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Abstract—Bandwidth enhancement technique of circularly polarized
square slot antenna is presented in this paper. A square slot antenna
with the components of L-probe separated could achieve an axial ratio
(AR) bandwidth of 33.84%. Placing Stubs in the slot by studying the
electric field behaviour could enhance the AR bandwidth by around
10%. Creating an L-shaped slot on the ground plane, where the electric
field rotates in the desired clockwise direction, can further enhance the
bandwidth by 7%. A < −10 dB S11 bandwidth of 46.15% and < 3 dB
AR bandwidth of 50.35% could be achieved with the present design.
Unidirectional patters are obtained by having a cavity at the wide slot
of the antenna and shows a measured bandwidth of 41.79% in S11 and
44.97% in AR. Both antennas show a cross polarization discrimination
of more than 15 dB on a wide azimuth range. The measured results
well comply with the simulated results.

1. INTRODUCTION

Circularly polarized (CP) antennas are preferred over linearly polarized
antennas because they do not require alignment of electric field vector
between the transmitter and receiver locations. So, CP antennas
have been extensively studied and are well suited for applications in
satellites, RADARs, GPS and mobile terminals [1–4]. Printed slot
antennas [5–8] with wide radiating slot provide bidirectional radiation,
i.e., simultaneous RHCP and LHCP, and have been used in satellite
digital radio systems [5] and for the reception of terrestrial signals
and signals of geostationary satellites [6]. They also provide wider
bandwidth without increasing the antenna size and thickness along
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with greater manufacturing tolerances [7]. Since the polarization
sense changes from RHCP to LHCP and vice versa when reflected,
an antenna which could receive both senses is significant, when the
antenna needs to receive the reflected signal, if the direct signal is
obstructed.

The planar circular slot antenna in [7] has achieved an impedance
and CP bandwidth of 38% and 44% respectively but the antenna has a
size of 100×100 mm. Truncating one of the corners of the antenna fed
by L-shaped feed probe to enhance the bandwidth in [8] has claimed
to have an overlapped bandwidth of 46.5%. But both these structures
show high cross polarization except in the bore sight direction.

In the present paper, we propose bandwidth enhancement
techniques using a square slot antenna for planar and cavity-backed
structures. Rectangular aperture antenna is the common microwave
antenna because the rectangular coordinate system is the most
convenient system to express the field at the aperture. Also the
cavity designed based on the rectangular waveguide principle provides
wider bandwidth compared to circular cavity backed antenna since the
frequencies of the dominant mode and the next higher order mode
are wide apart [9]. A planar square slot antenna, could obtain a CP
bandwidth of only 33.84%. The effect of placing stubs in the slot,
which could control the undesired electric field rotations in the slot,
is proposed to improve the AR bandwidth to 43.75%, approximately
10% more than the previous case. Having an additional L-shaped slot
on the right side top corner of the ground plane could further improve
the CP bandwidth by another 7%, to 50.35%. The proposed antenna
has around 20% reduction in size compared to [7] and much wider
bandwidth compared to the antennas in [7] and [8]. Also the antenna
shows good cross polarization discrimination of more than 15 dB, not
only in the bore sight direction but also on a wide azimuth range
of more than 50◦, for all the measured frequencies, to that proposed
in [7, 8].

Since unidirectional patterns are required for applications in
WLAN and pulse RADARs [10–13], a square cavity is made at the
wide slot of the proposed planar antenna. An inverted microstrip-
fed cavity backed antenna presented in [12], has a CP bandwidth of
only 15%. The single element antenna presented in [13], claimed a
CP bandwidth of 24%. A CP bandwidth of 44.97% is achieved with
the proposed square cavity backed antenna. This bandwidth is much
wider than the bandwidth of 36.13%, obtained by the circular cavity
backed antenna in our previous paper [14] and [12, 13]. The simulated
input and far field characteristics are compared with the experimental
results and are in good agreement.
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(a) (b)

Figure 1. Antenna with stubs and additional L-slot. (a) Front View.
(b) Back View.

