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CIRCULAR SLOT ANTENNAS USING L-SHAPED PROBE
FOR BROADBAND CIRCULAR POLARIZATION
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Abstract—Novel circularly polarized antennas with a circular
radiating aperture for broadband characteristics are presented in this
paper. The vertical and horizontal components of the L-shaped
probe are separated and placed at the front and back side of the
substrate. The antennas are excited by a microstrip line which
is connected to the vertical component of the L-shaped probe and
electromagnetically couples the signal to the horizontal component of
the L-shaped probe. A novel concept of placing stub in the slot of a
planar antenna, by observing the electric field vector behaviour in the
slot, is proposed to enhance the axial ratio (AR) bandwidth by around
10%. Unidirectional patterns can be obtained by having a cylindrical
cavity of height λg/4 behind the antenna and is effective when no stubs
are placed in the slot. A < 3 dB AR bandwidth of 39.5% with cavity
and 41.18% without cavity but with stub in the slot is obtained in
simulation and the results well match with the measurement.

1. INTRODUCTION

Circularly polarized (CP) broadband antennas have been received
much attention recently for applications in wireless communication
because they do not only reduce the multipath effects but also
allow flexible polarization orientation of the transmitter and receiver
antennas [1–4]. A printed slot antenna design is a desirable solution
if the antenna bandwidth has to be improved without increasing the
antenna size and thickness [5–7]. They provide bidirectional radiation
along with greater manufacturing tolerances compared to microstrip
patch antennas and well suits for applications that require both left
hand circular polarization (LHCP) and right hand circular polarization
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(RHCP) for transmission and reception. 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 need to receive the reflected signal if the direct signal is
obstructed. For applications with switchable RHCP and LHCP, an
unavoidable mute occurs because a new synchronization to the digital
data stream is needed after switching from one beam to the other. An
antenna which could receive both CP senses could avoid this problem
and is used, for example, in satellite digital radio systems [15] and
for the reception of terrestrial signals and signals of geostationary
satellites [16].

Unidirectional patterns are also required for security, efficiency
and other considerations in addition to wideband operation, especially
for telecommunications and radars [9]. Cavity backed antennas [9–12]
that radiate unidirectional patterns are of special interest because they
can be easily mounted on surfaces of, for example, high speed vehicles
with applications of mobile communication and radar systems. The
inverted microstrip-fed cavity backed antenna in [11] claimed to have
a CP bandwidth of 15% with a gain of 8.7 dBic. A circularly polarized
cavity backed single element antenna in [12] attained a bandwidth of
20% in return loss and 24% in AR.

This paper presents a wideband planar bidirectional antenna in
Section 2 and unidirectional cavity backed antenna in Section 3 with
circular slot and separated L-shaped probes. A novel concept of placing
a stub in the slot to enhance the CP bandwidth is also proposed in this
paper. The circular slot cavity backed antenna in Section 3 is designed
based on the principle of circular waveguide, to obtain unidirectional
pattern. Broadband CP of 39.5% with cavity and 41.18% without
cavity but with stub in the slot is achieved with the present design,
which is much higher than the bandwidth obtained in [12].

2. ANTENNA WITH CIRCULAR SLOT AND STUB

2.1. Structure and Design

The structure of the antenna is shown in Fig. 1. The antenna uses
a 0.8-mm thick Arlon diclad 522 substrate with a permittivity (εr)
of 2.5 and dielectric loss (tan δ) of 0.001. The substrate dimension is
fixed as Lx = 82mm and Lz = 81 mm which are at 0.96λ0 and 0.95λ0

respectively, where λ0 is the wavelength at the centre frequency f0 of
3.5GHz. This frequency is selected applying for, for example, 3.5 GHz
WiMAX [4], chip-less RFID reader systems that make use of lower
UWB technique [8] and pulse RADARs.
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(a) Front View (b) Back View

Figure 1. Antenna with circular slot and stub.

