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Circularly Polarized Aperture-Coupled Circular
Microstrip Patch Antennas for -Band Applications

Nemai C Karmakar,Member, IEEE, and Marek E. Bialkowski,Senior Member, IEEE

Abstract—Circularly polarized aperture-coupled circular mi-
crostrip patch antennas are investigated with the goal of obtaining
an 8% impedance and ellipticity bandwidth in L-band. Three va-
rieties—a single-feed patch with perturbation segments, a single-
feed stacked patch with perturbation segments, and a dual-feed
patch with a 3-dB branch line coupler as an external polarizer
are considered to obtain the required performance. All the three
investigated patch configurations meet the impedance bandwith
requirement, but only two varieties: the single-feed stacked patch
and the dual-feed patch meet the required ellipticity bandwidth.
These antennas feature more than 9-dBi gain. They use low-cost
substrates and foam for bandwidth enhancement and, hence, they
are attractive for applications where the production cost is of
importance.

Index Terms—Circular polarization, patch antennas.

I. INTRODUCTION

RECENT years have seen an enormous expansion of
telecommunications services in the-band frequencies

in areas such as mobile satellite, terrestrial cellular, and
personal communications systems [1]–[3]. In these systems,
antennas play a vital role in obtaining the communication
link between a base station (or a satellite) and a mobile unit.
Many of these systems require low-profile, low-cost, and low-
weight circularly polarized antenna elements to operate over a
bandwidth of approximately 10%. In this case, the bandwidth
is defined with respect to both impedance and ellipticity (axial
ratio). The impedance bandwidth is defined as a range of
frequencies over which the input return loss is not smaller
than a designated value, usually 10 dB, while the axial ratio
bandwidth is defined as a range of frequencies over which the
axial ratio (the ratio of major to minor axis of polarization
ellipse) does not exceed a designated value, usually 3 dB.
Fulfilling these requirements simultaneously can be attempted
using microstrip patch antenna technology.

Getting a 10% impedance bandwidth with microstrip ele-
ments has been a challenge for some time. However, this prob-
lem is now solved, resulting in patch antenna designs meeting
approximately a 40% impedance bandwidth [4]. Obtaining
an equivalent ellipticity bandwidth has not been covered that
well, as it is a more challenging task. It involves not only
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increasing the patch height above the ground plane, as is
the case in impedance bandwidth enhancement for linearly
polarized patches, but it also requires optimization of the
polarizing elements.

The most elegant configuration for bandwidth enhance-
ment is an aperture (or slot)-coupled microstrip patch antenna
(ACMPA) [5], [6]. This configuration not only preserves a
fully planar form, but it also eliminates the forward residual
radiation of the feeding structure, which is encountered, for
example, with edge-fed patches.

In this paper, bandwidth enhancement methods are pre-
sented for single-feed and dual-feed ACMPA’s operating in

-band. The designs are specifically demonstrated for ap-
plications in fixed-beam and phased arrays for use with the
Australian MobilesatTM System [2], which requires circularly
polarized antennas operating over a bandwidth of approxi-
mately 8%. The presented designs can easily be extended to
other -band satellite and terrestrial systems that require cir-
cularly polarized antennas operating over a similar bandwidth.

II. A NTENNA CONFIGURATIONS AND DESIGN PROCEDURES

For the Australian -band MobilesatTM carrier Optus B
satellites, which use right-hand circularly polarized signals, the
receive frequency band is 1545–1559 MHz and the transmit
frequency band is 1646–1661 MHz. It is apparent that to cover
transmit and receive frequencies, the antenna has to feature an
impedance and ellipticity bandwidth of approximately 8% (120
MHz) at a centre frequency of 1.6 GHz.

A. Methods of Obtaining Circular Polarization

Methods of obtaining circular polarization for a microstrip
patch are generally divided into two categories [7], [8], one
using a dual feed with an external polarizer (for example a-
junction or a quadrature hybrid) and the other using a single
feed and perturbation segements, which are applied to the
patch’s boundary. These antennas may be required to operate
in stand-alone or array configurations. It has to be noted that in
fixed-beam arrays, the use of circularly polarized elements to
obtain circular polarization is not mandatory. For example,
circular polarization can be obtained by arraying linearly
polarized elements using a sequential rotation method [9]. In
this case, good ellipticity is obtained in the boresight direction.
This concept is difficult to extend to variable or steerable
beam antenna systems that require circular polarization in off-
boresight directions. In such cases, a more suitable solution is
to have all the elements in the array being circularly polarized.
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Fig. 1. Configuration of a single feed aperture-coupled circular patch
(SF-ACCP) antenna with perturbation segments.