2. PLANAR SQUARE SLOT ANTENNA

The structure of the antenna is shown in Figure 1. The antenna is
designed at a centre frequency of 3 GHz and uses a 0.8mm thick Arlon
Diclad 522 substrate with a permittivity (εr) of 2.5 and a dielectric loss
(tan δ) of 0.001. Arlon Diclad 522 is chosen as the substrate because it
demonstrates good stability of dielectric constant across frequency. It
also provides better dimensional stability and lower thermal expansion
in all direction. At the same time, the substrate is very thin and
suitable for low profile antenna structures. The substrate dimensions
are Lx = 82mm and Lz = 81 mm, which are at 0.82λ0 and 0.81λ0

respectively, where λ0 is the wavelength at the centre frequency of
3GHz. The square slot has a dimension of Lsx = Lsz = 54 mm and
is designed to be around λ0/2 of the centre frequency. The L-probe is
fed through a 118 Ω inductive microstrip feed line which has a width
(Wm) of 0.4mm and length (Lm) of 13.5 mm. This is to cancel off
the capacitive impedance at the edge of the slot of the antenna and to
match with the impedance of the 50 Ω feeding coaxial cable.

The vertical and horizontal components of the L-shaped probe
respectively generate the Eθ and Eφ constituents of the CP. The
vertical probe that succeeds the microstrip feed line, designed at
around λ0/4 of the centre frequency, is 26 mm long (Lv) and 1 mm
wide (Wv). The phase condition of CP prominently depends on this
parameter.

The horizontal and vertical components of the L-shaped probe
are separated and placed on the front and backside of the substrate to
enhance the capacitance in the antenna. By incorporating capacitance
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in the antenna, the phase difference can be set to 90◦, which yields to
broadband CP. A 2-mm long patch (Lp) of 3.4-mm width is attached
at the end of the vertical probe, also to enhance the capacitance. The
horizontal component of the L-probe has a length (Lh) of 26.15 mm
but has uneven widths. The region of the horizontal probe at the
centre of the slot equals the width (Wp) of patch, Lp, placed at the
front side of the substrate. The remaining portion of the horizontal
probe has a width (Wh) of 3.8 mm. A 0.1 mm gap (g) is made
between the horizontal probe and the ground plane, also to enhance
the capacitance.

Different parametric studies are conducted on the antenna using
Ansoft HFSS 10.1 simulation software, which utilizes 3D full wave finite
element method (FEM).

The design of the antenna for the bandwidth enhancement of CP
is carried out by studying the electric field vector behaviour in the
slot. This is a provision equipped with the new versions of HFSS. The
proposed CP antenna is designed to generate RHCP in the bore sight
direction. So the antenna should show complete clockwise rotations in
the entire slot. If there are counter clockwise rotations, it will lead to
high cross polarization and deterioration of AR. Covering the region
of counter clockwise rotations with metal is the normal way of solving
this problem. But the antenna will have high cross polarization levels
except in the bore sight direction. We propose here with placing stubs
in the slot to eliminate counter clockwise rotations. The position and
the size of the stubs should be optimized through parametric studies. A
complete clockwise rotation in the slot with minimum number of stubs
could lead to wideband CP with good cross polarization discrimination
(XPD) on a wide azimuth range. Bandwidth could be further enhanced
by selectively creating additional slot in the antenna. The electric field
vector in the additional slot should also possess clockwise rotations so
that wideband CP could be obtained.

The antenna is initially analysed with a square slot, without
having any stubs in the slot and additional L-slot at the top right corner
of the ground plane. The CP bandwidth was only 33.84% even after
optimizing different parameters of the antenna. In order to enhance the
bandwidth, the electric field vector behaviour in the slot of the antenna
at the centre frequency, 3 GHz, for one complete cycle is studied and is
shown in Figure 2. 0◦, 120◦ and 240◦ represents the polarization phase
of the electric field vector at the respective instances.

A complete clockwise rotation of the electric field vector in the
entire slot is required to have broadband CP. But at the marked
region in the slot, the electric field vector shows undesired counter
clockwise rotations. Stubs are placed in the slot to eliminate these
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Figure 2. Electric field vector behaviour in the slot at 3 GHz.

