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at 3700 MHz. At , the predominant magnetic current is above
the wide tuning stub and is oriented in a direction relative to the

axis. At a later time instant with a 90 phase lagging ,
the principal magnetic current is along the open slot, whose direction
is 90 relative to the axis. At , the magnetic cur-
rent distribution is just opposite to that at . The magnetic
current distribution varying as a function of time in such a fashion can
depict the behavior of predominantly right-and left-and CP radiations
in the and half spaces, respectively.
Fig. 11 shows the measured and simulated far-field radiation patterns

of Antenna 4 in the and planes at the center frequency of 3700
MHz. The far-field radiation patterns have lower AR values around the
broadside directions (i.e., directions). They are mainly RHCP for

and LHCP for . From Fig. 11, it is seen that measured
and simulated results are with reasonable agreement. In 3-dB AR band
(3.2–4.2 GHz), the measured and simulated results of peak antenna
gain of Antenna 4 are shown in Fig. 12. It is found that the antenna
gain has a maximum value of 5.3 dBic with a variation of less than 1
dBic. Also, the simulated efficiency is shown in Fig. 12. It is seen that
the antenna efficiency is larger than 90% in the 3-dB AR band. Note
that the measured gain is slightly higher than the simulated one. This
is because of the influence from the cable of measurement system. In
general, they are very close for each other.

IV. CONCLUSION

The novel broadband CPW-fed CP slot antenna has been demon-
strated. The open slot can provide the perturbation into the wide slot
antenna for the CP operation.Moreover, the use of wide tuning stub can
improve the impedance and 3-dB AR bandwidths. Based on the para-
metric study, many prototypes have been successfully implemented.
In addition to the simple uniplanar configuration, experimental results
show that the proposed antenna has the impedance bandwidth of 111%
for applications to 2–6 GHz WiMAX and the 3-dB AR bandwidth of
27% for applications to 3.3–3.8 GHz WiMAX. Under the use of inex-
pensive FR4 microwave substrate, the proposed antenna has the mea-
sured antenna gain of around 5 dBic.
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A Topology-Based Miniaturization of Circularly Polarized
Patch Antennas

Jungsuek Oh and Kamal Sarabandi

Abstract—A novel approach for the miniaturization of circularly polar-
ized patch antennas is presented. This enables a size reduction of as high
as 75%, compared to a conventional corner-truncated circularly polarized
patch antenna. The proposed design procedure consists of a number of in-
termediate steps, each of which produces antenna miniaturization as well
as the desired polarization and impedancematching properties. This is very
challenging inminiaturizing circularly polarized probe-fed patch antennas.
It is shown that two resonant frequencies can be tuned independently to
produce a dual band antenna with two orthogonal polarizations. Finally,
two circularly polarized miniaturized patch antennas with different minia-
turization factors are fabricated, and their input impedances, radiation
patterns and axial ratios are discussed.

Index Terms—Anisotropic media, circularly polarized antennas, mi-
crostrip antennas.

I. INTRODUCTION

Manymodern satellite and terrestrial point-to-point communications
systems use circularly polarized (CP) waves in order to maximize the
polarizationefficiencyand thus improve thepropagation linkbudget [3].
Although a CP antenna with a low profile, small size and light weight
is highly desirable in many applications such as compact satellite or
mobile platforms [4], most miniaturization techniques are developed
for linearly polarized antennas [5]–[7]. This is mainly due to the fact
that antennas with extremely small lateral dimensions are incapable of
internally generating the required conditions for CP operations.
Many compact CP patch antennas have been proposed and investi-

gated [8]–[10]. These efforts have relied mainly on intuitive techniques
such as inserting several slots or slits in suitable locations on the patch
itself. In such antenna designs, the splitting of two near-degenerate or-
thogonal modes with equal amplitudes and a 90 phase difference is
achieved by slightly adjusting the embedded slots, such as a cross-slot
in a patch or slits at the boundary of the patch. Theses inserted slots
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Fig. 1. Conversion of a microstrip antenna to an array of thin wires.

and slits force redirection of the excited fundamental-mode surface cur-
rent and also cause the resonant frequency to be shifted down to some
extent. However, this approach has yielded somewhat limited minia-
turization due to lack of ability to simultaneously control the surface
current paths as well as create the required 90 phase difference. It is
shown that these methods can provide size reductions of as low as 50%.
Although a size reduction of about 70% is also reported, the area cov-
ered by the feed structure makes the overall size bigger. This is due
to the fact that such antennas with higher size reductions are not com-
patible with the direct probe-fed method since no 50 feed positions
exist inside the microstrip patch due to the large cross-slot cut inside
the patch [1], [2].
This communication presents a new miniaturized circularly polar-

ized (CP) probe-fed patch antenna. Section II presents a miniaturized
linearly polarized patch antenna formed by an anisotropic conductor.
Section III introduces a topology modification for generating two or-
thogonal modes, and Section IV shows antenna topology designs for
achieving circular polarization. Section V describes a topology opti-
mization process for size reduction. Details in each design step and
measurement results are discussed, and a size reduction of as high as
75% is demonstrated, as compared to the conventional corner-trun-
cated CP square microstrip antenna.