The circular slot made at the centre of the ground plane has a
radius (R) of 29 mm and designed to be around 0.34λ0 of the centre
frequency. The horizontal and vertical components of the L-shaped
probe are separated and placed at the front and backside of the
substrate. The horizontal probe has a length (Lh) of 29 mm, which
is designed at 0.34λ0. The vertical component of the L-shaped probe,
designed at around 0.3λ0, is 26-mm long (Lv) and 1-mm wide (Wv).
The vertical probe is extended to the edge of the substrate through a
matching inductive microstrip feed line of 118Ω with a width (Wm) of
0.4mm and length (Lm) of 13.5mm to match with the impedance of
the 50 Ω coaxial cable.

The antenna is optimized using Ansoft HFSS 10.1 based on finite
element method (FEM). The antenna is initially analysed without stub
in the slot. In order to obtain broadband CP, capacitance in the
structure need to be enhanced, for which a small gap (g) is created
between the horizontal probe and ground plane and a small patch is
placed at the end of the vertical probe.

The parameter g is studied in detail and its effect on S11 and AR
are shown in Figs. 2(a) and 2(b) respectively. A shorted horizontal
probe, when g = 0 mm, could not attain broadband S11 and unable to
generate CP. The phase difference (PD) (Fig. 2(b)) between Eφ and
Eθ is at 150◦ instead of 90◦ when g = 0mm, and as g increases from
0.5mm to 1.5mm, the capacitance between the horizontal probe and
ground plane reduces and PD becomes 75◦ from 90◦ at 3.5 GHz, which
narrows down the AR characteristics. Even the S11 characteristics
deteriorates with the increase in g because the impedance becomes
more inductive but maintains a wide bandwidth. The antenna with a
gap of 0.5 mm provided a bandwidth of 1.5 GHz at < −10 dB in S11

but only 0.7GHz at < 3 dB in AR centred around 3.5 GHz.
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(a) (b)

Figure 2. Effect of gap g. (a) S11 Characteristics. (b) AR and PD
Characteristics (in the direction φ = θ = 90◦).

(a) (b)

Figure 3. Effect of patch width Wp. (a) S11 Characteristics. (b) AR
and PD Characteristics (in the direction φ = θ = 90◦).

In order to broaden the AR band, a 2-mm long patch (Lp) with
a width of Wp is placed at the end of the vertical probe, which
could enhance the the capacitance between the vertical and horizontal
components of the L-shaped probe. The width of this patch equals
the width of the overlapping region of the horizontal probe at the back
side. The effect of Wp on S11 and AR characteristics for 1.5, 3.4 and
4mm are shown in Fig. 3. The phase difference (PD) characteristics
are included along with AR characteristics in Fig. 3(b).

The < −10 dB S11 bandwidth is around 1.2 GHz in all the cases
but the resonance frequency varies because the impedance becomes
capacitive with the increase in Wp. As Wp increases from 1.5mm
to 4 mm, the PD between Eφ and Eθ increases from 85◦ to 120◦ at
3.5GHz. A width of 3.4mm gives a PD of around 90◦ and has broader



Progress In Electromagnetics Research C, Vol. 18, 2011 157

AR characteristics. The width (Wh) of the remaining part of the
horizontal probe is increased to 3.8 mm, which could also increase the
capacitance in the antenna because of the capacitive gap at the end of
the horizontal probe and the ground plane. The < 3 dB AR bandwidth
is improved to 1 GHz when Wp = 3.4 mm and Wh = 3.8 mm but a more
wider CP is needed for applications.

In order to further improve the CP bandwidth, the electric field
vector behaviour at 3.5GHz in the slot of the antenna is studied for one
complete cycle and presented in Fig. 4. 0◦, 120◦ and 240◦ represents the
polarization phase of the electric field vector at respective instances.
The current distribution vector, only in reg. 1, shows both counter
clockwise (reg. 1́) and clockwise (reg. 1̋) rotations in the same region.
So the electric fields in the neighbouring upper right region of the
slot also shows the respective rotations. The current in reg. 2 shows
complete clockwise rotation and so the electric field vector behaviour
in the slot at the vicinity. When the phase is at 0◦, the current in
reg. 1́, reg. 2 and reg. 3 are directed to right, causes the electric field
in the marked region in Fig. 4 to rotate left. When 120◦, the currents
in reg. 1́ and reg. 2 are directed to left but that in reg. 3 is directed
to right, makes a downward polarization of the electric field vector.
The electric field is directed to right when 240◦, because the current in
reg. 1́, reg. 2 and reg. 3 are directed to left. However, the electric field
in the upper right region of the slot, in the vicinity of the horizontal

