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Circularly Polarised Hexagonal Patch Antenna With
Polygonal Slot for RFID Applications
Prakash K. C, Vinesh P. V, Vivek R, Mohammad Ameen, and Vasudevan K

Abstract – A compact single feed circularly polarized microstrip
patch antenna for RFID applications is proposed. Antenna
geometry includes a regular hexagon shaped patch with a
polygonal slot embedded at the centre. The slot accounts for
circular polarization and an area reduction of 22.5 %. It is
fabricated on FR4 substrate with dielectric constant 4.4 and size
50 mm x 50 mm x 1.6 mm. The measured results include 10dB
impedance bandwidth of 5.5 % at the center frequency of 2.42
GHz, a return loss of 32 dB, minimum axial ratio of 1.82 dB, axial
ratio bandwidth of 7.5%, gain of 4.9 dBi with a broadside
radiation characteristic for the RHCP antenna. These results are
well in tune with the simulated results and the proposed design is
suitable for RFID reader antenna applications.
Index terms – circularly polarized, hexagonal patch antenna,
polygonal slot, RFID

I. INTRODUCTION
RFID based identification of objects and people have
become highly popular. The RFID system generally consists of
two basic components; the reader and the tag. The reader is a
read or read/write device that uses an antenna to send a radio
frequency electromagnetic field to the tag. The tag is the data
carrying device located on the object being identified. RFID
reader antennas widely use circularly polarized single feed
microstrip patch antennas in order to overcome false
identification of targeted objects [1]. Commonly used design of
circularly polarized patch antennas either excite two orthogonal
modes of a symmetrical patch (single coaxial feed) or patch
antennas with two orthogonal feeds which are in quadrature.
Various advantages of single feed circularly polarized antennas
include reduced feeding circuit complexity, less weight,
compact and preferred in situations where it is difficult to
accommodate dual orthogonal feeds. The proposed single feed
circularly polarized antenna is distinct due to several features.
Perturbation methods are employed to bring circularly
polarized radiation. Currently a wide variety of perturbation
methods are there. The methods include, using a cross slot
embedded on the radiating patch [2], truncating the corners of a
square patch and inserting slits of different lengths at the edges
of a square patch [3], the combination of two equal right angle
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the slot antennas with equal perpendicular length on the ground
plane fed by microstrip line [4], inserting an elliptical slot at
centre of a circular patch [5], a circular patch with a rectangular
slot oriented at 450 [6], two asymmetric orthogonal slits
positioned in the centre of the patch antenna [7], In the proposed
antenna instead of an elliptical slot, irregular hexagonal slot is
cut in a hexagonal patch. In this article the promising design of
a single co- axially fed circular polarized microstrip antenna
is
presented. The design strategy in this work is simultaneous
control over frequency, axial ratio and input impedance and
thereby achieving CP and matching conditions. This is achieved
with the choice of shape for the central slot and the
feed point. The insertion of the slot is to i) produce circularly
polarized radiation in the required band ii) reduce the size of the
patch and iii) bring down resonant frequency. The choice of
dimensions of the central irregular slot and the feed position
ensures the splitting of the fundamental mode into degenerate
modes and phase quadrature between these modes. These
degenerate modes should have equal amplitude and exact phase
quadrature to ensure circularly polarized radiation. A circular
patch antenna with central elliptical slot is used to generate CP
radiation in [5]. It is substantiated in Section IV that all the
measured values of the proposed antenna in this work are
superior to other similar works in literature. The dimensions of
the patch and slot, feed point locations are optimized for good
performance. Ansoft HFSS is used for the simulation and
analysis of the structure. The antenna performance is evaluated
using ZVB20 vector network analyzer.
The proposed RHCP antenna has got a 10 dB impedance
bandwidth of 130 MHz (2.355GHz to 2.485 GHz) and axial
ratio bandwidth of 180 MHz (2.32 GHz to 2.5GHz) and a gain
of 4.9dBi. Though this band is usable for WLAN and Bluetooth
applications, the obtained gain, axial ratio bandwidth and 800
3dB beam width are promising factors for its appropriateness
for active RFID reader antenna applications. However this gain
is insufficient for long range applications, it can be enhanced by
incorporating stacking concept.
Active RFID and passive RFID technologies are basically
different technologies with substantially distinct capabilities.
In terms of communication range, active RFID offers a range of
more than 100m, while it is nearly 12m for passive RFID
systems. Active RFID collects signals from 1000s of tags by the
reader while it is 100s in UHF passive RFID systems. Active
RFID has got the ability to continuously monitor and record
sensor input, whereas the passive RFID system has got the
ability to read and transfer sensor values only when the tag is
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powered by the reader. Active RFID has got large read/write
data storage (128KB) with sophisticated data search and access
capabilities, whereas the passive RFID has got small read/write
data storage. Active RFID is capable of area monitoring,
sophisticated cargo security applications and unconstrained
asset movement. When considering the cost, this is less for UHF
passive RFID.
The novelty of the proposed antenna is its shape, area
reduction, compactness and the mode of generation of
circularly polarized radiation.The authors have experimentally
proved in [8] that when the patch shape is dodecagonal gain is
slightly less (4.82 dBi – 4.67 dBi) , ARBW is 5.5 % and when
the shape is hexagonal with elliptical and circular slots the gain
is 4.5 dBi and ARBW is 5.8% [9]; both designed for the same
resonant frequency 2.45GHz.
The measured parameters of the antenna show its suitability
for active RFID reader antenna applications.