In order to have a steerable beam array, a beam forming
network is required [10]. However, to avoid grating lobes
adjacent antenna elements spacing should not exceed a free-
space wavelength [11]. Due to this constraint, the beam-
forming network competes with antenna feeding elements for
available space. This may lead to conflict with some antenna
configurations that require extra space in the feed layer to
enhance bandwidth performance.

B. Antenna Configurations

Three configurations of aperture-coupled antenna are chosen
for the present investigations. These are shown in Figs. 1–3
and include:

1) single-feed aperture-coupled circular patch (SF-ACCP)
with perturbation segments;

2) single-feed aperture-coupled stacked circular patch (SF-
ACSCP) with perturbation segments;

3) dual-feed aperture-coupled circular patch (DF-ACCP).

The following sections present the designs of these three
ACMPA elements. The design goal is to obtain the specified
impedance and ellipticity bandwidth (8% at 1.6 GHz), and
final verification of the gain bandwidth.

1) SF-ACCP with Perturbation SegmentsFig. 1 shows a
single-feed aperture-coupled circular patch with perturbation
segments. The patch of diameter 2is etched on substrate
with height and dielectric constant . In order to increase
the operational bandwidth, the patch height above the ground
plane is increased by including a foam layer of thickness
and dielectric constant . The patch is fed from an aperture
of width and length , which is etched on another
substrate with thickness and dielectric constant . The
feedline of length and width W is etched on the bottom
side of this substrate. In order to obtain a suitable impedance
match, an open-circuited stub of length is used. To generate
circular patch radiating fields, perturbation segments with area

are etched at the patch edge. These segments are
positioned at 45 and 225 with respect to the feedline. To
suppress the backward radiation from the aperture, another
foam layer with a conducting shield at its bottom can be used.
The inclusion of this layer is optional. The reason is that it
increases the total volume of the antenna element, which may
be found inconvenient in some applications requiring a low-

Fig. 2. Configuration of a single-feed aperture-coupled stacked circular patch
(SF-ACSCP) antenna with perturbation segments.

Fig. 3. Configuration of a dual-feed aperture-coupled circular patch
(DF-ACCP) antenna.

profile antenna. Extra care has to be taken while introducing
this back shield. Its usual position is from the aperture
plane.

The essential steps, which are used in the design of this
antenna element, are given as follows. For the patch excited
in the dominant TM mode, the patch radius is determined
using the effective radius [12] of the open-circuited radial
resonator model. In the present case, the resonator is filled
with a composite dielectric whose effective dielectric constant

is calculated according to (1) [13]

(1)

The aperture dimensions and the feedline length are assumed
to be variable parameters and are selected to obtain an optimal
antenna performance. Here, their initial values are chosen as
follows: aperture length ; width ; and
stub length mm. The dimensions of segmentation are
chosen following the procedure of Heneishi and Suzuki [7].

2) SF-ACSCP with Perturbation SegmentsIn order to im-
prove the operational bandwidth of the patch antenna config-
uration 1), another patch and another foam layer, as shown
in Fig. 2, is added. The added patch, called a parasitic patch,
is of diameter with substrate of height and dielectric
constant . The other dimensions are as shown in Fig. 2.
The new antenna configuration is known as astacked-patch
configuration.

The diameters of the two patches and their perturbation seg-
ments are determined using a design procedure similar to that
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for a single aperture feed single circular patch configuration,
which was discussed above. The height of the top foam layer
is adjusted to obtain an optimum aperture coupling.

3) DF-ACCP AntennaAn alternative configuration to in-
crease the operational bandwidth (both impedance and axial
ratio bandwidth) of an aperture-coupled antenna is shown in
Fig. 3. In this configuration, two orthogonal apertures and a
3-dB branch line hybrid coupler are used as the feed network.
To obtain circular polarization, the slots are orthogonal to each
other and are excited by the two open ended output ports of
the coupler. In order to increase the operational bandwidth of
this type of antenna, a foam layer is used as in the previous
configurations.