Figure 4. Electric field vector behaviour in the slot at 3.5 GHz.
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Figure 5. Current distribution at 3.5 GHz.

probe, is mainly affected by currents in reg. 1̋ and reg. 3, so the
behaviour shows clockwise rotations and is different from the counter
clockwise rotation generated by the marked region in Fig. 4. In order
to eliminate the unwanted counter clockwise rotations developed at
the marked region in Fig. 4, an oval shaped stub is attached to the
ground plane at this specified region. Covering this region with a metal
makes the electric field vector to be normal to the plane and avoids
the generation of undesired counter clockwise rotations. In order for
this, the shape and size of the stub and its position in the slot are to
be carefully selected and optimized through parametric studies.

An oval shaped stub is selected since it could be easily attached to
the circular shaped slot. This stub has a horizontal diameter (Dx) of
6.8mm and vertical diameter (Dz) of 24mm. The position of the stub
is optimized at 4-mm offset from the centre, at the top end of the slot,
in the positive x axis. This antenna is represented as A1 in the paper.
The electric field vector behaviour in the slot is studied and the phase
of the vector at 0◦, 120◦ and 240◦ is shown in Fig. 6.

It could be observed from Fig. 6 that the vector rotation in the
counter clockwise direction could be completely eliminated with the
addition of the stub in the slot. The S11 and AR characteristics of this
antenna A1 are included along with the measured results in Fig. 7. An
improved wide < 3 dB AR bandwidth of around 1.5 GHz from 2.5 GHz
to 4 GHz is achieved but the antenna resonates at a higher frequency
of 4.7 GHz. The overlapped bandwidth between S11 and AR is also
very narrow (3.3 GHz–4 GHz).
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(a) 0
o

(b) 120
o

(c) 240
o

Figure 6. Electric field vector behaviour with stub in the slot at
3.5GHz.

The slot is shifted in the positive z axis by 1.5 mm from the centre,
with no variation in the x axis, together with the stub at the edge
of the slot, to lower the resonance frequency to around 3.5GHz and
to achieve a good overlapped bandwidth, so that it will be useful
for broadband applications. There are no variations in any other
parameters of the antenna and even the capacitive gap (g) between
the horizontal probe and ground plane is maintained. This antenna
is called as A2 in the paper. The S11 and AR characteristics of
this antenna A2 is also included with the measured results in Fig. 7.
The S11 characteristics show slight deterioration in the characteristics
because the input impedance becomes more inductive with the shift in
the position of the slot but the resonance frequency could be lowered
to 3.4GHz. The AR bandwidth slightly narrows down to 1.4 GHz
(2.7GHz–4.1GHz) because the amplitude of Eφ becomes more than
the value of Eθ and also the phase difference between these two linear
components becomes slightly more than 90◦.

2.2. Experimental Results

The antenna (A2) with a stub in the slot and the slot position
shifted by 1.5 mm in the positive z axis is fabricated on an Arlon
diclad 522 substrate. The S11 and AR characteristics are presented
in Figs. 7(a) and 7(b) respectively. The S11 characteristics show an
improved bandwidth of 48.95% (2.7 GHz–4.45 GHz) in measurement at
< −10 dB compared to that of 42.17% (2.9GHz–4.45 GHz) at < −9 dB
in simulation. The simulated AR characteristics at φ = θ = 90◦, where
φ and θ are the angle with respect to x and z axis respectively, show
a < 3 dB bandwidth of 41.18% (2.7 GHz–4.1 GHz). The measured
characteristics show a bandwidth of 44.78% from 2.6 GHz to 4.1GHz.
The small difference in the results may be due to fabrication tolerance
because of the additional resistance and capacitance ensued during
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(a) (b)

Figure 7. Characteristics of the antenna. (a) S11 Characteristics.
(b) AR Characteristics (in the direction φ = θ = 90◦).

fabrication. The antenna has a good overlapped bandwidth of 41.18%
from 2.7 GHz to 4.1GHz.

