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Abstract— A small size and wideband circularly polarized antenna is
introduced. The key innovation is that the antenna is based on four confined
highly coupled microstrip patches fed by a composed right-left hand
integrated feeding network. Mutual coupling is thus effectively used in a
constructive way. It is shown that this idea results in an excellent combination
of axial ratio (AR) bandwidth and small size. A prototype was built and
measured proving the concept in practice. The impedance bandwidth is
110%, the AR bandwidth at broadside is more than 83%, and the -3 dB gain
bandwidth (with respect to maximum gain) is 65%, with an overlap of 63%
when considering all three at the same time. The antenna lateral size is as
small as 0.521.0%x0.521.0 where 10 is the midband wavelength.

Index Terms—axial ratio, circularly polarized antenna, feeding
network, mutual coupling, right-left hand transmission line,
sequential rotation.

I. INTRODUCTION

Circularly polarized (CP) antennas are considered of great
importance in the Radio Frequency (RF), microwave and even optical
range [1] due to their capability of providing highly efficient power
transmission. The tremendous demand for more capacity and higher
data rate in wireless systems have led to the development of broadband
CP antennas [2]. Besides, compact structures are highly in demand,
especially for vehicle/aircraft/satellite mounted radars. Therefore,
antenna researchers worldwide have designed CP antennas dedicated
to these goals. Imposing a perturbation and dual orthogonal feeding are
two conventional systematic methods to design printed CP antennas.

Conventional perturbated patch antennas are simple and low-profile
but suffer from narrow bandwidth and poor out-of-broadside axial
ratio (AR). Numerous investigations have been made to broaden their
bandwidth, by adding parasitic elements [3,4,5], stacked patches
[6,7,34], or both [8] and even metasurfaces [35]. Using thick substrates
along with capacitive compensation is another technique [37,38].
However, improving the AR bandwidth from 6.6% in [6] to 24% in [4]
and 28.1% in [8] was achieved at the price of antenna lateral size
expansion from 0.28 A0 to 0.63 A0 and 0.8 A0, respectively.

Wideband crossed dipole antennas, which are fed orthogonally, are
able to significantly improve AR bandwidth. Great achievements have
been reported in the recent years. For example, the AR bandwidth was
enhanced to 51% using asymmetric bowtie dipoles [9], and 96.6%
using elliptical dipoles [10]. Furthermore, the bandwidth can be
improved to 58.6% [11], and 106.1% [12], by effectively adding
parasitic elements. Nevertheless, all aforementioned cross dipoles are
cavity-backed with a profile of 0.2410, at least. Despite their excellent
performance, these antennas are bulky and inconvenient to use in an
array. The authors of [13], proposed a cavity-less crossed bowtie
antenna of a 0.1610 profile, using a thin artificial magnetic conductor
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Fig. 1. Compromise between AR<3dB bandwidth and size of antennas, using
the defined FOM.

(AMC). The used high permittivity substrate (er=10.2) makes the
AMC thin, but limits its bandwidth and as a consequence the antenna’s
bandwidth (19.3% and 33.8% for lower and higher frequency bands,
respectively). Connecting the cavity and the parasitic elements as in
[14] significantly decreases the antenna profile to 0.110. However, the
crossed dipole elements are fed by coaxial cables, making them
complex from a fabrication point of view.

Another well-known technique to make a wideband CP antenna
with good beam characteristics is sequential rotation (SR) [27, 33].
However, SR in general does not seem an appropriate option, from
compactness point of view [15,16,17,18,36]. Although a 96.3%
bandwidth has been achieved in [15], the four hexagonal patches
occupy a 1.1300x1.13A0 area. Significant size reductions were
reported where the patches are replaced by four dipoles [19], or just
one four-port radiator [20,21,22,23]. For example, the SR technique
was recently used for an annulus patch that is fed by four proximity
coupled strips [22]. The structure’s overall dimension was reduced to
0.47010%0.5200x0.07A0 at the price of bandwidth sacrifice: a
bandwidth of 30.9% was reported.

To characterize the performance of designs, the product of gain and
bandwidth to electrical volume ratio can be defined as a figure of merit:
FOM = BWxGain [dBic] X 4¢3 )

fo X volume

where BW is the overlapping bandwidth satisfying three criteria at
the same time: return loss lower than 10 dB, AR lower than 3 dB and
gain decrease less than 3 dB in comparison with the maximum gain in
the band. Fig. 1 summarizes the performance of some designs reported
in literature, showing the lines of constant figure of merit. This figure
thus reflects the relationship between design gain, bandwidth and size.
Apparently, designs do have to make a compromise between gain,
bandwidth and compactness. A substantial question is: how can we
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Fig. 2. The proposed integrated topology, a) Side view, b) Top substrate holds patches and stacked strips, ¢) Bottom substrate contains FN (more details in Fig. 6).

overcome the trade-off? Note that in Fig. 1 it can already be seen that
our design achieves the highest figure of merit, i.e. the highest gain-
AR bandwidth product for a given volume.

