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Abstract. Probe-fed hexagonal patch antenna suffers
from impedance mismatch especially when feed is lo-
cated at one of the vertices of polygon. Hexagonal pla-
nar antennas also suffer from high cross polar levels.
This paper proposes a method to overcome impedance
mismatch and to increase co-polarization level by re-
ducing ground plane. Vertex feeding is demonstrated
in this paper to establish improvement in impedance
values more clearly. The impedance at any verter of
a hexagonal patch is too high when compared to the
characteristic impedance of the probe. Three vertex-
fed hexagonal antennas are developed to demonstrate
the effect of ground plane reduction within C-Band.
The proposed technique can be optimized to match
the impedance and achieve good return loss where
monopole radiation characteristics are not an issue.
A wvertex-fed reduced ground hexagonal antenna is pro-
posed here that operates around 5 GHz with a fre-
quency span of 600 MHz. Thus, the proposed antenna
is quite suitable for indoor wireless LAN (UNII-1) ap-
plications.

Keywords
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1. Introduction

Hexagonal structure and its derivatives are proposed
and investigated in detail [1], [2] and [3]. Hexagonal
antennas excite higher modes and exhibit wide-band
behaviour at higher frequencies when the input probe is
connected directly to one of the vertices of the hexagon
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[4] and [5]. Multiple resonances are observed due to
the mismatch in impedance in a probe-fed hexagonal
antenna [6]. To obtain single resonance, it is necessary
to suppress or filter out all additional modes. To sup-
press spurious radiation, Split Ring Resonators (SRRs)
and Complementary SRRs (CSRRs) have been utilized
earlier [7] and [8]. Another solution to resolve the is-
sue of the impedance mismatch in case of a thick sub-
strate is capacitive probe compensation [9]. Capaci-
tive probe compensation techniques such as a Paral-
lel Plate Capacitor (PPC) and annular ring can be
used to match the impedance of the inductive probe
when a dielectric substrate of thickness greater than
A/10 [10] is used to expand antenna’s operating band-
width [II]. PPC can be used to improve impedance
matching at lower modes in probe-fed hexagonal an-
tenna [I2]. It is necessary to recognize a method to
match the impedance in case of a thinner substrate
where the thickness is less than A/10. Ground plane
reduction technique can improve impedance matching
as earlier demonstrated for a clamshell mobile phone
[13]. The overlap area between patch and ground plane
is minimal when monopole antennas are designed for
UWRB applications [I4] and [I5]. WSN nodes radiating
through antennas with a truncated ground plane are
developed to optimize the size and the bandwidth con-
straint [16]. Ground plane reduction technique is also
used to achieve ultra wideband in a coplanar antenna
[I7]. The effect of dimensions of the ground plane,
on radiation patterns of the antenna, has been inves-
tigated by Noghanian et al. [I8]. Truncation of the
ground plane has an influence on gain as well as on
the impedance bandwidth of an antenna as revealed
by the parametric studies [19]. The effect of the size of
a ground plane on antenna performance has been stud-
ied and analyzed [20]. A potential solution to overcome
the issue of impedance mismatch is reduced ground
technique. The impedance matching using defected
ground structure has been achieved in [2I]. Tong et al.
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theoretically investigated ground plane size reduction
and recommended an optimized ground plane size [22].
This paper utilizes the reduced ground technique to
match the impedance of the patch with the probe in
vertex fed hexagonal patch antenna without using the
SRRs, CSRRs, PPC or annular ring.

In this paper, an impedance matched vertex-fed
hexagonal antenna with a truncated ground plane is
proposed and analyzed experimentally. The second
section of the paper describes the design of proposed
antennas while demonstrating the effect of ground
plane reduction in C-Band. Third section of paper
discusses the effect of reduced ground on return loss
and impedance through measurement results. Besides
an impedance match, reduction of ground plane sup-
presses additional resonances if any. The fourth section
of the paper discusses observations from antenna radia-
tion pattern measurements and far-field gain measured
in an anechoic environment. The final section con-
cludes the findings and observations in the proposed
work. The paper proposes a technique in a directly
fed hexagonal antenna by reducing dimensions of the
ground plane to achieve improvement in impedance
matching, to decrease cross polarizations levels and to
suppress adjacent resonances, if any.