II. ANTENNA GEOMETRY
The proposed antenna is fabricated on 50mm x 50mm FR4
substrate, with dielectric constant 4.4 , thickness 1.6 mm and a
tan δ=0.02. It consists of regular hexagonal patch with an
irregular polygonal slot.
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Fig. 1. Geometry of the proposed antenna.(a) side view (b) Top view
of RHCP antenna (c) Top view of LHCP antenna. (d) central irregular
hexagonal slot geometry, Guided wavelength λg = 0.0604 m , a =
17.244mm(0.285 λg)b=1mm(0.0166 λg) , c = 7mm(0.116λg) , d=
11.4mm(0.189λg), k = 1.62 , L = W =50 mm(0.8278 λg).X(21mm,19
mm), Y (21mm,31mm).

The patch is fabricated using copper material of thickness
0.035 mm on the top side of the substrate and the copper ground
plane is of dimensions 50mm x 50mm x 0.035mm on the
bottom side of the substrate.
As depicted in Figure 1, the
irregular hexagonal slot is situated on the centre of the patch
oriented along the X axis. The dimensions of the hexagonal slot
are designated as i) b - the smaller Y axis dimension (top and
bottom width), ii) c - the larger Y axis dimension (central width)
and iii) d – the larger X axis dimension (height). These
dimensions are such that b < c < d. The ratio ‘k’ is defined as
ratio of ‘d’ to ‘c’ with ‘b’ constant. In order to generate
circularly polarized waves, the simplest approach is to excite
two equal amplitude degenerate orthogonal modes by a single
feed point at an estimated location. By introducing some
asymmetry in the structure the resonant frequencies of two
degenerate modes can be made slightly different from each
other and a phase difference of 900 between the two amplitudes
can be achieved [10]. The simplest way to split the fundamental
TM11 mode is, cut a thin slit through the centre [5]. In this
proposed antenna a hexagonal slot with unequal sides is chosen
as the asymmetry or detuning element, in order to radiate
circularly polarized waves. The radiation of circularly polarized
wave is highly sensitive with respect to the position of the feed
location and the dimensions of the central slot. The antenna is
excited through co - axial probe at the location X to produce
Right Handed Circular Polarisation (RHCP) and at the feed
location Y to radiate electromagnetic waves with Left Handed
Circular Polarisation (LHCP). The co-axial probe feed point for
RHCP antenna is the mirror image as that for LHCP antenna
with respect to the centre of the patch. The feed location is
chosen along the locus of 50 Ω characteristic impedance and
is adjusted for good matching. The method of size reduction
resorted to in this piece of work yields improved gain and axial
ratio bandwidth compared to similar works in literature [1] to
[10] and enunciated in Section IV.
III. THEORY & DESIGN
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Theory of Circularly polarized Radiation
. When a patch antenna is considered its mode impedance
Zmn(ω) may be expressed as in [5]
Zmn(ω)=Rmnζmn(ω)

