnd
Antenna 3 are dcsigned with a hexago

90



radius are indi
us are indicated in Table 3

goested 1 shi 2015¢) whic
g in (Joshi 2015¢) which demonstrates small

method alrcady su

antenna gy
gain hile S
too. While performing the experiments, the size 0

verify 1l .
Yy the performance of
performance of reduced ground at different resonances within

approa. .
ch to e
improve impedance matching is to var

kce 1
ping the hei . :
g the height of the diclectric (/1) constant. The

With 1}
¢ ground pl: -
d plane reduces which results n variation of the patch capacit

ters Used in Three

'r, ) .
able 3.2. Values of Parame

Sy yeencians of
_ Dimensions of the hexagonal slot are optimized using

improvement of

{ the antennas is varied to

the C-band. The

y the size of the ground plane while

arca of the hexagonal patch that overlaps

ance.

Antenna Designs

ground is optimize

nd 5 GHz

-10dB. a

With
an objective to establish [S1 | <
tes at 7,55 @

Y fa
CtOr ~ M
G,. Antenna ! to Antenna 3 radia

pedance. reflec

Undey.

Sta N :
nd the effect of reduced ground on 1m

e different val

nd. When a redu

ues of factor Gp

amen

Na

(G Configurations are simulated for thre

P=0 .
Mm), half ground (G, = L./2) and optlrmzed grou

al-3, the

=~

objective of [Sti

l4

) ]9

GH and 28 mm is used with Antenn
gure 3.24, 3.25 and 3.26 res

2 s 4
c : .
Complished as reflected 10 F1

91

tion coefficient for

I
Design Parameters Antenna 1 Antenna 2 Antenna 3
Substrate Length (L,) /—-33-11‘1-:1’—_ 44.44 mm 46 mm
Substrate Width (W,) /_3——3’5’1-121_1-_—— 44.44 mm 46 mm
Effective Ground Length (L, - Gy) —’Jw 14.24 mm 9 mm
Ground Width (W,) w 33.33 mm 39 mm
HexagOHal patch Circumradius [2 mm 15 mm 17.5 mm
- L
Groung Reduction factor (Gp) /ﬁL/JT,-——-—____,_____——ZS mn
Mradius from O (f7) //lw/.__’__f,nli-—-—-—___—f—————”j m
~—__ Slotradius (reu) 0 mm L/if_‘i"l,,, e
/__/

d by reducing the ground

respectively. To

all the three

i e for full ground

ced ground with Gp
| <-10 dB at 7, 5.5 and 3

pectively. It is observed



that antenna with r : . - : .
at antenna with reduced ground can improve reflection coefticient at a desired frequency. It

important to note that the reduction in arca of ground plane is significant while matching

he impedance and achieving Sy -10 dB. In case of antenna | and antenna 2 has the

Plimized G, at 57.3 % of arca reduction but resulting in spurious frequency W ith the desired

fequency as may be observed in Figure 3 24 and Figure 3.25. W hen the ground is reduced by

’
o the perfect impedance matching is obsery od in case of antenna > as shown in Figure

5
3.2 T ; , i . i : whe . v 1g aced «
20, The impedance at vertex is very high which 1s not suitable when probe 1s placed at

Veriaw .. B o R o < T .
criex as may be observed in Figure 3.24, 3.25 and 3.26 all the three configurations with
lull ground i.¢. (5, — 0 mm. Due to {runcation of gmund plane, the effective capacitance of

the e foeding at resonant frequency.
'€ patch compensate the impedance mismatch due 10 probe feeding at PegpRal juency

Proke ¢ ; - reduced er an compensate
fobe feeding increases value of impedance but optimum Or reduced ground ca pilas

iner - . -+ nedance matching is
NCreage n impedance due to probe location. Ihe phcnmmnon of impedance me o
(¢
ur . et . that reduction in G
hulhcr verified with the measurcment results It 1s interesting 10 note that '
¢ meas SUlls.

