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Circularly Polarized Aperture-Coupled Circular
Microstrip Patch Antennas fak-Band Applications
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Abstract—Circularly polarized aperture-coupled circular mi-  increasing the patch height above the ground plane, as is
crostrip patch antennas are investigated with the goal of obtaining the case in impedance bandwidth enhancement for linearly

an 8% impedance and ellipticity bandwidth in L-band. Three va- - ,|a1j7e4 patches, but it also requires optimization of the
rieties—a single-feed patch with perturbation segments, a single- .
polarizing elements.

feed stacked patch with perturbation segments, and a dual-feed . . .
patch with a 3-dB branch line coupler as an external polarizer ~ 1he most elegant configuration for bandwidth enhance-

are considered to obtain the required performance. All the three ment is an aperture (or slot)-coupled microstrip patch antenna
investigated patch configurations meet the impedance bandwith (ACMPA) [5], [6]. This configuration not only preserves a
requirement, but only two varieties: the single-feed stacked patch fully planar form, but it also eliminates the forward residual

and the dual-feed patch meet the required ellipticity bandwidth. . . S
These antennas feature more than 9-dBi gain. They use IOW_Costradlatlon of the feeding structure, which is encountered, for

substrates and foam for bandwidth enhancement and, hence, they €xample, with edge-fed patches.
are attractive for applications where the production cost is of In this paper, bandwidth enhancement methods are pre-

importance. sented for single-feed and dual-feed ACMPA’s operating in
Index Terms—Circular polarization, patch antennas. L-band. The designs are specifically demonstrated for ap-

plications in fixed-beam and phased arrays for use with the

Australian Mobilesd™ System [2], which requires circularly

polarized antennas operating over a bandwidth of approxi-

ECENT years have seen an enormous expansion roftely 8%. The presented designs can easily be extended to
telecommunications services in teband frequencies other L-band satellite and terrestrial systems that require cir-

in areas such as mobile satellite, terrestrial cellular, awrdlarly polarized antennas operating over a similar bandwidth.

personal communications systems [1]-[3]. In these systems,

antennas play a vital role in obtaining the communication

. . - X Il. ANTENNA CONFIGURATIONS AND DESIGN PROCEDURES

link between a base station (or a satellite) and a mobile unit.

Many of these systems require low-profile, low-cost, and low- For the AustralianL-band Mobilesd" carrier Optus B

weight circularly polarized antenna elements to operate ovep&ellites, which use right-hand circularly polarized signals, the

bandwidth of approximately 10%. In this case, the bandwidtgceive frequency band is 1545-1559 MHz and the transmit

is defined with respect to both impedance and ellipticity (axiflequency band is 1646-1661 MHz. It is apparent that to cover

ratio). The impedance bandwidth is defined as a range tnsmit and receive frequencies, the antenna has to feature an

frequencies over which the input return loss is not smalléppedance and ellipticity bandwidth of approximately 8% (120

than a designated value, usually 10 dB, while the axial ratdHz) at a centre frequency of 1.6 GHz.

bandwidth is defined as a range of frequencies over which the

axial ratio (the ratio of major to minor axis of polarizationA. Methods of Obtaining Circular Polarization

ellipse) does not exceed a designated value, usually 3 dBy;eihngs of obtaining circular polarization for a microstrip

Fu.lﬂlllng_these_ requirements simultaneously can be attemptﬁgtch are generally divided into two categories [7], [8], one

using microstrip patch antenna technology. ~using a dual feed with an external polarizer (for examplé-a
Getting a 10% impedance bandwidth with microstrip el&y ion or a quadrature hybrid) and the other using a single

ments has been a challenge for some time. Howeyer, this Prebsq and perturbation segements, which are applied to the

I. INTRODUCTION

an equivalent ellipticity bandwidth has not been covered t

- ) ed-beam arrays, the use of circularly polarized elements to
well, as it is a more challenging task.