(a) (b)

Figure 3. Effect of stubs’ parameters on S11 and AR characteristics.
(a) Effect of distance Pc. (b) Effect of radius R.

counter clockwise rotations. The shapes of the stubs are arbitrarily
chosen but the size and position are optimized through parametric
studies. A rectangular stub, offset from the centre, Pc, by 2 mm and
a semicircular stub with a radius R of 12mm could be placed in the
slot to eliminate the counter clockwise rotations. Initially the antenna
was analysed with only the rectangular stub of width Ws = 7 mm and
length Ls = 20 mm. The position of this stub, Pc, considerably affects
the AR characteristics. The effect of Pc on S11 and AR characteristics
are shown in Figure 3(a).
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The position of the rectangular stub does not affect the
antenna’s impedance characteristics. The resonance frequency and
the bandwidth remain the same even for a variation of 4mm from
the centre. The antenna could attain broadband AR characteristics of
40.15% from 2.41 GHz to 3.62 GHz, when Pc = 2 mm. When Pc is at
0mm, the counter clockwise rotation is divided in to the left and right
sides of the stub. At 2 mm and 4 mm of Pc, the stub could confine
the counter clockwise rotations to the right side top corner of the slot.
But the area of counter clockwise rotation at 0 mm and 4 mm is larger
than that at Pc = 2 mm.

Placing only the rectangular stub could not completely eliminate
the counter clockwise rotations. In order to attain complete clockwise
rotation in the slot, a semi-circular stub is placed in the slot in
such a way that, it creates a 22-mm long rectangular slot of width
Wg = 1 mm. The radius, R, of this stub and the gap Wg affect the
antenna characteristics and are shown in Figure 3(b) and Figure 4
respectively.

(a) (b)

Figure 4. Effect of gap Wg. (a) S11 characteristics. (b) AR
characteristics (+y dir.).

The antenna shows slight variation in the impedance characteris-
tics with the variation in R. The resonance frequency of the antenna
almost remains unchanged for R = 10mm to 16mm. Placing of the
stub in the slot is mainly used to broaden the AR band. A stub radius
of 10mm is not sufficient enough to cover up the area of counter clock-
wise rotation. When the radius is 16 mm, the stub disturbs the electric
field in the region with clockwise rotation. This leads to counter clock-
wise rotation in the slot and narrows down the AR bandwidth.

The effect of the gap Wg, presented in Figure 4, shows that the
resonance frequency and the S11 bandwidth remain almost unchanged
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with variation in Wg but affects the AR characteristics. As Wg

increases from 1mm to 3 mm, Eφ becomes stronger than Eθ and the
amplitude ratio between Eφ and Eθ becomes 6 dB at 2.7 GHz. A Wg

of 1 mm provides wideband AR of 43.75% (2.5 GHz to 3.9GHz) and
S11 bandwidth of 41.8% (2.55GHz to 3.9 GHz).

The antenna bandwidth can be further improved by creating an
additional L-shaped slot on the top right corner of the ground plane.
This should be done very carefully because counter clockwise rotations
of electric field in this slot will lead to the deterioration of AR. Different
parametric studies are conducted to optimize the position and the
parameters of this slot.

The horizontal and vertical portions of the L-slot are made at a
distance of 1.5 mm and 7 mm away from the edge. After optimizing
the length Ls1 and width Ws1 of the horizontal part to 29 mm and
8mm respectively, the parameters of the vertical portion of the L-slot
are optimized. Keeping the width Ws2 at 4 mm, the length Ls2 of the
slot is varied and the effect of which on S11 and AR characteristics is
shown in Figure 5. This parameter considerably affects the antenna
characteristics.

(a) (b)

Figure 5. Effect of length Ls2. (a) S11 characteristics. (b) AR
characteristics (+y dir.).

The S11 characteristics show wider bandwidth compared to the
design without the additional L-slot. The bandwidth is slightly
narrowed when the length, Ls2, is increased from 32 mm to 50mm,
since the impedance becomes more inductive at higher frequencies.
As far as AR characteristics are concerned, there need be clockwise
rotations of the electric field vector even in the created slot. But as
the length increases from 32mm, the lower regions of the slot turned
out to have counter clockwise rotations. This deteriorates the AR
bandwidth. A length Ls2 of 32mm leads to an AR bandwidth of
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50.35% from 2.6 GHz to 4.35GHz and S11 bandwidth of 46.15% from
2.5GHz to 4 GHz.

