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ABSTRACT This paper presents a dual-sense circularly polarized (CP) antenna with compact size, high
isolation, and wideband characteristics. The antenna consists of a microstrip patch, an array of parasitic
metal plates positioned around the patch, and a 90° branch line coupler as feeding structure. Unlike the
conventional design method, we demonstrate that the wide isolation bandwidth can be achieved with an
imperfect coupler and imperfect matching at the radiating element. The final design with overall dimensions
of 0.591.x 0.591, x 0.06X. (). is the free-space wavelength at center operating frequency) was fabricated
and tested. Measurements on the fabricated prototype show that the antenna has a bandwidth of 16.5%
(5.0-5.9 GHz) with port isolation of better than 15 dB. In addition, a peak broadside gain of about 6.6 dBic
is attained. In comparison with other related works in literature, this antenna has advantages of wide operating
bandwidth with high isolation while possessing a compact footprint.

INDEX TERMS Circular polarization, dual polarization, patch antenna, wideband, high isolation.

I. INTRODUCTION

Dual circularly polarized (CP) antennas are particularly use-
ful for miniaturized systems with polarization diversity or
frequency reuse [1]. This type of antenna can find various
applications such as satellite communication, radio frequency
identification (RFID), MIMO systems, etc. Owing to the
merits of low profile, light weight, and ease of fabrication,
the slot or the loop antenna is a popular choice in realiz-
ing dual CP polarizations [2]-[6]. However, these types of
antennas are featured by bi-directional radiation pattern. For
applications requiring unidirectional beam, various designs
based on the low-profile microstrip patch structure have been
reported. Patch antennas fed by two L-strips [7] or a coplanar
waveguide transmission line [8] were able to produce dual-
CP radiation with 3-dB axial ratio (AR) bandwidth (BW) of
less than 5%. Better performance can be achieved by feeding
the square patch with multiple slots [9], [10], a suspended
strip line [11] or U-shaped slots [12]. Alternatively, tech-
niques using a metasurface [13], [14] or a substrate integrated
waveguide [15], [16] have also been demonstrated as promis-
ing candidates for low-profile, wideband, dual-CP antenna.
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However, most of the above-mentioned designs suffer from
narrow operating BW, typically less than 15%. Besides, they
also possess other drawbacks such as using a large footprint
or complicated feeding structures.

In the open literature, many designs have utilized a branch
line coupler as an effective method to achieve dual circular
polarization [17]-[22]. The coupler ensures having two out-
put signals equal in magnitude with 90° phase shift needed for
CP generation. Using a hybrid coupler as feeding structure,
the antenna can provide either left-hand CP (LHCP) or right-
hand CP (RHCP) depending on the excited port. Although
wide AR BW can be conveniently accomplished in [17]-[22]
by this method, the most challenging aspect is the poor inter-
port isolation. The literature review has found that the best
performance in the operating BW is only about 15% [17]
with isolation of better than 15 dB, where the radiating patch
is coupled to the coupler through double H-shaped slots.
Meanwhile, the limited BW with high isolation in the designs
in [18]-[22] might not be particularly appealing for wideband
applications.

This paper presents a design of dual-CP antenna, which is
able to provide a good isolation of better than 15 dB over a
wide frequency band of 16.5%. The method of using a branch
line coupler to excite a square microstrip patch for dual-sense
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CP operation is employed. However, unlike the conventional
designs [17]-[21] in which the coupler is separated from the
radiating elements by the ground plane, the coupler in the
proposed design is positioned between the radiating element
and the ground plane. Additionally, a set of metallic plates is
also placed periodically around the driven patch and acts as
parasitic elements, which provide more degrees of freedom in
optimizing the antenna performance for a wide BW. Notably,
we will demonstrate that a large isolation BW can be achieved
with an imperfect feeding coupler and imperfect matching at
the radiating patch.