II. MINIATURIZATION OF LINEARLY POLARIZED PATCH ANTENNAS
USING MEANDERED METALLIC TRACES

A. Wire-Mesh Microstrip Patch Antenna

The proposed design approach for miniaturizing circularly polarized
patch antennas starts from the miniaturization of a linearly polarized
microstrip antenna using an anisotropic conductor. The anisotropic
conductor is formed by removing parallel thin metal strips from
the conventional microstrip antenna. The concept of the modified
topology begins by considering electric current distribution on an
ordinary rectangular microstrip antenna at its fundamental mode. In
this case, the electric current is primarily parallel to one edge with a
sinusoidal intensity variation attaining a null value at the edge. On
the other hand, the electric field under the patch has maxima where
the electric current is zero, forming two parallel fictitious magnetic
currents responsible for the radiation of the patch antenna. Considering
an ordinary microstrip antenna with linear polarization along
the x-axis (where ,
and ), the progression of topology modification is shown
in Fig. 1. The uniform metallic patch is replaced with a mesh which
can be thinned out without performance loss so long as the mesh
dimensions are roughly smaller than . Basically, the radiation
pattern is not changed, but the resonant frequency is reduced slightly.
This is due to the fact that thin wires have some additional inductance
per unit length. To demonstrate this, the metallic patch and the wire
mesh version are simulated assuming perfect electric conductor (PEC)
(ignoring ohmic loss) using Ansoft HFSS 12.1.
Fig. 2 shows the simulated return loss and E-plane radiation

patterns (xz-plane) of the wire mesh and the original microstrip

Fig. 2. Simulated (a) and (b) radiation pattern on xz-plane of a wire mesh
patch antenna and a conventional microstrip antenna with the same sizes
and substrate.

Fig. 3. (a) Shrunk wires and (b) sinusoidal wires with the elimination of wires
in parallel with y-axis.

antenna. The gains of both antennas are about 7 dBi. The lateral dimen-
sion of the microstrip antenna is 40 mm, and the thickness and
dielectric constant of the substrate are 3.175 mm and 2.2, respectively.
The size of the ground plane is 80 mm 80 mm. The wire mesh an-
tenna is designed with the same substrate and physical dimensions. As
explained above, the resonant frequency of the wire mesh antenna is
shifted down by about 10%.

B. Accordion Topology for Size Reduction

Straight wires in Fig. 1 are meandered to fit a longer path length in
a given dimension, leading to the miniaturization of the linear dimen-
sion along the x-axis, as shown in Fig. 3(a). From this design step, the
conductivity of copper is used in all metallic traces to consider ohmic
loss. In order to reduce ohmic loss, the sharp edges of the meandered
wires are made to be smoother, giving it a sinusoidal shape, as shown in
Fig. 3(b). In addition, all metallic traces in parallel with the y-axis are
eliminated, creating an anisotropic conductor, except for two wires at
both ends and a wire connected with a feed probe. The end conductor
strips are needed to facilitate uniform vertical electric fields between
the conductors and the ground plane, which produces in-phase equiv-
alent magnetic currents.
The topology shown in Fig. 3(b) still works as a linearly x-polarized

antenna. As depicted in Fig. 4(b), the gain of this antenna is 5.5 dBi.
The linear dimensions in both the x and y directions of the area covered
by antenna pattern are 25.43 mm and 40 mm ,
respectively. This renders a size reduction of 40%, compared to the
conventional microstrip antenna.

III. EXCITATION OF TWO NEAR-DEGENERATE ORTHOGONAL MODES

Starting with the accordion-shape patch antenna with linear polar-
ization, modifications are sought to generate a simultaneous orthogonal
polarization. Examining the topology shown in Fig. 3(b), it is obvious
that y-directed electric surface currents can only be excited on the three
y-directed wires. If a new resonance can be created by the currents, then
y-polarized radiation can also be generated. It is found that two wires
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Fig. 4. Simulated (a) and (b) radiation pattern on xz-plane of the wired
antenna depicted in Fig. 3(b).