(4)
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Where m,n = 0,1…, are the vertical and horizontal dimensions
respectively. Rmn represents the sum of the radiation, dielectric
and metal losses, ζmn(ω) is the normalized frequency response
written in terms of the quality factor Qmn and modal resonance
frequency ωmn. The quality factor Q depends to a large extent
on the antenna geometry. By the proper selection of the feed
point, the dominant mode is detuned into two equal amplitude
orthogonal degenerate modes. Consider the antenna geometry
where a single mode is detuned into two orthogonal modes TMe
and TMo ,neglecting the effects of higher order modes. Here
TMe is the orthogonal even mode and TMo is the orthogonal
odd mode. Even mode is the mode that is symmetric with
respect to the ‘Y’ axis and odd mode is with respect to the ‘X’
axis. Correspondingly total input impedance may be written as
[5]
Zin = Ze+ Zo

(5)

Where Ze and Zo are the corresponding even mode and odd
mode impedances, ωe and ωo are the corresponding modal
frequencies, with ωe < ωo . By introducing the asymmetry due
to the irregular polygonal slot, the resonant frequencies of two
degenerate modes are made slightly different from each other
and a phase difference of 900 between the two amplitudes is
achieved. The normalized impedance ratio of odd to even mode
is defined as in [5]
𝛽ζ (𝜔) =

𝜁𝑜 (𝜔)
𝜁𝑒 (𝜔)

ω ωe
−
)
ωe ω
ω ωo
1+jQ( −
)
ωo ω

1+jQ(

=

(6)

The angle of 𝛽ζ (𝜔)is the phase difference of the CP field
components, while the magnitude is proportional to the axial
ratio. Here the angle of 𝛽ζ (𝜔) is designed to be obtained as 900
and the magnitude to be less than 3dB. The slot is introduced at
the centre. As the fundamental mode exhibits a zero in the
central area the fields will not be affected significantly. The
fundamental mode splits into degenerate orthogonal modes by
the proper choice of feed point and asymmetry. For the odd
mode, which is oriented towards the slot (X axis), the
perturbation is minimum as the top and bottom width of the slot
is made narrow enough. If the slot had been a rectangular
geometry with width ‘b’ and height ‘d’ and no change in
orientation, the odd mode surface current would not have been
affected by this perturbation and the resonant angular frequency
would have been approximately that of fundamental resonant
frequency. Whereas, for the even mode (oriented about y axis),
the surface current is forced to traverse more length around the
slot. On account of more electrical length, even mode resonant
frequency ωe is reduced. At this juncture, if a second
orthogonal cut is made at the centre, it will enhance the
electrical path of the odd mode and results in the reduction of
corresponding resonant frequency. Here in this work, instead of
making an orthogonal cut, the central width of the hexagonal
slot is made larger than the top and bottom width. The same
effect of second orthogonal cut is achieved due to this
enhancement of central width. Just similar to the even mode,
signal in odd mode also has to traverse more length and
therefore resonant frequency is reduced. By selecting
appropriate dimensions for the slot, the two degenerate mode

frequencies are made nearly equal. Overall dimension of the
antenna is reduced. But it was demonstrated in [11] that with
annular shapes it is possible to enhance the bandwidth because
less amount of energy is stored beneath the patch metallization
and less quality factor therein. A mandatory condition for
achieving circular polarization is equal amplitude and with a
phase difference of 900 for the degenerate modes [12].
Design
The design equations of the hexagonal patch antenna are
derived in a similar approach as that of a circular patch. As the
two shapes are equivalent to each other the equations for
resonant frequency, effective radius of the circular patch are
adopted as such[10]. The side length ‘a’ of the regular hexagon
for a resonant frequency of fr = 2.687GHzis designed as
follows. The dominant mode resonance frequency of a circular
patch is given by [11]
fr =