The patch radius is determined using a procedure analogous
to the one for a single-feed patch. The branch line coupler
is designed to obtain an amplitude balance overlap in the
frequency band between 1545–1661 MHz. A commercial
software package such as HP-EEsof TouchstoneTM [14] can
be used to obtain the design of this coupler.

In the dual-feed aperture-coupled patch design, it is impor-
tant to obtain a high isolation between the two feedlines. The
reason is the operation of the coupler ensures that the two
orthogonal modes under the patch are in quadrature, resulting
in almost ideal circular polarization of the radiated wave. If
this requirement is not met, the connecting of the coupler to
the two feedlines results in a very poor axial ratio of this
antenna. In the present case, the orthogonal slots are designed
to obtain high isolation between the two orthogonal feedlines,
in the range of 20 dB or more.

III. RESULTS

A number of antennas, based on the three basic configura-
tions of aperture-coupled microstrip patch antennas 1), 2), and
3) for operation over the Australian MobilesatTM frequency
band were designed, built, and tested. The design parame-
ters included: stub length, aperture dimensions, foam layer
thickness, perturbation segment dimensions, and patch radius.
Two approaches—one based on the use of the commercial
software, EnsembleTM from Boulder Technologies [15], and
the other relying on experimental testing—were employed
in the design process. During the use of EnsembleTM, a
significant discrepancy was encountered between computed
and experimental results for the axial ratio of perturbation
segmented patches. It was discovered that this discrepancy was
due to the narrow grid of the perturbation segments, which led
to singularities in the EnsembleTM simulation engine. For this
reason, the results obtained with EnsembleTM were discarded
and the final design of the perturbation segmented single and
stacked patches relied on the experimental approach. Due
to the same reason, only experimental results are presented
here.

During the initial phase of the design process it was
found that the open stub length had a secondary influence on
impedance bandwidth for all the investigated configurations.
In contrast to the stub length, the aperture length and the
thickness of the foam layer had a considerable effect on
the operational bandwidth. The use of the foam layer not

Fig. 4. Smith chart plots of input impedance showing the effect of aperture
dimensions on the input impedance match of an ACMPA. Dashed line
(- - -) for Wa � La = 21:75 mm � 3:7 mm, solid line (——) for
Wa � La = 23:45 mm� 3:7 mm, and dashed-dotted line (— - - —) for
Wa�La = 27:45 mm�3:7 mm. Other dimensions are as shown in Table I
for a 3-mm foam layer.

only contributed to an increase in the antenna’s operational
bandwidth, but it also helped to avoid spurious resonances due
to air gaps between the layered substrates when the foam was
absent. Detailed results for the three types of aperture-coupled
antennas are presented in the following sections.

A. SF-ACCP with Perturbation Segments

1) Input ImpedanceThe experimental investigations were
commenced with the single aperture-feed circular-patch con-
figuration of Fig. 1. The substrate material used in the exper-
iments was RT/Duroid 5880 with thickness mm
and a relative dielectric constant . The foam layer
had a relative dielectric constant . In the initial
stage, foam with thickness mm was used. In this
case, the calculated effective dielectric constant, using (1), was

and the resulting patch radius was 40.15 mm. The
initial area of the perturbation segment was taken as
6 mm 4 mm and the initial aperture dimensions were 20.5
mm 3.7 mm.

The aperture length was varied to obtain the maximum
impedance bandwidth. The corresponding Smith Chart
impedance plots are shown in Fig. 4. The experiments were
performed for three aperture lengths of 21.75 mm, 23.45 mm,
and 27.45 mm. The maximum input impedance bandwidth
of 73.3 MHz was achieved for the aperture with dimensions
27.45 mm 3.7 mm.