It involves not onlyyain circular polarization is not mandatory. For example,
circular polarization can be obtained by arraying linearly
Manuscript fecelvod December 27, 1995 revised October 14, 1998. Thilarized elements using a sequential rotation method [9]. In
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N. C. Karmakar is with the School of Electrical and Electronic Engineerinéh'S case, gooq e”'Pt!C'ty is obtained in the t_)ore3|ght direction.
Nanyang Technological University, Singapore 639798. This concept is difficult to extend to variable or steerable
M. E. Bialkowski is with the Department of Computer Science angheam antenna systems that require circular polarization in off-
Electrical Engineering, The University of Queensland, Queensland, 40t7)2 ight di . h itabl Ut .
Australia. oresight directions. In such cases, a more suitable solution is

Publisher Item Identifier S 0018-926X(99)04844-9. to have all the elements in the array being circularly polarized.

0018-926X/99$10.001 1999 IEEE



934 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 5, MAY 1999

sit h substrate
Patch substrate Parasitic patc

(hl,gl) (hl’gl)
Top foam layer
Top foam layer
h e (hz,sz)

Exciting patch substrate
(h3’83)

Bottom foam layer
5)

Feed substrate

with aperture

(hyc)

Feed substrate

with aperture
h.e)
3773

Bottom foam layer
with conducting shield
at the bottom

o2

Optional: to shicld back radiati . . . . .
prionat: fo shicid back radiation Fig. 2. Configuration of a single-feed aperture-coupled stacked circular patch

Fig. 1. Configuration of a single feed aperture-coupled circular patd@F-ACSCP) antenna with perturbation segments.
(SF-ACCP) antenna with perturbation segments.

Patch substrate

In order to have a steerable beam array, a beam forming oo
»€
171

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.

Foam layer
(h,)

Feed substrate
with aperture
(he.)

B. Antenna Conflguratlons Fig. 3. Configuration of a dual-feed aperture-coupled circular patch

Three configurations of aperture-coupled antenna are cho&&pACCP) antenna.
for the present investigations. These are shown in Figs. 1-3

and include: profile antenna. Extra care has to be taken while introducing
1) single-feed aperture-coupled circular patch (SF-ACC®)is back shield. Its usual position ¥&/4 from the aperture
with perturbation segments; plane.
2) single-feed aperture-coupled stacked circular patch (SF-The essential steps, which are used in the design of this
ACSCP) with perturbation segments; antenna element, are given as follows. For the patch excited
3) dual-feed aperture-coupled circular patch (DF-ACCP)in the dominant TM., mode, the patch radius is determined
The following sections present the designs of these thraging the effective radiug. [12] of the open-circuited radial
ACMPA elements. The design goal is to obtain the specifi#dsonator model. In the present case, the resonator is filled
impedance and ellipticity bandwidth (8% at 1.6 GHz), andith a composite dielectric whose effective dielectric constant

final verification of the gain bandwidth. eer IS calculated according to (1) [13]
1) SF-ACCP with Perturbation Segmenisg. 1 shows a
single-feed aperture-coupled circular patch with perturbation - hy + Ny 1)