2. Antenna Design and

Simulation

The vertex-fed hexagonal patch antennas with the re-
duced ground are designed as shown in Fig. while
the cross-section along the x-axis is shown in Fig.
To understand the effect of reduced ground, three an-
tenna prototypes are designed and fabricated. Dimen-
sions of features used for all three antennas are shown
in Tab. [I] In all antenna prototypes, substrate ma-
terial FR-4 (¢, = 4.3 and tand = 0.025) with height
(h = 1.5 mm) is used. In all antenna prototypes, Stan-
dard Sub-Miniature (SMA) connector with a pin diam-
eter of 1.24 mm is used to feed the hexagonal patch.
The height of the outer conductor is 10 mm with ra-
dius 2.57 mm as shown in Fig. First antenna
prototype (Antenna 1) does not consist of a hexago-
nal slot while antenna prototypes, i.e. Antenna 2 and
Antenna 3 are designed with a hexagonal slot. The val-
ues of radii of hexagonal slot are indicated in Tab. [I]
Dimensions of the hexagonal slot are optimized using
method already suggested in [5] which demonstrates
small improvement of antenna gain too. While per-
forming the experiments, the size of the antennas is
varied to verify the performance of reduced ground at
different resonances within the C-band. The approach
to improve impedance matching is to vary the ground
plane dimensions while keeping the substrate height
(h) constant. The area of the hexagonal patch that
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overlaps with the ground plane reduces which results
in variation of the patch capacitance.
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(a) Schematic view.
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(b) Cross sectional view.

Fig. 1: Proposed vertex fed hexagonal antenna with reduced
ground.

Tab. 1: Values of parameters used in three antenna designs.

Design para- Antenna | Antenna | Antenna
meters (mm) 1 2 3
Substrate
Length (L) 32 44.44 46
Substrate
Width (ws) 33.5 44.44 46
Effective Ground
Length (1,-Cr) 10.44 14.24 9
Ground Width (wy) 24.44 33.33 39
Hexagonal patch
Circumradius () 12 15 175
Ground reduction
factor (Gp) 14 19 3
Feed point radius
from O (£.) 10 14 175
Slot radius (rcut) 0 2.5 3
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The substrate dimension plays a significant role in
co- and cross-polarization levels [23]. The value cho-
sen for substrate dimensions for all antenna designs
were optimized to limit cross-polarization levels. Sim-
ple RLC resonant equivalent circuit can be used to
model the proposed antennas [6] and [24]. Lumped
elements (RLC) can be obtained for different antennas
i.e. Antenna 1, 2 and 3, as given by Eq. , Eq.
and Eq. , respectively.

Cpaten = (5 (3\/37:,3) (1 - G”) NGY

lg
1
Ly—=— 2
(27rfn)2 Cpatch ( )
_ Q
Fon = (27rfn) Cpatch’ (3)

where, f, is centre frequency of operating band, and,
h and €, are substrate characteristics, respectively.

An equivalent circuit can be modeled on similar lines
as in [0] with patch capacitance (Cpaicn), inductance
(L), resistance (R,,) for a given f,, can calculated us-
ing the Eq. , Eq. and Eq. which can be further
used to calculate patch impedance (Zpqscn) and Z11 as
expressed in Eq. and Eq. respectively. The ca-
pacitance (Cj; and Cj3) and inductance (L;;) exist
because of probe to patch junction. The probe itself
exhibits resistance (R,) and inductance (Lo+L,,) when
inside the substrate. The height of the probe outside
the substrate introduces resistance (R,y), inductance
(Lpr) and capacitance (Cpp).

1
Zpatch = 1

y 2 Oac a_r1
R, +2mfCy th+j27Tan

(4)

Then, the reflection coefficient (dB) can be calcu-
lated using Eq. ().

()

Z11 — 2,
S11(dB) = 20logy, (Zi—Zz) :

where, 711 is expressed in Eq. @ and Zj is 50 €.

The expression given in Eq. is used to calculate
Chaten for different values of G, where Cpatcn is equiv-
alent capacitance calculated for a series combination of
Cfg (full ground capacitance), AC,, (reduced ground
capacitance), and AChs (hexagonal slot capacitance),
where, n represent number of resonant tank circuits.

RS B S I
Cpatch B Cfg AC’I“Q Achs .