The electric field vector behaviour in the slot of the antenna at the
centre frequency (3 GHz) is shown in Figure 6. It could be observed
that in the wide slot as well as in the L-slot, the electric field rotates in
the clockwise direction and because of which broadband CP is achieved.

In an attempt to further improve the bandwidth, we studied the
electric field vector behaviour in the slot of the antenna at 4.2 GHz and
is shown in Figure 7. The antenna shows complex electric field vector
rotations, a combination of clock wise and counter clockwise rotations
in the slot. But the antenna has good AR at 4.2 GHz. This is because of

(a) (b) (c)

Figure 6. Electric field vector behaviour in the slot at 3 GHz. (a) 0◦.
(b) 120◦. (c) 240◦.

Figure 7. Electric field vector behaviour in the slot at 4.2 GHz.
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the fact that AR is determined by the synthesized result of amplitude
and phase difference of the two orthogonal electric field components
Eφ and Eθ, which are nearly 0 dB and 90◦ at this frequency. Covering
the regions with the stubs to eliminate counter clockwise rotations
make the antenna structure more complicated and need tuning of basic
antenna parameters. So the antenna was not modified further.

For comparison, the S11, AR (at θ = φ = 90◦, i.e., in the +y
direction) and phase difference characteristics of the antennas are
presented in Figure 8. The antenna’s are named as ant 1 (antenna
without stubs and L-slot), ant 2 (antenna with stubs without L-slot)
and ant 3 (antenna with stubs and L-slot) respectively.

(a) (b)

Figure 8. Comparison of antennas. (a) S11 characteristics. (b) AR
and phase difference characteristics.

The bandwidth is enhanced in S11 characteristics from ant 1 to
ant 3 because the antenna becomes more capacitive with the addition
of stubs and L-slot. The resonance frequency of the antenna remains
unchanged but the < −10 dB S11 bandwidth is improved from 37.5%
to 41.8% to 46.15% from ant 1 to ant 2 to ant 3. The addition of
stubs and L-slot mainly controls the phase difference between Eφ and
Eθ and can be set to nearly 90◦ (Figure 8(b)) on a wide band with
the implementation of stubs and L-slot. So the AR bandwidth can be
enhanced in ant 3, to 50.35% from 33.84% of ant 1.

2.1. Experimental Results

The antenna with stubs and L-slot (ant 3 ) is fabricated on an
Arlon Diclad 522 substrate with thickness of 0.8 mm. The simulated
and measured S11 characteristics of the antenna are shown in
Figure 9(a). The antenna resonates at around 3 GHz and the measured
characteristics are well matched with the simulated results. A <
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−10 dB bandwidth of 46.15% from 2.5 GHz to 4 GHz is obtained
in simulation as well as in measurement. The simulated AR
characteristics in Figure 9(b) show broadband characteristics of 50.35%
from 2.6 GHz to 4.35GHz. The measured characteristics are well

(a) (b)

Figure 9. Characteristics of the antenna. (a) S11 characteristics. (b)
AR characteristics (+y dir.).

(a) (b) (c)

(d) (e) (f)

x-y Plane

y-z Plane

Figure 10. Radiation pattern. (a) 3 GHz. (b) 3.5GHz. (c) 4 GHz.
(d) 3 GHz. (e) 3.5 GHz. (f) 4 GHz.
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complied with the simulated results and show a bandwidth of 50.14%
from 2.66 GHz to 4.44GHz.

The far field radiation pattern characteristics of the antenna in
x-y and y-z plane at 3 GHz, 3.5 GHz and 4 GHz are simulated and
measured. The results are shown in Figure 10. The antenna shows
bidirectional radiation patterns since it is a slot antenna. The radiation
pattern in the x-y plane shows a XPD of more than 15 dB on a wide
azimuth range from 80◦ to 130◦, 70◦ to 130◦ and 50◦ to 100◦ at 3 GHz,
3.5GHz and 4GHz. Also a front to back (FB) ratio of around 18 dB is
obtained in all the three cases. The simulated and measured radiation
pattern characteristics in the y-z plane are also in good agreement. A
XPD of 15 dB from 70◦ to 100◦ at 3 GHz and 3.5GHz and 12 dB from
80◦ to 110◦ at 4 GHz are obtained. The FB ratio is more than 15 dB
in all the cases.