segments. The patch of diametes B etched on substrate hi/er + hafes

with height/; and dielectric constant;. In order to increase ) _ _

the operational bandwidth, the patch height above the grouhde aperture dimensions and the feedline length are assumed
plane is increased by including a foam layer of thicknkss to be variable parameters and are selected to obtain an optimal
and dielectric constant,. The patch is fed from an aperture@ntenna performance. Here, their initial values are chosen as
of width W, and lengthL,, which is etched on anotherfollows: aperture lengttL, = A/10; width W, = A/60; and
substrate with thicknesas and dielectric constant;. The Stub lengthL, =10 mm. The dimensions of segmentation are
feedline of lengthZ ; and width W; is etched on the bottom chosen following the procedure of Heneishi and Suzuki [7].
side of this substrate. In order to obtain a suitable impedance?) SF-ACSCP with Perturbation Segmerits order to im-
match, an open-circuited stub of length is used. To generate pProve the operational bandwidth of the patch antenna config-
circular patch radiating fields, perturbation segments with arggation 1), another patch and another foam layer, as shown
(AS/2) are etched at the patch edge. These segments iar&ig. 2, is added. The added patch, called a parasitic patch,
positioned at 4% and 225 with respect to the feedline. Tois of diameter2a; with substrate of heighk; and dielectric
suppress the backward radiation from the aperture, anotkenstante;. The other dimensions are as shown in Fig. 2.
foam layer with a conducting shield at its bottom can be usefihe new antenna configuration is known astacked-patch

The inclusion of this layer is optional. The reason is that @onfiguration.

increases the total volume of the antenna element, which mayrhe diameters of the two patches and their perturbation seg-
be found inconvenient in some applications requiring a lownents 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 g
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 Touchstbnd4] 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. TIk@. 4. Smith chart plots of input impedance showing the effect of aperture

reason is the operation of the coupler ensures that the tffifgensions on the input impedance match of an ACMPA. Dashed line
. - - ) for W, x Lo, = 21.75 mm x 3.7 mm, solid line (——) for
orthogonal modes under the patch are in quadrature, resultipg " 7., = 23.45 mm x 3.7 mm, and dashed-dotted line (— - - —) for

in almost ideal circular polarization of the radiated wave. [ x L. = 27.45 mmx 3.7 mm. Other dimensions are as shown in Table |
this requirement is not met, the connecting of the coupler {§ @ 3-mm foam layer.
the two feedlines results in a very poor axial ratio of this

antenna. In the present case, the orthogonal slots are desighigg contributed to an increase in the antenna’s operational

to obtain high isolation between the two orthogonal feedlinesandwidth, but it also helped to avoid spurious resonances due

in the range of 20 dB or more. 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.

lll. RESULTS
A number of antennas, based on the three basic configura- ) )

tions of aperture-coupled microstrip patch antennas 1), 2), id SF-ACCP with Perturbation Segments

3) for operation over the Australian Mobile84t frequency 1) Input ImpedanceThe experimental investigations were

band were designed, built, and tested. The design pararnemmenced with the single aperture-feed circular-patch con-

ters included: stub length, aperture dimensions, foam layfeguration of Fig. 1. The substrate material used in the exper-

thickness, perturbation segment dimensions, and patch radiogents was RT/Duroid 5880 with thicknegs= 0.785 mm

Two approaches—one based on the use of the commerenll a relative dielectric constaat = 2.2. The foam layer

software, Ensembl& from Boulder Technologies [15], andhad a relative dielectric constaat, = 1.47. In the initial

the other relying on experimental testing—were employesfage, foam with thickness; = 3 mm was used. In this

in the design process. During the use of Ensefthlea case, the calculated effective dielectric constant, using (1), was

significant discrepancy was encountered between computeg = 1.87 and the resulting patch radius was 40.15 mm. The

and experimental results for the axial ratio of perturbatianitial area of the perturbation segmeikS/2) was taken as

segmented patches. It was discovered that this discrepancy wasm x 4 mm and the initial aperture dimensions were 20.5

due to the narrow grid of the perturbation segments, which ledm x 3.7 mm.

to singularities in the EnsemBlé simulation engine. For this The aperture length was varied to obtain the maximum

reason, the results obtained with EnserBlevere discarded impedance bandwidth. The corresponding Smith Chart

and the final design of the perturbation segmented single ampedance plots are shown in Fig. 4. The experiments were

stacked patches relied on the experimental approach. Dpexformed for three aperture lengths of 21.75 mm, 23.45 mm,

to the same reason, only experimental results are preserdad 27.45 mm. The maximum input impedance bandwidth

here. of 73.3 MHz was achieved for the aperture with dimensions

During the initial phase of the design process it wa®7.45 mmx 3.7 mm.