Note that the length of the aperture had a significant effect
on the antenna’s matching condition. This was in contrast to
the aperture width variations (within reasonable limits of about

[4]), which had an insignificant effect on the impedance
bandwidth.
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TABLE I
VARIATIONS OF RESONANT FREQUENCY AND INPUT-IMPEDANCE BANDWIDTH

WITH FORM LAYERS AND APERTUREDIMENSIONS. THE PATCH RADIUS

a = 40:15 mm, "r1 = "r3 = 2:2, h1 = h3 = 0:875 mm, "r2 = 1:47,
Ls = 10 mm,Wf = 2:43 mm,Lf = 55 mm,�S=2 = 10 mm � 5 mm

Due to the fact that the achieved impedance bandwidth for
the 3-mm thick foam was approximately half of the required
bandwidth (only 60 MHz against the required 120 MHz), the
next experiments involved a thicker foam layer with height

mm. The experimental results for both cases (3.7-
mm foam and 8.5-mm foam) are summarized in Table I. As
seen in this table, the impedance bandwidth of 180 MHz was
achieved with aperture dimensions of 35.2 mm5 mm and
the 8.5-mm thick foam layer.

The information in Table I concerning the behavior of
input-impedance bandwidth and design (resonant) frequency
as a function of aperture length and foam layer thickness is
illustrated in the graphical form in Fig. 5(a) and (b). From the
two graphs it can be inferred that both the aperture length and
the thickness of the foam layer govern the input impedance
bandwidth. The resonant frequency becomes less sensitive to
the aperture length for a thicker foam layer.

2) Axial Ratio Versus Perturbation SegmentsHaving achieved
an impedance bandwidth exceeding the required 120 MHz,
the next experiments with a single aperture-feed circular patch
concerned the effect of perturbation segments on the axial ratio
bandwidth. The axial ratio measurements were initially taken
at a single frequency of 1.660 GHz using a spinning dipole
on the boresight axis of the ACMPA. In order to minimize the
effect of the perturbation segments on the resonant frequency,
similar size extruded and intruded segments were etched in
the patch.

Table II shows the measured results for the axial ratio of
the single aperture-feed single circular-patch antenna.

It can be seen in this table that with an increase in the
segmentation area, the axial ratio is improved. An axial ratio
of 2.0 dB is achieved with segmentation dimensions of 10
mm 8 mm.

A relationship between the axial ratio and the ratio of the
total segmentation area , where is the area
of the circular patch, is shown in Fig. 6. As can be seen in
this figure, the axial ratio decreases exponentially with the
total area of the perturbation segmentation on the patch. A
reasonably good axial ratio of 2 dB is achieved when the
segmentation ratio is 5%.

3) Return Loss and Axial Ratio BandwidthHaving obtained
an ellipticity of less than 2 dB at the center design frequency of

(a)

(b)

Fig. 5. (a) Bandwidth versus aperture length plots. (b) Resonant frequency
versus aperture length of a single-feed single-patch aperture-coupled patch
antenna with foam thickness and aperture width as parameters. Other antenna
parameters were:a = 40:15 mm, "1 = "3 = 2:2, h1 = h3 = 0:875
mm, "2 = 1:47, Ls = 10 mm, Wf = 2:43 mm, Lf = 55 mm,
�S=2 = 10 mm� 5 mm.

TABLE II
VARIATION OF AXIAL RATIO OF A SINGLE APERTURE-FEED

CIRCULARLY POLARIZED CIRCULAR-PATCH ANTENNA WITH THE

PERTURBATION SEGMENTATION AREAS MEASURED AT 1.6 GHz. THE

DIMENSIONS ARE AS FORTABLE I FOR 8.5-mm-THICK FOAM LAYER

1.6 GHz, the next steps included axial ratio measurements over
the entire MobilesatTM frequency band of 1.545–1.661 GHz.
During these experiments, the foam thickness was further
increased from 8.5 to 11.2 mm. This time the ACMPA
produced a good match with aperture dimensions of 40.5 mm
6 mm. The maximum return loss was 31 dB at 1.55 GHz and
the 10-dB return-loss bandwidth was approximately 260 MHz.
This was for the case when the dimensions of both intruded
and extruded segments were increased to 14.2 mm9.7 mm.
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Fig. 6. Axial ratio versus segmentation area ratio(�S=S) for a single-feed
perturbation-segmented aperture-coupled patch antenna at 1.6 GHz. The
antenna dimensions are as for Table I.