(6)

To obtain |S1;| < —10 dB, the ground plane is op-
timized by reducing it by a factor, G),. Antenna 1, 2
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Fig. 2: Antenna 1: reflection coefficient, S11 (dB).
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Fig. 3: Antenna 2: reflection coefficient, S11 (dB).
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Fig. 4: Antenna 3: reflection coefficient, S11 (dB).

and 3 radiates at 7 GHz, 5.5 GHz and 5 GHz respec-
tively. To understand the effect of reduced ground on
impedance, reflection coefficient for all the three an-
tenna configurations are simulated for three different
values of factor G, i.e for full ground (G, = 0 mm), half
ground (G, = l,/2) and optimized ground. When a re-
duced ground with G, = 14, 19 and 28 mm is used with
Antenna 1, 2, 3, |S1;| < —10 dB at 7 GHz, 5.5 GHz
and 5 GHz, is achieved as observed in Fig. 2] Fig.
and Fig. [4respectively. It is observed that a planar an-
tenna design requires optimization of dimensions of its
ground plane to improve reflection coefficient at a de-
sired frequency before its application. It is important
to note that the reduction in area of ground plane is sig-
nificant while matching the impedance and achieving
|S11] < —10 dB. In case of Antenna 1 and Antenna 2,
the optimized value of G, is observed when 57.3 %
of ground area is reduced but results in spurious fre-
quency as may be observed in Fig. [2]and Fig.[3] When
the ground is reduced by 77 % the perfect impedance
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matching is observed in case of Antenna 3 as shown in
Fig. [4

The impedance at vertex is very high which is not
suitable when probe is placed at vertex as may be ob-
served in Fig. 2 Fig. [land Fig. [ in all the three con-
figurations with full ground i.e. G, = 0 mm. Due to
truncation of ground plane, the effective capacitance
of the patch compensates the impedance mismatch
due to probe feeding at resonant frequency. Values
of impedance increase due to probe feeding, but opti-
mum or reduced ground can compensate any mismatch
in impedance due to probe location. The phenomenon
of impedance matching is further verified with the mea-
surement results in the next section of the paper. It is
interesting to note that reduction in G,, excites modes
at lower frequencies.

In order to distinguish the modes at resonating fre-
quencies, the magnetic mode field i.e. H-field at dis-
tinct phases of the excitation signal are observed. The
magnetic mode field for Antenna 1 is displayed in

Fig. and Fig. at frequencies 7.02 GHz and

7.86 GHz respectively. The magnetic mode field for
Antenna 2 is reflected in Fig. and Fig. at fre-
quencies 5.5 GHz and 6.64 GHz respectively. The mag-
netic mode field for Antenna 3 is reflected in Fig.
and Fig. at frequency of 5 GHz at phases at 45°
and 90° respectively. The magnetic mode field analysis
suggests that frequencies 7.02 GHz, 5.5 GHz and 5 GHz
correspond to same mode while frequencies 7.86 GHz
and 6.64 GHz have same mode. Since the second mode
is suppressed in Antenna 3 the two different modes are
plotted at phases 45° and 90°.

3. Experimental Results

The picture of all developed antenna prototypes, as de-
signed and discussed earlier in Sec.[ 2. ] are shown in
Fig.[6] To characterize the fabricated antennas for re-
turn loss and impedance, Keysight’s (N9928A) Vector
Network Analyzer (VNA) is used. The return loss of
the fabricated antennas is observed and presented in
Fig. [ The Antenna 1, 2 and 3 resonate at 7 GHz,
5.5 GHz and 5 GHz respectively. When return loss of
Antenna 1 and 2 are compared, it can be observed from
Fig. [7] that although frequency shifts from 7 GHz to
5.5 GHz due to change in dimensions, but antenna be-
havior remains unchanged. Vertex-fed hexagonal patch
antenna generates multi-mode response in case of An-
tenna 2 and Antenna 3.

Additional resonances can create interference in di-
versity applications thus spurious radiation needs to
be suppressed. The presence of spurious radiation at
7 GHz is also observed in case of Antenna 2. Simi-
larly, spurious frequency is also observed in return loss
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of Antenna 1 at 8.8 GHz in X-band as shown in Fig.
Further reduction of ground plane evidently suppresses
spurious frequency but with the slight shift of resonat-
ing frequency from 5.5 GHz to 5 GHz, due change in
the radius the hexagon from 15 mm to 17.5 mm. An
undesired mode can be suppressed by reduced ground
technique where monopole radiation characteristics are
not an issue. It is interesting to note that there is
a 200 MHz enhancement in the impedance bandwidth
when Antenna 2 and 3 is compared. As the ground
plane reduces, the antenna capacitance reduces, which
in turn compensates the inductive probe. Based on the
observations of measured return loss, it can be con-
cluded that ground plane dimensions play significant
role in matching the impedance of the probe.