Il. DESIGN GEOMETRY

A. CONVENTIONAL DESIGN

Fig. 1 shows the diagram of the dual-sense CP antenna using
conventional design method. When the coupler is designed to
be perfect, the two output ports (Port 3 and Port 4) will have
equal magnitude and 90° phase difference. If the patch is well
matched at Port 3 and Port 4, excellent CP operation will be
achieved with the rotating sense depending on the feeding
port (Port 1 or Port 2). Moreover, for a perfect coupler,
the power coupled to Port 2 is extremely small, yielding high
isolation. The design procedure for this antenna type has been
clearly described in [19] and not shown here for brevity. The
most essential disadvantage of this classical configuration
is the limited isolation BW due to the fact that the coupler
typically has narrow BW. The other technical drawback is
that the coupler often takes up a large space, which increases
the overall size. To overcome this, the coupler is placed on
a substrate below the ground plane. This method has been
applied on most reported papers in literature [17]-[21]. Nev-
ertheless, this configuration still takes up some space below
the antenna structure while this space might be necessary for
other microwave circuits.
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FIGURE 1. Geometry of the conventional dual-CP antenna with coupler.

B. PROPOSED SOLUTION

To solve the abovementioned disadvantages, we present a
solution shown in Fig. 2. In this particular design, the antenna
is patterned on two 1.52-mm-thick Taconic RF-35 sub-
strates with dielectric constant ¢ = 3.5 and loss tangent
tan § = 0.0018. Unlike the conventional designs [17]-[21],
the branch line coupler is placed in between the ground plane
and the radiating patch, and directly stacked under the driven
patch. It is noted that in this proposed design, the coupler
acts as a feeding structure that is integrated into the overall
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FIGURE 2. Geometry of the proposed dual-CP antenna: (a) top view,
(b) side view.

antenna structure. This contributes to the miniaturization of
the antenna’s footprint. For antenna testing, coaxial connec-
tors are used to excite the two input ports (Port 1 and Port 2)
as demonstrated in Fig. 2. Here, no extra circuit is required
below the ground. Finally, to provide more degree of freedom
in optimizing the antenna characteristics (with a trade-off in
overall antenna dimensions), an array of 12 square metallic
plates is arranged periodically around the driven patch.

The antenna was characterized using the ANSYS high-
frequency structure simulator (HFSS) and the optimized geo-
metrical parameters were chosen as follows: Wy = 32, Hy =
1.52, W, =12.8,l =5,P=8,g=03,w; =1.1,wy =2.6,
I} =39, =6.9, [, = 6 (unit: mm).

Ill. DESIGN MOTIVATION AND OPERATION PRINCIPLE

This section will explain the motivation and principle to
construct the design as shown in Fig. 2. First, our ultimate
goal is to obtain a dual-sense CP antenna with wideband
characteristics. This means we need to achieve a structure
that can exhibit wide impedance matching BW, wide isolation
BW and wide AR BW at the same time. For wide AR BW,
two orthogonal modes with about 90° phase difference and
the same magnitude are required to be excited in a wide range
of frequency. This is achieved by using a hybrid coupler feed.
In theory, a lossless passive symmetrical directional coupler
should exhibit about 90° phase shift in a wide BW as long
as the isolation and matching are reasonable [23]. This is the
main reason why most of the designs using coupler as feeding
can obtain a wide AR BW [17]-[22]. For wide impedance
matching, a substrate with high thickness is preferred, thus
we choose Hy; = 1.52 mm, so the total thickness is 3.04 mm
(about 0.055A. where A is the free-space wavelength at the
center frequency of 5.5 GHz). In fact, the most challenging
issue in this design is to obtain a wide isolation BW since
the criterion for isolation is stricter than that for impedance
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matching (e.g. typically better than 15 dB or 20 dB). The
principle to achieve this is explained in the following.