The simulated and measured gain characteristics of the antenna
in the +y direction (θ = φ = 90◦) are shown in Figure 11. The
two characteristics agree each other very well. A maximum gain of
5.45 dBic is obtained in simulation as well as in measurement.

Figure 11. Gain characteristics (+y dir.).

The proposed planar CP broadband antenna is a promising
candidate for chipless RFID [15] and cognitive radio systems [16].

3. CAVITY-BACKED ANTENNA

As mentioned in Section 1, unidirectional radiation patterns are
required for applications in pulse RADARs and telecommunications
because of the security and efficiency along with wideband operation.
So a reflector or a cavity can be installed to a slot antenna to obtain
unidirectional patterns. Installing a cavity or a reflector will lead to the
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deterioration of the antenna characteristics. So some of the antenna
parameters are to be optimized to achieve broadband characteristics.

Initially the cavity was placed at the edge of the antenna, but
unable to generate wideband CP. So, the cavity is designed to be at
the wide slot instead of being at the edge of the antenna. The L-slot is
removed from the structure because it radiates bidirectional radiation
since outside the cavity. The structure of the antenna is shown in the
Figure 12.

(a) (b)

(c)

Figure 12. Cavity backed antenna. (a) Front view. (b) Transparent
back view. (c) 3 dimensional view.

The cavity is designed based on the principle of rectangular
waveguide, as explained in [17]. The cut-off frequencies of different
propagating modes through the waveguide are determined by the
formula

fc(mn)
=

1
2π
√

µoεo

√(mπ

a

)2
+

(nπ

b

)2

where m and n represent the mode of propagation and indicates the
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number of variations of the field in the x and y directions, a and b are
the length and breadth of the waveguide, εo and µo are the permittivity
and permeability in the free space respectively.

The dominant mode, TE10/TE01, and the next higher order mode,
TE11/TM11, have their cut-off frequencies at 2.77 GHz and 6.25GHz
respectively, when a = b = 54 mm. The centre frequency of operation
is fixed at 3.5 GHz, higher than the dominant mode frequency. This
frequency is selected so that the antenna can be used, for example, in
3.5GHz WiMAX [18], WLAN [19] and pulse RADARs. The height of
the cavity (Hc) is fixed to be at 35 mm, which is at λg/4, where λg is
the guided wavelength and designed by the formula

λg =
λ√

1−
(

fc

f

)2

where f and λ are the frequency and corresponding wavelength in free
space and fc is the frequency at the dominant mode.

The initial analyses of the antenna were carried out with a cavity
wall thickness of 1.5mm and without having any stubs in the slot.
The observed electric field vector behaviour at polarization phases of
0◦, 120◦ and 240◦ is shown in Figure 13. The electric field rotates
completely in the clockwise direction and does not require any stubs
in the slot. This is because of the radiated LHCP signal towards the
closed cavity changes its polarization sense to RHCP when reflected.
This signal incidents on the antenna and leads to complete clockwise
rotation in the slot.

(a) (b) (c)

Figure 13. Electric field vector behaviour at 3.5 GHz. (a) 0◦. (b)
120◦. (c) 240◦.

In order to obtain wideband CP, the position of the feed line (Px)
along with the vertical and horizontal probes are shifted from the centre
of the cavity, in the negative x-axis, and the effect of which is shown
in Figure 14. The antenna could obtain wideband S11 characteristics
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(a) (b)

Figure 14. Effect of position of the feed from the centre (Px). (a) S11

characteristics. (b) AR and amplitude ratio characteristics.

even when the probe is at the centre and are not much affected by the
shift. When the feed probe is at the centre, Eθ is stronger than Eφ and
the amplitude ratio is around 3.5 dB at 3.5 GHz. There exists strong
electric field between the gap of horizontal probe and the cavity, which
is a responsible component for the generation of the Eφ constituent
of the CP. Shifting the probe in the negative x-axis could make Eφ

stronger, as the gap between the horizontal probe and the cavity is
increased. A shift by 10 mm makes the amplitude of the two orthogonal
components nearly equal (Figure 14(b)) and the phase difference to be
around 90◦ to generate broadband CP. An AR bandwidth of 44.89%
(2.85GHz–4.5GHz) is achieved but the S11 bandwidth is only 33.8%
(2.7GHz–3.8GHz).