CXCilece
es - , -
modes at lower frequencices.

0
-2
-4
Q
3T -6
@f -8
|10 --G,=0mm
-1 G, =12 mm B B
14 —G, =14 mm s 8 gs 9 95 10
4 6 6o |
4.5 5 5.3 Fl.equEHCy (GHZ)
g, (dB)

92



=-14 :
. -( _ I \ = [
. 7, =0 mm Ti L W
.18 =, =16 mm N 3 i/
i) : 3 () ’
20—/, =19.09 mm
29 !

41 45 5 55 6 05 7 75 8 85 9 95 10
Frequency (GHz)

(dB)
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sl 1, =) '.' J
25 -G, =18 mm )
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230 T, =28 mm oy s 85 o 95 10
4 45 5 55 6 02 H2)

Fj oot dB)
'BUre 3.26. Antenna 3 Reflection coefficient, St (

- s I f
; | characteristics at o
: - .~uencies the moda
In order b dlistisgish oo i resonating frequencic
distinguish the modes ¢ g | | f
L e { different phases 0
: - fie 1(H-I1Lid)a
.tic mode fielc
i jagnetic
ing the mag

the

also observed us mode field ( H-field) for

g [he netic
e | 1 ncies. he mag

CXeitatig signal at the resonating freque cle . .
‘ h"equencies 7.02 GHz a _ Z

Ame 3_27(b) at

NNy 1 :. 4 , d
alis displayed in Figure 3.27(a) a7 gure 3.27(¢)

ﬁ_ﬁeld) fo

Antennd 218 reﬂccted in Fi
"

Fpg
Specli‘ve] : celd (
Y- The magnetic mode f1€

. actively.
dng i respec,tl\fe
32 (d) at frequencies 5.5 GHz and 6.0 GHz

93



.....

(a) Antenna | at 7.02 GHz at 90 phase (b) Antenna 1 at 7.86 GHz at 90 phase

(d) Antenna 7 at 6.64 GHz at 90 phase

(¢) Antenna 2 at 5.5 GHz at 90" phase

2
" 0s6
(313 iy
1 "3 .
. s ’
/ X P i 625
- ] | ‘
i T - G
ey | 0 wi
— fs - a2 4
l 4 / h 0 -
! = 2 =t 16
: |-ty “
. Eod - ;
| \ de g
1>/ o
Jof-
! ) ,
| et
L__ ﬁ ==
=

ase (F) Antenna 3 at 5 GHz at 90" phase

(e¢) Antenna 3 at 5 GHz at 45° ph

Figure 3.27. Magnetic mode field of the antennas.

. - Antenna 3 s reflected in Figure 3.27(e) and 3.27()

Thel 5 =2
magnetic mode field (
agnetic mode field analysis

d 90° respectively. The m

at .
frequencies 5 Gz at phases at 45" an
de while frequencies

su \ i1y correspond 10 SauE B
8Eests that frequencies 7.02, 5.5 and 3 GH

94



7.86 dn I
d 6.64 GH
s 7 have same 51
¢ h H]Udk.'. Since the secon | i
§ d mode 18 S assed 1
tlL 1S suppru.ssud In antenna 39 IhL‘

two differe
erent modes are plotted at phases 43 and 90 .

Antenna 2 Antenna 3

‘>
: =

Antenna | \: .

Antenna 3

Antenna 2
A - o !
ntenna | ¢ O
Bt | —
[m‘”;lfllllg’!ll#lfll}{!iI:\HHJ‘FH ‘m.l‘
(b)

Figy,

’

€3.28. Antenna - 3 protolypes (a) Front (b) Back.