Let [S ;] be the S-parameters of the coupler in Fig. 1. Letus
consider an excitation with unit amplitude at Port 1. At first,
there will be a small level of power travelling to Port 2,
corresponding to S5, (if the coupler has perfect isolation, then
S5, = 0). Other parts of RF power travel to Port 3 and Port 4.
The antenna acts as a load with impedance Z; = Z,,;. When
Zant 1s not perfectly matched to the characteristic impedance
at Port 3 and Port 4 of the coupler, there will be a reflection,
which is indicated by I', where I',, is the reflection coefficient
of the antenna alone (without coupler feeding). It is noted that
[, is similar at Port 3 and Port 4 due to the symmetry of the
structure. These reflections will travel back to Port 2 through
the coupler and contribute to the overall S;; of the whole
device. Therefore, the coupling between Port 1 and Port 2 of
the whole antenna can be estimated as:

Sa1 % 85, + S5 TaS5s + S5 TuS54() M

If the coupler is symmetrical, S5, = S5, and S5; = Sj;.
Thus, (1) can be rewritten as:

Sa1 A S5, 4 255,553 Ta(2) @)

As for the conventional approach, high isolation (S2; = 0)
is achieved by enforcing both conditions §5, =0and I'; = 0,
i.e. the coupler has perfect isolation and antenna has perfect
matching at its feeding position. These two strict require-
ments result in a narrow isolation BW [18]-[22]. However,
equation (2) indicates that for S; = 0, it is not necessary
to have both conditions satisfied. In fact, S>; can be zero as
long as the two operands in (2) have the same magnitude and
opposite phase. It is found through various simulations with
the coupler alone that S5, can be designed to be in the range
of about —10 to —15 dB in a wide range of frequency. The
value of 255,55, is exactly 1 if the coupler is perfect. For the
imperfect coupler under consideration, the value of 255,53,
can be about —2 dB to —3 dB. Thus, the antenna should
be designed to have I';, around —7 dB to —12 dB (when
there is no coupler). This can be achieved by optimizing the
patch and the parasitic elements’ dimensions. The interest-
ing point here is that the phase of 255,55, can be easily
controlled (without affecting phase of S5,) by varying the
length at the output ports (/) so that it can provide an opposite
phase to S5;.

Based on the above explanation, it can be concluded that a
high isolation between Port 1 and Port 2 can be achieved with
an imperfect coupler and imperfect matching at antenna feed-
ing position. The improvement in the isolation is due to the
cancellation in different coupling paths as shown in equation
(2). This condition is not as strict as in conventional approach,
ie. §5, =0and I'; = 0, providing more degrees of freedom
in antenna optimization. Therefore, it is possible to achieve
a wider isolation BW in this design. For demonstration,
Fig. 3 shows the S-parameter for the coupler alone, antenna
alone (without coupler) and the final optimized design. It can
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FIGURE 3. S-parameter of the antenna alone, the coupler alone, and the
final design. The target frequency range is from 5.0 GHz to about 6.0GHz.

be observed that both the coupler and the antenna matching
are highly imperfect. However, a wide isolation BW can be
achieved in the final design.

IV. KEY PARAMETER STUDY AND DESIGN PROCEDURE

It has to be clarified here that equations (1) and (2) only serve
to demonstrate the principle of achieving low |S;1| without
having perfect coupler feeding and antenna matching (I'y).
In practice, since the coupler is placed in between the ground
plane and the radiating elements, the operation of the coupler
is affected by the patches and parasitic elements. Moreover,
the radiating modes of the patch are affected by the coupler
and there is also a direct coupling between two antenna ports.
Thus, the antenna optimization is quite complicated. In order
to provide the readers a comprehensive design procedure,
several key parameter studies will be demonstrated in this
section. The target operating bandwidth for investigation is
from 5.0 to about 6.0 GHz.

A. KEY PARAMETER STUDY

The first important parameters are related to the parasitic
elements, including the gap (g) and the periodicity (P). It is
noted that the parasitic elements provide more degree of
freedom and also play a critical role in optimizing the operat-
ing BW and isolation characteristics of the proposed design.
Fig. 4 shows the antenna features for different values of g.
First, it can be seen that g has minor effect on the overall
impedance matching while the isolation and the AR are
significantly affected. This is because the gap g primarily
controls the coupling between these parasitic patches. These
extra couplings can be superimposed with the existing cou-
pling between two ports and thus affects Sy;. Additionally,
the gap g has effect on the two orthogonal modes, and there-
fore can be used to optimize the AR. Fig. 5 shows the phase
difference and amplitude of two orthogonal modes, which are
obtained by using the polarization ratio function in HFSS.
As observed, while the phase difference remains around 90°
in all cases, the relative amplitude of two orthogonal modes
can be controlled with the value of g. Although the antenna
is completely symmetric with respect to the two feed points,
when only one port is excited, the structure is asymmetry with
respect to that port. Therefore, it is expected that varying gap
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FIGURE 4. Simulated (a) S-parameter and (b) AR of the proposed antenna
for different g.
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FIGURE 5. Simulated (a) amplitude ratio and (b) phase difference of two
orthogonal fields of the proposed antenna for different g.