The antenna generates bidirectional radiation pattern, simulta-
neous LHCP and RHCP, since it is a slot antenna. The simulated
and measured radiation pattern characteristics of the antenna in x-y
and y-z planes for frequencies 3GHz, 3.5GHz and 4 GHz are shown
in Fig. 8. The frequencies in the AR band show good cross polariza-
tion discrimination (XPD) of more than 15 dB in simulation and 20 dB
in measurement in a wide azimuth range from 30◦ to 120◦ at 3 and
3.5GHz. A front to back (FB) ratio of more than 18 dB is achieved in
both cases. The radiation pattern for 4GHz show high cross polariza-
tion because the AR at this point is at 3 dB. The radiation pattern in
y-z plane also shows very good agreement with the measured results.
A XPD of more than 15 dB is achieved along with a FB ratio of more
than 18 dB for 3 GHz. A XPD of around 15 dB is achieved in the range
of 30◦ to 90◦ with a FB ratio of 28 dB at 3.5 GHz and more than 10 dB
in XPD from 30◦ to 90◦ with a FB ratio of 20 dB at 4GHz.

The measured and simulated gain characteristics of the antenna
shown in Fig. 9 are well matched and a maximum gain of 5 dBic is
obtained in a wide band.

3. CAVITY-BACKED ANTENNA

3.1. Structure and Design

As mentioned in Section 1, unidirectional patterns are required for
security and efficiency in addition to wideband operation, especially
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(a) x-y Plane

(b) y-z Plane

Figure 8. Radiation pattern.
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for telecommunications and radar [9]. By having a reflector or a
closed cavity at the back of the antenna, unidirectional patterns can
be obtained. So the antenna explained in Section 2 is modified with a
closed backed cavity and is shown in Fig. 10. Unlike other cavity backed
antennas [11, 12], the cavity of this antenna has the same radius of the
slot, without having any surrounding ground plane or substrate.

Figure 9. Gain characteristics.

(a) Front View (b) Transparent Back View

(c) 3 Dimensional View

Figure 10. Cavity backed antenna.
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The circular cavity is designed based on the principle of circular
waveguide as explained in [13]. The dominant mode in circular
waveguide, TE11, with a radius a, has a cut off frequency designed
by the formula

fTE11 =
P ′

11

2πa
√

µoεo
= 3.03 GHz

The next higher order mode, TM01, has a cut off frequency of

fTM01 =
P01

2πa
√

µoεo
= 3.9GHz

where P ′
11 and P01 are the mth root of bessel function J ′1 and J0, so

that J ′1(P
′
11) and J0(P01) are zero. εo and µo are the permittivity and

permeability in the free space respectively. P ′
11 and P01 has values

1.84 and 2.405 respectively for TE11 and TM01 modes. The centre
frequency of operation is designed to be at 3.5 GHz, at the middle of
the two frequencies fTE11 and fTM01 . The height of the cavity (Hc)
is fixed to be at 42 mm, which is at λg/4, where λg is the guided
wavelength and is 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.

Initially the antenna is simulated with a cavity wall thickness of
0.3mm. The stub in the slot is removed and the the electric field
vector behaviour in the slot of the antenna at 0◦, 120◦ and 240◦,
which represents the polarization phase of the electric field vector
at the respective instances, at 3.5GHz is shown in Fig. 11. It is
observed that the electric field vectors in the slot completely rotate
in the clockwise direction. The radiated signal from the antenna to

(a) 0
o (b) 120

o (c)240
o

Figure 11. Electric field vector behaviour in the slot of cavity backed
antenna at 3.5 GHz.