(a)

(b)

Fig. 7. Bandwidth of a single-feed perturbation-segmented patch. (a) Re-
turn-loss bandwidth. (b) AR bandwidth. The ACMPA dimensions:a = 40:15
mm,�S+=2 = �S�=2 = 14:2 mm�9:8 mm,h1 = 0:785 mm,"1 = 2:2,
h2 = 11:2 mm, Wa = 6 mm, La = 41 mm, Ls = 10 mm, Wf = 2:43
mm, Lf = 55 mm.

The plots of return loss and axial ratio versus frequency are
shown in Fig. 7(a) and (b), respectively. It is seen there that
the 3-dB axial ratio bandwidth is only 60 MHz, which is about
23% of the return-loss bandwidth.

Due to the difficulty to obtain the required ellipticity band-
width even when using a considerably thick (12 mm) com-
posite substrate, a stacked configuration with perturbation
segments was considered next.

(a)

(b)

Fig. 8. Input impedance and axial ratio for a single-feed stacked-patch
antenna. (a) Measured return loss. (b) Measured axial ratio. The ACMPA
dimensions: parasitic patcha1 = 39:45 mm, �S+=2 = 10 � 7 mm2,
�S�=2 = 14:2 � 9:8 mm2, h1 = 0:785 mm, "1 = 2:2, exciting patch
a = 40:15 mm,�S+=2 = �S�=2 = 14:2� 9:8 mm2, h3 = 0:785 mm,
"3 = 2:2, top foam layerh2 = 11:2 mm, apertureWa = 6 mm,La = 41
mm,feedlineLs = 10 mm, Wf = 2:43, Lf = 55 mm.

B. SF-ACSCP with Perturbation Segments

1) Return-Loss and Axial-Ratio BandwidthThe top patch
was made slightly smaller than the bottom one so that the
two patch resonances could become additive to improve the
operational bandwidth. The top patch of radius 39.45 mm and
the bottom patch of radius 40.15 mm were etched on the
same substrate material RT/Duroid 5880: mm and

. They were separated by a foam layer of thickness
6 mm. The bottom foam layer thickness between the bottom
patch and the aperture ground plane was chosen to be 9 mm.
The aperture dimensions were 44 mm8 mm.

Fig. 8(a) and (b) shows the measured results for the return
loss and axial ratio. The return loss bandwidth is 350 MHz
and the axial ratio bandwidth is approximately 150 MHz.
These results show that similarly as for a single patch with
perturbation segments the ellipticity bandwidth is only 23% of
the return-loss bandwidth. Nevertheless, the developed antenna
meets impedance and ellipticity bandwidth for the Australian
MobilesatTM.

2) Radiation Patterns and GainIn order to complete the
design process, the stacked-patch antenna was tested with
respect to its radiation pattern and gain. The measured radia-
tion patterns including the effect of a back shield, situated at
about away from the aperture ground plane, are shown in
Fig. 9(a), while the gain measured against the standard dipole
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(a)

(b)

Fig. 9. Measured radiation pattern of a single-feed stacked-patch antenna.
(a) Radiation patterns at 1.6 GHz, solid line (——) antenna without back
shield, dashed-dotted line (— - —) antenna with a back shield; (b)Gain. The
dimensions are as for Fig. 8.

gain is presented in Fig. 9(b). It can be seen that without the
shield, there is significant backward radiation with a backlobe
level of 13 dB below the main lobe peak. With the shield,
the backward radiation is reduced to 25 dB down from the
peak value. The use of the shield enhances the antenna gain
by approximately 1 dB. The half-power beamwidth for both
cases is 62.4. The result presented in Fig. 9(b) shows that
the ACMPA has a gain of 9.5 dBi at 1545 MHz and 9.8 dBi
at 1660 MHz.

C. DF-ACCP Antenna

Finally, the dual-fed circularly polarized ACMPA of Fig. 3
was designed, built, and tested. The design resulted in a patch
with a radius of 42 mm, a 9-mm-thick foam layer, and an
aperture with width mm and length mm.
Isolation of better than 20 dB between the orthogonal feeds
and a return loss of better than 10 dB for individual feeds were
aimed at before connecting a 3-dB coupler.