g will have an effect on the two orthogonal modes and AR
performance. It should be clarified here that this mechanism
is different from what is explained in Section III. In fact,
it provides additional degree of freedom to optimize for the
BW. Through various numerical simulations, we found that
for the target frequency range, an appropriate value of g is
about 0.3 mm.
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FIGURE 6. Simulated (a) S-parameter and (b) AR of the proposed antenna
for different P.

Fig. 6 shows the results with different values of P while
keeping g at 0.3 mm. In general, the optimization will be
more difficult with smaller value of P and the operating
BW is degraded for more compact structure. In the proposed
design, P is chosen so that the antenna size is minimized while
maintaining reasonable operating features (P = 8 mm). The
total antenna size is 0.59A, x 0.59A..

In order to tune the performance of Sy according to equa-
tion (2), we can tune the length /1, which controls the phase
of §5, and §5,. Fig. 7 shows the antenna characteristics for
different values of /1. As expected, a wide AR BW is still
reasonably achieved as the phase difference between two
orthogonal modes is maintained around 90° with a symmet-
rical hybrid coupler. Most of the changes in AR are due to
the fact that when /] varies, the position of Port 1 and Port 2
also changes which affects some extra direct coupling from
the feed to the parasitic patches. Meanwhile, Sy is strongly
affected by /;. In fact, using the same analytical approach as
in Section 2, it can be easily shown that | S| should also
be affected by the length /;. However, since the criterion for
S11 is typically not as strict as Sp1, i.e. |S11| < - 10 dB while
|S>21] should be as low as possible, it is found that in most
cases, the changes in [S11]| is acceptable.

B. DESIGN PROCEDURE
Based on the above key parameter studies, the design proce-
dure of the proposed antenna can be summarized as follows:
Step 1: Design an imperfect coupler as feeding structure
with isolation around 10 to 15 dB across the bandwidth. This
can be achieved by tuning w1, w> (wy > wi) and [j(initially
around quarter effective-wavelength). The initial value for w
can be chosen such that the impedance for the w -line is about
50 2 (Note that the performance of this coupler is not critical
at this stage).
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Top layer

FIGURE 8. Photographs of the fabricated dual-CP antenna.

Step 2: Design the square patch (W,). The patch operates
in the fundamental TMo; mode and thus, W), is chosen about
half-effective-wavelength at the center frequency.

Step 3: Design the parasitic elements with periodicity P
and gap g. P is chosen so that the antenna size is compact
enough with satisfactory performance. It is empirically found
that for this design, P should be chosen to have an overall
antenna size of about 0.6).. Then, tune g to have good
antenna performances in terms of AR BW and isolation.

Step 4: Tune /1 to have the best isolation characteristics in
the operating BW. Fine-tune all other parameters to improve
the performance.

V. MESUREMENT RESULTS

The antenna was fabricated to validate the proposed concept.
The photographs of fabricated prototype are shown in Fig. 8.
In our design, when Port 1 is excited, the antenna radiates
LHCP waves in the broadside direction. In contrast, if the
feeding is applied to Port 2, RHCP is obtained. It is also
noted that due to the symmetry, the antenna working in either
RHCP or LHCP states has very similar return loss. Therefore,
only the far-field measurements with Port 1 excitation are
demonstrated here.
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of the proposed dual-CP antenna.