found that the open stub length had a secondary influence omMote that the length of the aperture had a significant effect

impedance bandwidth for all the investigated configurationsn the antenna’s matching condition. This was in contrast to

In contrast to the stub length, the aperture length and tthee aperture width variations (within reasonable limits of about

thickness of the foam layer had a considerable effect on20 [4]), which had an insignificant effect on the impedance

the operational bandwidth. The use of the foam layer nbandwidth.
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TABLE | 1.80
VARIATIONS OF RESONANT FREQUENCY AND INPUT-IMPEDANCE BANDWIDTH - |
WITH FORM LAYERS AND APERTURE DIMENSIONS. THE PATCH RADIUS E
a =40.15 mm, s, = e,3 =2.2, hy = hz = 0.875 mm, g,» = 1.47, QO 176
L, =10 mm, Wy =243 mm, Ly =55 mm,AS5/2 =10 mm x5 mm z 4\ sperture width =3.7 mm
= - = TFoam layer thickness =3 mm
Foam layer hy =3 mm Foam layer hp = 8.5mm o 1.724
Aperture 10-dB RL | Resonant Aperture 10-dB RL | Resonant g,‘
dimensions bandwidth frequency | dimensions bandwidth frz::ﬂu;;l;:y E 1.68 Aperture width =5 mm
(mm x mm) (MHz) (MHz) (mm x mm) (MHz) E . Foam layer thickness =8.5n
20.5% 3.7 0 1765 275x%5 0 1666 2
e 1.644
21.75%3.7 533 1756 30.15x5 53.3 1660 éj
23.45x3.7 66.7 1623 320x5 120 1650 1.60
2745%x3.7 733 1600 32.8x%x5 150 1646 ’ 20 2‘4 2‘8 3‘2 3‘6
Over coupled with increase of aperture 348 x5 156 1642 Aperture Length (mm)
dimensions 353%5 180 1635 @)
200
Due to the fact that the achieved impedance bandwidth for ] Aperture width =5 mm
- . . oam iaycer 1cKkness = 8.0 mm
the 3-mm thick foam was approximately half of the required 160
bandwidth (only 60 MHz against the required 120 MHz), the = i
next experiments involved a thicker foam layer with height £ 1904
he = 8.5 mm. The experimental results for both cases (3.7- = |
mm foam and 8.5-mm foam) are summarized in Table I. As 7; %0 Apertare width = 7 mm
. . . . — vam layer thickness =3 mm
seen in this table, the impedance bandwidth of 180 MHz was 2
achieved with aperture dimensions of 35.2 myb mm and 2 1
the 8.5-mm thick foam layer. 40
The information in Table | concerning the behavior of ]
input-impedance bandwidth and design (resonant) frequency L e B I L B
as a function of aperture length and foam layer thickness is 20 24 28 32 36
illustrated in the graphical form in Fig. 5(a) and (b). From the Aperture Length (mm)
two graphs it can be inferred that both the aperture length and ()

the thickness of the foam Iayer govern the Input ImpedanE?. (a) Bandwidth versus aperture length plots. (b) Resonant frequency

. L 5.
bandwidth. The resonant frequency becomes less Sen5|t|VQ£@us aperture length of a single-feed single-patch aperture-coupled patch
the aperture Iength for a thicker foam Iayer_ antenna with foam thickness and aperture width as parameters. Other antenna
. . . . . — [ — ry = 9 € — — rd=S
2) Axial Ratio Versus Perturbation Segmelts/ing achieved Parameters werer = 40.15 mm. &1 = =5 = 22, I = hs = 0815
. . . . y €2 — . ’ s — [ — . ’ — e ]
an impedance bandwidth exceeding the required 120 MHZg/2 = 10 mm x 5 mm. ! !
the next experiments with a single aperture-feed circular patch
concerned the effect of perturbation segments on the axial ratio TABLE II
bandwidth. The axial ratio measurements were initially taken VARIATION OF AXIAL RATIO OF A SINGLE APERTUREFEED
at a single frequency of 1.660 GHz using a spinning dipole CIRCULARLY POLARIZED CIRCULAR-PATCH ANTENNA WITH THE
. . L PERTURBATION SEGMENTATION AREAS MEASURED AT 1.6 GHz. THE
on the boresight axis of the ACMPA. In order to minimize the