Fig. 5. (a) Topology of a dual polarized antenna and (b) simulated and
-polarized 3D radiation patterns at two resonant frequencies.

Fig. 6. Electric surface current distributions at the resonant frequencies where
the antenna radiates (a) x- and (b) y-polarized fields.

at both ends can act like two y-directed dipole antennas. Appro-
priately extending and then bending two end wires, an additional reso-
nant frequency related to y-polarized radiation can be created. Fig. 5(a)
shows the modified topology and Fig. 5(b) shows simulated and
-polarized 3D radiation patterns at two resonant frequencies. At the
first resonant frequency, where x-polarized radiation is dominant, a ra-
diation null exists on the y-axis, and at the second resonant frequency,
the radiation null exists on the x-axis.
Fig. 6 shows electric surface current distributions at two resonant

frequencies of the topology shown in Fig. 5(a). As expected, while the
surface current on the x-directed meandered wires is dominant at the
first resonant frequency, the surface current on the y-directed two wires
at both ends is dominant at the second resonant frequency.

Fig. 7. (a) Topology, design parameters and (b) simulated of the proposed
CP antenna exhibiting 59% size reduction as compared to the conventional
corner-truncated square microstrip antenna.

IV. DESIGN OF MINIATURIZED CP PATCH ANTENNAS

In order to design a CP antenna using the topology shown in the pre-
vious section, the two resonant frequencies corresponding to two or-
thogonal modes must be at the same frequency, and the two orthogonal
linearly polarized components of the radiated fields must have equal
amplitudes and a 90 phase difference. This requirement makes the
miniaturization of CP antennas very difficult because the behaviors of
the antenna at the two resonant frequencies must be controlled inde-
pendently.
Considering the dominant electric surface current paths shown in

Fig. 6, geometrical features must be extracted to independently tune
the two resonant frequencies. Fig. 7(a) shows these tuning geometrical
features of the structure. While and affect both the resonant fre-
quencies, and only affect the electrical length related to the x-pol
and y-pol, respectively. Varying these parameters simultaneously in
such routines, the two split resonant frequencies can be merged into
a single frequency with an acceptable return loss value as shown in
Fig. 7(b). To achieve impedance matching with a 50 feed probe, pa-
rameters ( and ) related to a feeding position are appropriately
optimized as well. The linear dimensions in both the x and y direc-
tions of the area covered by the antenna topology are 19 mm and 32
mm, respectively. This produces a size reduction of 59%, compared to
a corner-truncated CP square microstrip antenna on the same substrate.
In other words, the area of the proposed antenna is just 41% of that of a
conventional CP square microstrip antenna. The values of other design
parameters are given by , , ,

, , ,
and . For the sinusoidal meandering, a function of the form

is used where the argument is in radian and the value
of the x dimension in millimeters is inserted.
It is interesting to note that if the positions of two resonant frequen-

cies are moved slightly with respect to each other, both right-handed
(RH) and left-handed (LH) CP can be obtained. When the resonant fre-
quency of the x-pol is slightly lower than that of the y-pol, the antenna
radiates with RHCP. Contrary to this, when the resonant frequency
of the y-pol is slightly lower than that of the x-pol, the antenna ra-
diates with LHCP. Fig. 8 shows a simulated axial ratio of the antenna
shown in Fig. 7(a). The 3 dB axial ratio bandwidth is about 0.8%. Good
RHCP radiation is observed in Fig. 9. The antenna gain (RHCP) in the
broadside direction is 5 dBi which is 2 dB lower than the conventional
corner-truncated square microstrip antenna due to size reduction.

V. ADDITIONAL SIZE REDUCTION BY SIMPLIFYING ANTENNA
GEOMETRY

In this section, it is shown that additional size reduction can be
achieved by modifying and the number of sinusoidal
traces used in Fig. 7(a). The same principle described in the previous
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Fig. 8. Simulated axial ratio in the broadside direction for the antenna shown
in Fig. 7(a).

Fig. 9. Simulated radiation patterns in two orthogonal planes of (a) xz and (b)
yz-planes for the antenna shown in Fig. 7(a).