Figs. 9 and 10 present the simulated and measured S-
parameters, AR, as well as broadside gain of the proposed
antenna. The antenna has measured operating BW of 16.5%
(5.0-5.9 GHz), in which |Sqq| is less than —10 dB, |Spi]
is below —15 dB, and the AR is lower than 3 dB. Across
this band, the measured gain ranges from 4.3 to 6.6 dBic.
Additionally, the operating BW of the proposed antenna with
isolation of better than 20 dB is about 8.9% (5.23-5.72 GHz).
It should be noted that the cancellation in the two coupling
paths shown in equations (1) and (2) does not affect the
antenna efficiency. Since no resistive or active component
is used, the antenna is expected to have high efficiency.
In fact, the simulated efficiency is better than 95% across the
BW of 16.5%. Furthermore, a good agreement between the
simulated and measured gains also indicates a high practical
efficiency. Fig. 11 plots the gain radiation patterns of the
proposed antenna at 5.2 and 5.8 GHz in two principle planes
of x-z and y-z. It can be seen that RHCP radiation is dominant
when Port 1 is excited. Furthermore, the polarization isolation
in the broadside direction is always better than 15 dB across
the operating BW. It is noted that the patterns are slightly
titled due to the effect of the coupler, which causes a non-
uniform field distribution on the patch and parasitic elements.
Nevertheless, the gain deviation between the broadside and
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TABLE 1. Performance comparison among dual-CP antennas.

Overall size S‘ubstraFe AR BW Operating BW (%) Peak gain

Ref. (%) ‘ifrllsz Coupler (%) 15 dB isolation | 20 dB isolation (dBic)

[91 | 0.96 x 0.96 x 0.20 25 No 16.0 93 6.1 96
[10] | 0.39 x 0.39 x 0.04 4.4 No 11.0 59 <3.0 4.9
[11] | 0.83 x 0.83 x 0.12 43 No 251 8.0 <3.0 78
[12] | 0.72 x 0.72 x 0.09 2.2 No 115 185 76 79
[13] | 0.73 x 0.73 x 0.07 4.4 No 12.4 12.4 97 71
[14] | 0.85 x 0.85 x 0.05 35 No 313 14.0 <3.0 7.0
[17] | 0.76 x 0.76 x 0.07 4.4 Yes N/A ~15.0 78 6.2
[21] | 0.77 x 0.77 x 0.22 22 Yes <3.0 78 <3.0 4.9
[22] | 0.50 x 0.50 x 0.06 34 Yes <3.0 1.0 <3.0 75
Prop. | 0.59 x 0.59 x 0.06 35 Yes 182 16.5 8.9 6.6
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FIGURE 11. Simulated and measured gain radiation patterns at
(a) 5.2 GHz and (b) 5.8 GHz.

the main beam is just about 1.6 dB. It is noted that the
tilted pattern is also an issue in several reported designs
[2]-[5], [11]. This issue may be overcome by designing with
non-uniform parasitic elements to compensate for the effect
of the branch line coupler, which is subjected for future
investigation.

Finally, Table 1 shows a performance comparison among
the dual-CP antennas. In this Table, the BW specified by
isolation level should also cover the AR BW and impedance
matching BW. It is apparent that the strong features of the
proposed antenna are wide operating BW with high isola-
tion while possessing a compact footprint and a low profile.
Although the designs in [10], [22] have smaller footprints,
their operating BW is significantly smaller than that of the
proposed design. Slightly wider BW and higher gain can be
achieved in [12, 13], but these designs have larger dimension
and higher profile in comparison with the proposed antenna.

VI. CONCLUSION
This paper presents a compact dual-CP antenna with
wideband operation and good isolation characteristics.
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The antenna is first designed with a microstrip square patch
that is orthogonally excited by a branch line coupler. With the
use of the coupler, the desired sense of CP radiation can be
adjusted by feeding the appropriate input port. For CP opera-
tion and inter-port isolation enhancements, an array of metal-
lic plates is periodically added around the patch. An antenna
prototype was fabricated and tested, which shows good agree-
ment between measurement and simulation. The prototype
exhibits wideband operation of 16.5% (5.0-5.9 GHz). Across
this band, inter-port isolation greater than 15 dB and gain
higher than 4.3 dBic are achieved.
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