164 Joseph, Nakao, and Fukusako

the closed cavity wall is LHCP and the reflected signal from this wall
towards the antenna changes the polarization to RHCP. This RHCP
signal incidents on the antenna and leads to total clockwise rotation
in the slot and reduction of cross polarization. If a stub is placed in
the slot, the vector behaviour will be disturbed and will result in the
deterioration of CP. Comparing the electric field vector behaviours in
the slot in Fig. 6 and Fig. 11, it could be noticed that the backed cavity
also has the same effect of placing stub in the slot, which makes the
electric field vectors in the slot to rotate in the clockwise direction. So,
placing stub in the slot is effective only in planar structures without a
backed-cavity.

Once the cavity is backed, the field is confined in the cavity. So the
portion of the antenna outside the slot, i.e., the substrate and ground
plane, except the region just below the micrstrip feed line, is removed
and observed that this does not affect the antenna characteristics. The
resonance frequency is remained at 3.5GHz with an S11 bandwidth
of around 1.3 GHz (2.9GHz–4.2 GHz) and AR bandwidth of around
1.2GHz (2.9 GHz–4.1GHz).

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 S11 characteristics since
the microstrip feed line will be at close proximity with the cavity wall.

Even the thickness of the cavity wall (Tc) has no effect on the
antenna characteristics. This can be as thin as 0.1 mm but a thicker
wall of 10 mm is preferred because it can be precisely fabricated and
will not be easily mangled.

3.2. Experimental Results

The antenna is fabricated with a cavity made of aluminium and the
simulated and experimental results of S11 and AR are presented in
Fig. 12. An S11 bandwidth of 36.16% (2.9 GHz–4.18 GHz) at < −10 dB

(a) (b)

Figure 12. Characteristics of the cavity-backed antenna. (a) S11

Characteristics. (b) AR Characteristics (in the direction φ = θ = 90◦).
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(a) x-y Plane

(b) y-z Plane

Figure 13. Radiation pattern.
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Figure 14. Gain characteristics.

and an AR bandwidth of 39.5% (2.78 GHz–4.15 GHz) at < 3 dB is
obtained in simulation. The measured S11 characteristics well comply
with the simulated results with a bandwidth of 37.16% (2.87 GHz–
4.18GHz). Even the measured AR characteristics are well matched
with the simulation with a bandwidth of 36.3% (2.84 GHz–4.1GHz).

The radiation pattern characteristics of the antenna in the x-y
and y-z plane are presented in Fig. 13. The radiation pattern is
unidirectional with a XPD of more than 20 dB in a wide azimuth
range from 30◦ to 120◦ for 3 GHz and 3.5GHz and from 0◦ to 100◦
for 4 GHz in x-y plane. The FB ratio is more than 35 dB in all the
cases. The radiation pattern in y-z plane also shows good agreement
between the measured and simulated results. A XPD of more than
15 dB is achieved in the entire azimuth range for 3 GHz and 3.5GHz
and from 20◦ to 110◦ in the case of 4 GHz. Also a FB ratio of more
than 30 dB is achieved in all the three cases.

The simulated and measured gain characteristics of the antenna
are presented in Fig. 14. The results show similar characteristics with
a maximum gain of 9 dBic in simulation and 8.8 dBic in measurement.
The gain remains almost constant in the desired operating band from
2.7GHz to 4.1 GHz.

4. CONCLUSION

Broadband circularly polarized antennas with circular slot and
separated L-probes are presented in this paper. Installation of an oval
stub in the slot of a planar antenna, by observing the electric field
vector behaviour, is proposed to eliminate the undesired electric field
rotations and enhance the AR bandwidth. A closed backed cavity
at the slot to obtain unidirectional broadband CP is effective only
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when the antenna does not have stub in the slot. Electric field vector
rotations in the clockwise direction can be obtained either by having a
cavity or by placing stub in the slot. The planar antenna with stub in
the slot could achieve a measured < −10 dB S11 bandwidth of 48.95%
and < 3 dB AR bandwidth of 44.78%. A < −10 dB S11 bandwidth
of 37.16%, < 3 dB AR bandwidth of 36.3% and a XPD of more than
20 dB on a wide azimuth range is achieved in measurement along with
a maximum gain of 8.8 dBic, when the circular slot antenna is backed
by a cavity. The bandwidth is slightly narrowed since the cavity limits
the propagation of higher order modes.
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