𝑋𝑚𝑛 𝑐

(1)

2𝜋re √𝜖𝑟

where fr is the resonant frequency of the patch , 𝑋𝑚𝑛 = 1.8411
for the dominant mode TM11 , c is the velocity of light in free
space , εr the relative permittivity of the substrate, ‘re‘ is the
effective radius of the equivalent circular patch and is given by
[11]
2ℎ
π𝑟
r e= r { 1 (ln + 1.7726)}0.5
(2)
πr𝜀𝑟

2ℎ

where ‘r’ is the actual radius of the circular patch and ‘h’ is the

(a)
(b)
Fig. 2. Photographs of the antenna prototypes (a) RHCP (b)
LHCP

height of the substrate. Then by equating the areas of a circle
and a regular hexagon, the edge or side length of the regular
hexagon ‘a’ may be found out as [11],
a = 1.099 re

(3)

By selecting proper slot dimensions and by choosing exact
feed location, the two orthogonal degenerate modes are made
nearly equal amplitude with a phase difference of 900. Hence
circularly polarized radiation is achieved. Overall size of the
patch antenna is determined by the resonant frequency. The
edge of the hexagonal patch is designed for a resonant
frequency of 2.69 GHz. Due to the central slot the resonant
frequency is reduced to 2.42 GHz and thus the overall
dimension is reduced by a factor of 22.5%.
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The photographs of the proposed antennas are depicted in
Fig. 2. To design the hexagonal patch, design equations are
derived based on the geometry and frequency of operation after
computing the guided wavelength λg , that is the wavelength in
the dielectric λg = λ0/ ℇr eff, where λ0 is the free space
wavelength and the effective permittivity of the substrate ℇr eff
is computed as 4.106.

RHCP antenna. The measured return loss is 41.78 dB at 2.46
GHz for LHCP antenna with corresponding 10 dB impedance
bandwidth of 125 MHz..
A parametric study is done by varying the parameter ‘k‘,
which is the aspect ratio of height ‘d’ to the central width of
the central irregular hexagonal slot, keeping ‘b’ constant. It is
observed that when the value of k when exceeds 1.5 circularly
polarized radiation is exhibited. The realization of circularly
polarized radiation is confirmed at k = 1.62, as the necessary
criterion of axial ratio < 3 dB is satisfied and depicted in Figure
4. When k = 1.62, the least simulated value of axial ratio =
1.8212 dB is obtained with the fabricated prototype and the
corresponding axial ratio bandwidth is calculated to be
180MHz(7.5%).

φ = 00
Fig. 3. Measured S11 plots of proposed RHCP and LHCP antennas
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φ = 900

φ = 1800

φ = 2700

Fig. 5. Surface current distribution of RHCP antenna

φ = 00

φ = 900

φ = 1800

φ = 2700

Fig. 6. Surface current distribution of LHCP antenna

Fig. 4. Measured plots of axial ratio at k = 1.62.

IV. MEASURED RESULTS
Using the computed parameters antenna was simulated using
Ansoft HFSS 13.0. Optimum feed point was chosen for the best
impedance matching of the antenna. Antenna prototype was
fabricated on FR4 substrate with optimized parameters. The
measured reflection characteristics of the proposed antennas are
plotted in Fig. 3. It is noted that the fundamental resonant
frequency of the antenna without slot is 2.687 GHz, whereas
with slot, the measured return loss is 32dB at 2.42 GHz and the
corresponding 10 dB bandwidth is 130 MHz for the proposed