The value of the impedance Z;; is 33 4+ j0.55 at
7 GHz, 53.92+ 518.94 Q at 5.5 GHz and 53.37 — j5.2 Q)
at 5 GHz for Antenna 1, 2 and 3 respectively as
shown in Fig. [l By observing the measured value
of impedances for all three antenna configurations, it
can be noticed that initial inductive impedance of the
hexagonal patch is tuned by ground plane reduction
factor, G, (see Fig. . Although ideally reactive
impedance should be zero, small value of reactance
is observed. One of the reasons for difference from
the ideal value is fabrication tolerance. Real value
of impedance is close to expected value of 50 € i.e.
impedance of the probe, in case of Antenna 3.

4. Antenna Pattern

Measurements

The radiation patterns of all three antenna prototypes
are measured in an anechoic environment at their reso-
nant frequencies. Pre-calibrated standard Dual Ridge
Horn (DRH) transmits power to measure the absolute
far-field gain of the fabricated antennas for the two
fundamental planes. For the measurement of far-field
gain, Agilent’s (E-4412A) Power Sensor and Agilent’s
(E-4418B) Power Meter are used to sense and measure
the received power while Keysight’s (N5173B) Signal
Generator is used to transmit power through the DRH
antenna as shown in Fig. [9

The transmitting antenna provides gain of 8.5 dB
and 6 dB in the two different planes which are further
used to calculate the antenna gain. The antenna un-
der test is rotated from 0° to 350° in 10° increments
while losses due to cable, the path loss and the abso-
lute transmitted and received power are also measured
to calculate antenna gain. The transmitting antenna is
60 cm apart from the receiving antenna which is greater
than the Fraunhofer distance required. Signal gener-
ator feeds transmitting antenna a power of 18 dBm.
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Z11 = Rph +j27Tprh + 1 . (7)
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frequencies to distinguish different mode.

Finally, the received power is measured and data are
used to calculate the far-field gain.

The co-polar (Eco/Hco) and the cross-polar
(Ecx/Hcex) patterns are measured for the Antenna 1, 2
and 3 at 6.91 GHz, 5.45 GHz and 5 GHz as shown in
Fig. [10(a)| Fig.[10(b)} Fig. [L0(c)| respectively.

A difference of around 20 dB is observed between
co-and cross-polar levels at antenna bore-sight for the
H- and E-plane in all antenna prototypes. The peak
gain at the antenna bore-sight is approximately con-
stant at 3 dB even when the resonant frequency shifts
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Fig. 7: Measured return loss, |S11| (in dB).

from higher to lower band i.e. 6.91 GHz in case of An-
tenna 1, 5.45 GHz in case of Antenna 2 and 5.01 GHz
in case of Antenna 3. Although the patch radius of
Antenna 3 is 1.45 times the Antenna 1 but the gain of
Antenna 3 is approximately equal to gain of Antenna
1 at lower frequency due to the fact that the band-
width of Antenna 3 is higher as compared to Antenna 1.
It appears to follow Bode-Fano criterion which states
that wider bandwidth can be achieved at an expense of
higher reflection coefficient [25]. The nulls of the cross
polarization level are centered at 0° for all the three
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Fig. 8: Variation of the input impedance of the proposed an-
tennas.
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Power Sensor

antenna prototypes. Due to the reduced ground plane,
the proposed antennas have quasi-monopole radiation
patterns. The gain of proposed antenna (Antenna 3),
obtained using Friss transmission equation when ap-
plied to data collected from radiation pattern measure-
ment, is found to be 3 dB. The 3-dB beamwidth are
approximately 60° and 50° for H- and E-plane respec-
tively. The proposed antenna is suitable for wireless
LAN (UNII-1) applications.
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Fig. 10: Measured Co- and Cross-polar patterns.

5. Conclusion

This paper presents a technique to match impedance
and in effect, to suppress any additional resonance in
a directly fed hexagonal patch antenna. Technique
of ground plane reduction is used for matching the
impedance at a frequency radiated by the proposed
antenna. The proposed antenna exhibits matched
impedance at 5 GHz with a value of 53.37 — j5.2 )
which is very close to 50 2. The Antenna 3 radi-
ates a gain of 3 dB and operates within a bandwidth
of 600 MHz at 5 GHz making it suitable for WLAN
(UNII-1) applications. The co- and cross-polar levels
when observed at 5.1 GHz have a more than 25 dB dif-
ference at antenna bore-sight in both H- and E-plane.
Higher order mode is suppressed by more than 10 dB
due to ground plane reduction in case of proposed An-
tenna 3.
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