) DiMENSIONS ARE As FORTABLE | FOR 8.5-mm-THick FOAM LAYER
effect of the perturbation segments on the resonant frequency

similar size extruded and intruded segments were etched e oedy™ | ho sy ™ Axial ratio = Prmax-Prin (45)
the patCh. (by 360° Dipole Rotation)
Table Il shows the measured results for the axial ratio -of Ziz 8zg f;
the single aperture-feed single circular-patch antenna. 86 0x0 2
It can be seen in this table that with an increase in the %<6 8x6 75
segmentation area, the axial ratio is improved. An axial ratio 1?;2 ]80268 2

of 2.0 dB is achieved with segmentation dimensions of I0
mm x 8 mm.

A relationship between the axial ratio and the ratio of th&.6 GHz, the next steps included axial ratio measurements over
total segmentation are@\S/S), where S = ra? is the area the entire Mobilesat frequency band of 1.545-1.661 GHz.
of the circular patch, is shown in Fig. 6. As can be seen During these experiments, the foam thickness was further
this figure, the axial ratio decreases exponentially with thecreased from 8.5 to 11.2 mm. This time the ACMPA
total area of the perturbation segmentation on the patch.pfoduced a good match with aperture dimensions of 40.5%mm
reasonably good axial ratio of 2 dB is achieved when tl&mm. The maximum return loss was 31 dB at 1.55 GHz and
segmentation ratio is 5%. the 10-dB return-loss bandwidth was approximately 260 MHz.

3) ReturnLossand Axial Ratio Bandwidtiaving obtained This was for the case when the dimensions of both intruded
an ellipticity of less than 2 dB at the center design frequency ahd extruded segments were increased to 14.2>o®i7 mm.
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Frequency (GHz) e3 = 2.2, top foam layers = 11.2 mm, aperturédV, = 6 mm, L, = 41
@ mm,feedlineLs = 10 mm, Wy = 2.43, Ly = 55 mm.
10.00

B. SF-ACSCP with Perturbation Segments

8.00 1) Return-Loss and Axial-Ratio Bandwidffhe 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
2.00 same substrate material RT/Duroid 5880= 0.785 mm and
e, = 2.2. They were separated by a foam layer of thickness
0.00 6 mm. The bottom foam layer thickness between the bottom
130 138 ol any patch and the aperture ground plane was chosen to be 9 mm.
requency (GHz) . .
The aperture dimensions were 44 mm8 mm.
() Fig. 8(a) and (b) shows the measured results for the return
Fig. 7. Bandwidth of a single-feed perturbation-segmented patch. (a) Rgss and axial ratio. The return loss bandwidth is 350 MHz
mm"g?f’/z”d:""fg';(/bz) iFi f_"?;”mq'cfg'_; ;emégyzﬁg;?f;ﬁ’fjofi and the axial ratio bandwidth is approximately 150 MHz.
hy = 11.2 mm, W, = 6 mm, L, = 41 mm, L, = 10 mm, W; = 2.43  These results show that similarly as for a single patch with
mm, Ly = 55 mm. perturbation segments the ellipticity bandwidth is only 23% of
the return-loss bandwidth. Nevertheless, the developed antenna
The plots of return loss and axial ratio versus frequency amgeets impedance and ellipticity bandwidth for the Australian
shown in Fig. 7(a) and (b), respectively. It is seen there thiliobilesat™.
the 3-dB axial ratio bandwidth is only 60 MHz, which is about 2) Radiation Patterns and Gairin order to complete the
23% of the return-loss bandwidth. design process, the stacked-patch antenna was tested with
Due to the difficulty to obtain the required ellipticity band+espect to its radiation pattern and gain. The measured radia-
width even when using a considerably thick (12 mm) comion patterns including the effect of a back shield, situated at
posite substrate, a stacked configuration with perturbatiabout)/4 away from the aperture ground plane, are shown in
segments was considered next. Fig. 9(a), while the gain measured against the standard dipole