For improving the S11 bandwidth, the length of the microstrip feed
line, Lm, is shortened by 0.5 mm, i.e, to 13 mm from 13.5 mm. Also the
width of the vertical probe Wv is increased from 1 mm to 1.5 mm. The
antenna could attain an S11 bandwidth of 41.79% (2.65 GHz–4.05GHz)
and AR bandwidth of 44.97% (2.69GHz–4.25 GHz).

Also it could be observed from Figure 13 that the electric field
is confined in the cavity. So the substrate and ground plane outside
the slot, except the region below the micostrip feed line, are removed
and noticed that it does not affect the antenna characteristics. The
substrate and the ground plane beneath the feeding microstrip line has
a width of Ls. This width, Ls, can be as small as 4 mm, but smaller
widths deteriorates the characteristics since the microstrip feed line
will be at close proximity with the cavity wall.

The thickness of the cavity, Tc, also does not affect the antenna
characteristics. A thicker cavity of 12.5 mm is preferred because it
could be neatly fabricated and will not be easily mangled.
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3.1. Experimental Results

The above antenna is fabricated with a cavity made of aluminium and
the simulated and experimental results of S11 and AR are presented in
Figure 15.

(a) (b)

Figure 15. Characteristics of the antenna. (a) S11 characteristics.
(b) AR characteristics (+y dir.).

(a) (b) (c)

(d) (e) (f)

x-y Plane

y-z Plane

Figure 16. Radiation pattern. (a) 3 GHz. (b) 3.5GHz. (c) 4 GHz.
(d) 3 GHz. (e) 3.5 GHz. (f) 4 GHz.
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Figure 17. Gain characteristics (+y dir.).

The measured and simulated S11 characteristics are well matched
and shows a < −10 dB bandwidth of 41.79% (2.65 GHz–4.05GHz).
An AR bandwidth of 44.97% (2.69 GHz–4.25GHz) at < 3 dB, both in
simulation and measurement is also obtained.

The radiation pattern characteristics of the cavity backed antenna
is shown in Figure 16. The antenna shows very good XPD of more than
15 dB from 50◦ to 130◦, 60◦ to 120◦ and 70◦ to 100◦ at 3 GHz, 3.5 GHz
and 4 GHz respectively in the x-y plane. A FB ratio of around 25 dB
could be achieved in all the cases. A XPD of more than 15 dB is also
obtained in y-z plane from 40◦ to 110◦, 40◦ to 120◦ and 40◦ to 100◦ at
3GHz, 3.5 GHz and 4 GHz respectively. Even the FB ratio is around
25 dB at all the three instances.

The gain characteristics presented in Figure 17 show almost
constant gain in the operating band. The simulated and measured
characteristics are in good agreement and achieves a maximum gain of
8 dBic.

4. CONCLUSIONS

A novel technique of bandwidth enhancement for planar circularly
polarized slot antenna is presented in this paper. Changing the slot
aperture by placing appropriate stubs in the slot by observing the
electric field behaviour is proposed to eliminate the undesired electric
field rotations and enhance the AR bandwidth by around 10%. In
order to further improve the bandwidth, creating an additional L-slot
on the ground plane of the antenna is also presented. These techniques
to enhance the bandwidth are effective and well suited for planar
slot antenna structures. In cavity backed antennas, the cavity itself
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takes care of the counter clockwise rotations develop in the slot and
invalidate the need of stubs. The proposed planar antenna could attain
a CP bandwidth of 50.14% in measurement which is approximately 6%
more than the bandwidth obtained in [14]. The measured S11 and CP
bandwidth of the circular cavity backed antenna in [14] were 37.16%
and 36.3%. These bandwidths could be improved to 41.79% and
44.97% respectively with the present square cavity backed antenna. A
cross polarization discrimination of more than 15 dB on a wide azimuth
range is obtained both in planar and cavity backed structures with the
present design, along with a maximum gain of 5.45 dBic and 8 dBic,
which are approximately same as in [14].
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