Fig. 10. (a) Topology, design parameters and (b) simulated of the pro-
posed CP antenna exhibiting 72% size reduction as compared to the conven-
tional corner-truncated square microstrip antenna.

section is applied. Extending and leads to lowering both resonant
frequencies. While works only for the extension of the x-directed
surface current path, does for the y-directed surface current path. It
is found that the number of sinusoidal traces can be reduced from 5
in Fig. 7(a) to 3 in Fig. 10(a), without affecting the dominant electric
surface current paths. The space generated by eliminating 2 sinusoidal
traces enables further size reduction since in Fig. 7(a) can be
extended to in Fig. 10(a). As mentioned earlier, since
in Fig. 7(a) is related to the y-polarized electrical length, the linear

dimension of this antenna along the y-axis can be reduced from 32
mm in Fig. 7(a) to 24 mm in Fig. 10(a) while maintaining the antenna
dimension along the x-axis as 19 mm.
Fig. 10 shows the topology and simulated of the proposed CP

antenna exhibiting 72% size reduction compared to the conventional
corner-truncated CP square microstrip antenna. The antenna is de-
signed to radiate with LHCP. The values of the design parameters are
given by , , , ,

Fig. 11. Simulated axial ratio in the broadside direction for the antenna shown
in Fig. 10(a).

Fig. 12. (a) Topology, design parameters and (b) measured of the pro-
posed CP antenna exhibiting 53% size reduction as compared to the conven-
tional corner-truncated square microstrip antenna.

Fig. 13. Measured axial ratio in the broadside direction for the antenna shown
in Fig. 12(a).

, , , ,
, and . For sinusoidal

meandering, the function of is used. Fig. 11
shows the simulated axial ratio of the antenna in Fig. 10(a). The 3 dB
axial ratio bandwidth of 0.6% is computed.
Lastly, further reducing the number of sinusoidal traces from 3 in

Fig. 10(a) to 2 achieves more simplified antenna geometry. Fig. 12(a)
shows that the topology and design parameters of the simplified an-
tenna geometry exhibit a size reduction of 53% compared to the con-
ventional corner-truncated square microstrip antenna. The effects of
the design parameters shown in Fig. 12(a) are the same as explained in
the previous sections. While and affect the resonant frequency
of the x-pol, does so for the y-pol. It should be noted that while
those design parameters independently affect the resonant frequencies
of the two orthogonal modes, they constrain each other in some ways.
For example, in order to increase should decrease when other
design parameters and physical dimension of the antenna are fixed.
Considering this limitation and the characteristics of the design pa-
rameters, an antenna with LHCP and a size reduction of 53% is de-
signed and fabricated. The values of the design parameters are given
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Fig. 14. Measured radiation patterns in two orthogonal planes of (a) xz and (b)
yz-planes for the antenna shown in Fig. 12(a).

Fig. 15. (a) Topology, design parameters and (b) measured of the pro-
posed CP antenna exhibiting 75% size reduction as compared to the conven-
tional corner-truncated square microstrip antenna.

Fig. 16. Measured axial ratio in the broadside direction for the antenna shown
in Fig. 15(a).

Fig. 17. Measured radiation patterns in two orthogonal planes of (a) xz and (b)
yz-planes for the antenna shown in Fig. 15(a).

by , , , ,
, , and . The

measured in Fig. 12(b) indicates an input impedance matching of

better than 10 dB at the two resonant frequencies corresponding to the
two orthogonal polarizations and the center frequency of 2.576 GHz.
This design also demonstrates that by separating the two resonant fre-
quencies, a wider impedance bandwidth can be achieved. As shown
in Fig. 13, the 3 dB axial ratio bandwidth of 0.7% is measured. The
measured radiation patterns in two orthogonal planes of the xz and
yz-planes are presented in Fig. 14. As expected, this figure shows a
smooth LHCP pattern with excellent suppression of RHCP radiation.
Substituting in Fig. 12(a) by in Fig. 15(a)

and optimizing the other design parameters, further size reduction can
be achieved. An antenna with RHCP and a size reduction of 75% is
designed and fabricated. The values of the design parameters are given
by , , , ,

, , , , ,
and . The measured is shown in

Fig. 15(b) with excellent impedance matching at two slightly different
resonant frequencies. The center frequency of the antenna is 2.565 GHz
and its 10 dB return loss bandwidth is 25 MHz. As is the case with the
other presented antennas, impedance matching with a 50 feed probe
is obtained by changing and . Fig. 16 and 17 show the measured
axial ratio and radiation patterns of the antenna, respectively.

VI. CONCLUSION

A novel approach for the miniaturization of circularly polarized
patch antennas is presented. The initial approach is based on shrinking
the resonant dimension by transforming the patch antenna into a
wire-mesh and then squeezing it in accordion fashion. The topology
of the meandered wire mesh antenna is simplified while maintaining
the original linear polarization property. By tailoring the paths of the
dominant electric surface currents on the simplified antenna topology,
two near-degenerate orthogonal modes are created. This enables the
design of miniaturized CP antenna configurations. The proposed
design method is validated by measurement results. It is shown that
a size reduction of as high as 75% can be achieved compared to the
conventional corner-truncated square microstrip antenna.
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