1) Isolation Between Feedlines and Axial RatioIn order to
obtain the required design objectives, slot separations of 20
mm and 25 mm (distance between the nearest corners of

(a)

(b)

Fig. 10. (a) Isolation. (b) Axial ratio of a dual feed aperture-coupled patch
antenna:a = 42 mm, h1 = 0:785 mm, "1 = 2:2, h2 = 9 mm, "2 = 1:47,
aperture dimensions,La = 39 mm,Wa = 4 mm, stub lengthLs = 10 mm.
Solid line (——) for d = 20 mm and dashed line (-- - - -) for d = 25 mm.

orthogonal rectangular apertures) were chosen. The measured
results for the two separations are shown in Fig. 10(a). It is
seen that the greater isolation is obtained with a larger separa-
tion of apertures. Hence, the configuration with the 25-mm slot
separation was chosen for the final antenna development. For
this slot arrangement, a 3-dB branch line coupler was added
and axial ratio measurements versus frequency were taken.
The results of these measurements are shown in Fig. 10(b).
Note that in this case, the patch diameter was adjusted to 86
mm to achieve the correct resonant frequency.

It is seen that the antenna features axial ratios of 1.69 dB
at 1545 MHz and 0.6 dB at 1661 MHz. By comparing the
behavior of curves in Fig. 10(a) and (b), it can be seen that
the ellipticity characteristic follows the isolation characteristic.

2) Gain In order to complete the design, gain measure-
ments were also taken. The measured gain results are shown
in Fig. 11. It is seen that the developed antenna features a gain
of 9.75 dBi at 1545 MHz and 8.6 dBi at 1661 MHz.

D. Comparison Between Single- and Dual-Feed
Aperture-Coupled Patch Antennas

By comparing the results for the single aperture-feed
stacked-patch antenna and the dual aperture-feed single-patch
antenna, it can be deduced that the two developed antennas
feature similar gain performance. However, in terms of the
quality of circular polarization, the dual-feed aperture-coupled
patch shows a superior performance. This is due to an external
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Fig. 11. Gain versus frequency for a dual-feed circularly polarized ACMPA;
dimensions are as for Fig. 10.

polarizer, which ensures an ideal quadrature excitation of the
two modes contributing to circular polarization. This is under
the condition that the isolation between the two feedlines are
sufficiently high (20 dB or more). However, one inconvenience
of this configuration is that it reduces the available space for
the beamforming network [16]. This is due to the use of an
external polarizer in the form of a 3-dB branch line coupler. At
1.6 GHz, this hybrid is 35 mm 35 mm in size and, hence,
it takes more area than is available under the patch. This
is found unattractive when this element is to be employed
in a phased array as it leaves only a small space between
adjacent antenna elements to include phase shifting modules.
In contrast to the dual-feed patch, the single aperture-coupled
patch leaves about double the area under the patch to include a
phase shifter. Hence, this element may be a preferable choice
in a phased-array antenna [16].

IV. CONCLUSION

Three configurations of a circularly polarized aperture-
coupled patch antenna with single- and dual-feed arrangements
for use in -band communications systems requiring approx-
imately 8% impedance and axial ratio bandwidth, have been
investigated. Two methods for obtaining circular polarization
have been considered: 1) using a single feedline and a patch
with perturbation segments and 2) a dual-feed patch with
orthogonal apertures and a branch line coupler. The effects
of the aperture length, foam layers, and the perturbation
segmentation on the impedance and axial ratio bandwidth
have been analyzed. It has been found that for a single-
feed aperture-coupled patch antenna configuration the axial
ratio bandwidth is only 23% of the return-loss bandwidth.
Due to this constraint, this antenna is unable to deliver the
required ellipticity bandwidth even with very thick foam
layers, which produce about 15% impedance bandwidth. The
required impedance and ellipticity bandwidth can, however, be
obtained by introducing a second patch and by modifying the
structure to a stacked-patch configuration. An alternative way
to obtain the required impedance and ellipticity bandwidth is
to use a dual-aperture arrangement with an external polarizer
in the form of a 3-dB branch line coupler.

The last two antenna elements feature the desired impedance
and axial ratio bandwidth in addition to 9-dBi gain across
the specified band. The dual-feed patch offers a better axial
ratio. However, this performance is achieved at the expense

of the extra space taken by an external polarizer in the feed
network layer. This solution may be found unattractive in a
phased-array design, where the space for the beamforming
network is often at a premium. In such cases, the single-feed
aperture-coupled stacked patch can be a preferable option.
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