S designed and, are shown In Figure 3.28. To

The n:
¢ pic :

ture of all antenna prototypes:

q vector network analyzer

ch
er]/\ ~ B i ”
¢ the fabricated antennas for retu
tennas 1s measured

eturn loss of the fabricated an

(VN
A ;
) (Keysight N9928A) is used. The T

dng i
§ ¢
Shown in Figure 3.29.
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Frequency (GHz)

Figur
e 3.2¢ e
9. Measured Return loss. [Siil (in dB)

The
¢ anter
ma . :
Cantenna 2 ¢ . e . - -
antenna 2 and antenna 3 resonate at 7.5.5and 5 GHz respectively. It can
. (e

be
“l‘)\‘c
served {r "
rom Figure 3.29 that the frequency hifts fr 5.5 GH:
at the frequency sl s from 7 to 3.2 GHz. when antenna 1

angd
antenn:
na 2 r
2 retur e _— .
urn loss arc compared due change m dimensions but antenna behavior
yenerates multi-mode response in

-

antenna

i)

rk’m. H
dins L

S unchanee , .
c anged. Vertex-fed hexagonal patch

0f a
ntenn:
tenna 2 and antenna 3 o i e AL CHEE . perence in diversi
antenna J. /\ddillonal resonances can create interference 1n diversity

(o be suppress

APplicay;
Icatj
ons 1}
s thus spuri _ - 5 .
B IS spurious radiation needs ed. The presence of spurious
adiat;
10n -
at 7 GHz ; . s ' ’
iHz is also observed in €ase of antenna 2. gimilarly, spurious frequency is also

jHz In X -band

Ohg

In re s ook A

e return loss of antenna | at 8.8 ( as shown in Figure 3.29. Further

¢
ety

on of - ,

y ground plane evidently supprcsscs spurious frequency but with the slight shift of
a[]nl ~

g IrCLlucncy from 5.5 t0 5 GHz, due change in the radius the hexagon from 15 to

]7.5

ground technique where

ed by reduced

e suppress

. An .
undesired mode can b
e that there is a 200

Mo
n()p
Ole .
r ¢ ‘ . 8o - N -
adiation characteristics ar¢ pot an issue: [t is interesting to not
when antenna 7 and antennd 3 is compared.

MH
7
ancement i ‘
A th ment in the impedance band\\'ldth
Sthe "
i o Plane reduces. tl tenna capacitance reduces. which in turn compensates the
id -es. the antele
Uct;
casured return 10SS: it can be concluded that

e prob
. Based on the observatmnb ofm
ance of the probe.

i matchin

nt role 10 g the imped

p]al A
e d s B
Imensions play significa
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Fi ;
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ure 3-30. Variation of the input impedance ©

Imag;
ginary part.
2+ 18.94 Q at 5.5 GHz and

” , 9
e . ¢ 7 GHz. 53
Cvalye ofthe mnedanoe Zi | 1833 ¥4 0.53 4 . 0. By observing
pedance i .« chown N Figure 3.30. By E
is shov

A7 ) | ',I
(:a -2 v EC[I\«t y |
2 ey - .. o - I(.’e > ¥ at 1 | 0

ing,. ... A p
Uctive wqoond
A . " . htx‘-r:
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factor, (;
r, G, (see Fi 2.3
p {see Figure : ideally r el

aure 3.30). Although ideally reactive impedance should be zero small value
| ; s SIME < &
of react; i

ance 1s observe : 3 ST
served. One of the reasons for difference from the ideal value is fabrication

e. impedance of the

oleranc
value of impedance is close to expected value ol 50 Q i

probe, in case of
C. I case of Antenna 3.
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¢ radiy;: l
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Ower 15
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The
e p
L()-—Dnl. e
arized S . : . ; 8
(Eco Heo) and cross-polarized (Ecx/Hex) radiation patterns are

Megs
sured
d for
the Antenn: . |
re Antenna | - 3 at 6.91, 545 and 5 GHz as shown in Figure 3.32(a - ¢)
-Specy; h
Chvely, T
Y. The diff
) & differanoe | . ‘ “
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3.6. Conclusion
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