The surface current distribution simulated at the centre
frequency is plotted in Figure 5&6 for RHCP and LHCP
antennas respectively. Surface current distribution at φ = 00 is
equal in magnitude and opposite in direction to that at φ = 1800.
Similar is the case of surface current distribution at φ = 900 and
at φ = 2700. Hence the criterion for circular polarization is
satisfied. As the direction of view chosen as +Z-axis, the
direction of rotation of current is clockwise and the sense of
polarization is confirmed as left hand circular polarization
(LHCP) for the feed position at Y. Feed position at X confirms
right hand circular polarization (RHCP). Sense of direction of
polarization of the fabricated antennas under study is tested
using helical antennas designed at the measured resonant
frequency 2.42 GHz as per the design methodology in [13] &
[14]. The RHCP helical antenna gives more output when tested
with RHCP under study and vice versa.
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(a)
(a)

(b)
Fig. 7. S21 plots using helical antennas , when tested with (a) RHCP
antenna (b) LHCP antenna

Graphs plotted in Figure 7 confirm the directions of sense of
polarization of the LHCP and RHCP antennas under study
Hexagonal shape is preferred for the antennas because it has
more bandwidth compared to rectangular and circular patches
[15].
Measured and simulated bore sight radiation patterns of
RHCP and LHCP antennas are depicted in Figure 8 and found
to be in good agreement. The comparison of measured values
of the antenna is tabulated in Table I. More size reduction is due
to the increased electrical length which is accounted by the
shape of the patch and the slot. Increased axial ratio bandwidth
is accounted by the choice of feed point and the aspect ratio of
the slot. More impedance bandwidth is due to the choice of feed
location and shape of the patch.

(b)
Fig. 8. Radiation pattern (a) RHCP antenna (b) LHCP antenna

The authors have experimentally proved in [14] that when the
patch shape is dodecagonal gain is slightly less (4.82 dBi –
4.67 dBi) , ARBW is 5.5 % and when the shape is hexagonal
with elliptical and circular slots the gain is 4.5 dBi and ARBW
is 5.8% [15]; both designed for the same resonant frequency
2.45GHz.
TABLE I
COMPARISON OF MEASURED VALUES

Parameter

Circular
patch antenna

Measured
value
(RHCP
antenna)

Measured
value
(LHCP
antenna)
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Center
frequency
Return loss
Gain
Minimum axial
ratio
Axialratio
bandwidth
10dBimpedance
bandwidth
3dB beamwidth
Size reduction

with elliptical
slot [5]
2.45 GHz

2.42GHz

2.46 GHz

19 dB

32dB

42 dB

3.85dBi

4.9 dBi

4.91dBi

-

1.8212 dB

1.815 dB

1.22%

7.43%

7.365 %

5.3%

5.4%

5.1%

-

800

860

9.5%

22.5%

22.5 %

Appropriateness of the antenna for RFID reader
applications at 2.45GHz
The RHCP antenna prototype offers a 10 dB impedance
bandwidth of 130 MHz (2.3645 GHz- 2.4965), 3 dB ARBW of
180 MHz ( 2.32 GHz- 2.50GHz) and a gain of 4.9 dBi. Similarly
the LHCP antenna prototype offers a 10 dB impedance
bandwidth of 125MHz ( 2.5415 GHz- 2.4165 GHz) and 3 dB
ARBW of 181.2 MHz (2.3312 GHz – 2.5124 GHz) and a gain
of 4.91 dBi. These values are in compliance with standards of
parameters for air interface communications for RFID
applications at 2.45 GHz [16].

V. CONCLUDING REMARKS
A novel design of a single feed circularly polarized regular
hexagonal patch antenna with irregular hexagonal slot has been
designed, simulated and experimentally investigated. The
introduction of central hexagonal slot perturbation method is
found to be effective. The antennas provide stable symmetrical
patterns with wide angle half power beam widths, good
impedance bandwidths circular polarization characteristics and
reasonable peak gain values. The antennas are compact, simple
to design cost effective and suitable for wide angle coverage
RFID reader applications at 2.45 GHz.
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