6.00

4.00

Axial Ratio (dB)
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Fig. 10. (a) Isolation. (b) Axial ratio of a dual feed aperture-coupled patch
antennaw = 42 mm, hy = 0.785 mm,e; = 2.2, hg = 9 mm, e2 = 1.47,

| aperture dimensiond;, = 39 mm, W, = 4 mm, stub lengthL; = 10 mm.

7 — Solid line (——) ford = 20 mm and dashed line {---) for d = 25 mm.

140 150 160 170 1.80
Frequency (GHz)
(b) orthogonal rectangular apertures) were chosen. The measured
Fig. 9. Measured radiation pattern of a single-feed stacked-patch anteri@Sults for the two separations are shown in Fig. 10(a). It is
(a) Radiation patterns at 1.6 GHz, solid line (—) antenna without bageen that the greater isolation is obtained with a larger separa-
shield, dashed-dotted line (— - —) antenna with a back shield; (b)Gain. Tﬁ%n of apertures. Hence, the configuration with the 25-mm slot
dimensions are as for Fig. 8. . ) ' .
separation was chosen for the final antenna development. For
this slot arrangement, a 3-dB branch line coupler was added
gain is presented in Fig. 9(b). It can be seen that without thed axial ratio measurements versus frequency were taken.
shield, there is significant backward radiation with a backlobghe results of these measurements are shown in Fig. 10(b).
level of 13 dB below the main lobe peak. With the shieldyote that in this case, the patch diameter was adjusted to 86
the backward radiation is reduced to 25 dB down from th&m to achieve the correct resonant frequency.
peak value. The use of the shield enhances the antenna gaim is seen that the antenna features axial ratios of 1.69 dB
by approximately 1 dB. The half-power beamwidth for botlat 1545 MHz and 0.6 dB at 1661 MHz. By comparing the
cases is 624 The result presented in Fig. 9(b) shows thasehavior of curves in Fig. 10(a) and (b), it can be seen that
the ACMPA has a gain of 9.5 dBi at 1545 MHz and 9.8 dBihe ellipticity characteristic follows the isolation characteristic.

Gain (dBi)

at 1660 MHz. 2) Gain In order to complete the design, gain measure-
ments were also taken. The measured gain results are shown
C. DF-ACCP Antenna in Fig. 11. Itis seen that the developed antenna features a gain

. . ) . of 9.75 dBi at 1545 MHz and 8.6 dBi at 1661 MHz.
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 aR- Comparison Between Single- and Dual-Feed

aperture with width, = 4 mm and lengthl,, = 39 mm. Aperture-Coupled Patch Antennas

Isolation of better than 20 dB between the orthogonal feedsBy comparing the results for the single aperture-feed

and a return loss of better than 10 dB for individual feeds westacked-patch antenna and the dual aperture-feed single-patch

aimed at before connecting a 3-dB coupler. antenna, it can be deduced that the two developed antennas
1) Isolation Between Feedlines and Axial Rafioorderto feature similar gain performance. However, in terms of the

obtain the required design objectives, slot separations of @Qality of circular polarization, the dual-feed aperture-coupled

mm and 25 mm (distance between the nearest cornerspafch shows a superior performance. This is due to an external
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10.0, 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
8.0] 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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