This work is in line with the addressed question. The goal of this
work was to design a small, wideband and highly efficient CP antenna
while maintaining good beam characteristics. In contrast to [24] which
reports a very good AR but in two narrow frequency bands, our focus
is to achieve a wideband AR<1.5 dB, which is highly in demand, but
not an easy mission. First of all, we have utilized SR due to its ability
to improve both AR bandwidth and AR beamwidth. To overcome the
size challenge, four confined patches are used. Furthermore, we
explicitly take advantage of the strong mutual coupling between these
patches in the design, similar as is done in [25] and [26]. Its non-
destructive role is theoretically proved, and worked out in a step by
step design. To demonstrate the concept in practice, a CP antenna in
S-band was fabricated. Since a wideband FN with high-precision
phases is required to support the CP antenna, this was designed based
on composite right-left handed transmission lines (CRLH-TL).

This paper is organized as follows. First, the antenna topology is
described. Then, the operating theory of the highly coupled patches is
given. After that, the performance of the antenna is presented and
predicted results are compared with measurements.

II. ANTENNA TOPOLOGY

In general, a microstrip sequentially rotated CP antenna can be
composed of four identical patches driven by a FN. The patches are
sequentially rotated to support two orthogonal polarizations. The FN
provides four outputs with equal amplitude and sequential quadrature-
lagging phases. It properly combines the orthogonal polarizations to
form a circular polarization [27].

The proposed structure is an integration of a radiating part and a FN.
It includes two substrates with an air gap in between, see Fig. 2. The
patches and FN are placed on the top and second substrate,
respectively. The air gap widens the bandwidth of the structure. The
substrates are stacked by using four non-conductive spacers located at
the corners and twelve conductive pins. Four of the pins feed the
patches. The other eight are shorting pins, two per patch connected to
the ground to improve the matching at lower frequencies. In [28], the
inductive effect of shorting pins is discussed in detail. Also a patch
with a shorting pin was proposed in [30], called a micro-patch, and
used in a sequentially rotated CP antenna with a 22.8% AR bandwidth.
Obviously, the micro-patch cannot cover a very wide bandwidth,
because each patch by itself is not matched in the whole desired
frequency range. The radiating part of our design contains four very
nearby, highly coupled small corner fed linearly polarized patches. The

mutual coupling between the patches is explicitly used to further
improve the matching. Using the loading effect of parasitic patches is
a well-known approach to improve matching [29]. In addition, four
rectangularly shaped stacked strips are located under the top substrate,
increasing the mutual coupling, and tuning the loading effect. Two
further modifications to improve the matching of each patch are a) the
use of a series capacitor by realizing an annular gap around the
excitation point, as is explained in [23], and b) applying a corner
truncation near the excitation point.

The metallic pins connect the patches to the second substrate, which
is used for the FN and the ground plane. The FN is placed over this
substrate. From a practical perspective, it is very important to shield
the structure from the surface on which it has to be mounted, an issue
which was not considered in many previous works [15, 17, 19, 20, 21].
In order to shield the antenna, the last layer is fully metallic. It plays
the role of ground plane for the microstrip patches and the FN,
concurrently.

The antenna design and its details are described in the following
sections. The commercial full-wave software CST Microwave Studio
was used in the design, taking fully into account all mutual coupling
between the elements.

III. OPERATING THEORY

The SR technique can be formulated to find the reflected signals
[b] at the antennas’ ports, see Fig. 3.

1
b = [Sunrla,a = % Ijll (2
=J

Therefore:
S11— 513 +j(512 - 514)
1 521 - 523 +j(522 - 524)

b=-=- . 3
2 |S31 — S33 + j(S32 — S34) @)

54—1 - 54-3 +](S4—2 - 54—4—)

The reflected signals will be partially consumed by the FN, partially
be coupled to the other antenna elements through the FN, and partially
return back to the input port of the FN. Obviously, this is all
undesirable. So,

b = [0] 4)

is wished. The straightforward trivial solution is Sant = [0], which is
targeted in conventional designs. This means that four isolated and
matched antenna elements are connected to the FN’s outputs [15, 31].
However, equation (4) has also other solutions. For example, if the
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[Sant]

Fig. 3. Block diagram of the general sequentially rotated antenna

antenna elements are identical and located in a two by two fully
symmetrical arrangement, then:
S11 = S22 = 833 = 844,512 = S23 = 534 = Sy ®)

and one solution for equation (4) is:
$11 = 0,513 = 0,512 = 514 (6)

To implement this solution, the patches must be matched and
unadjusted patches must be isolated. Obviously, using this solution
there is no problem with the mutual coupling between adjacent
elements. This coupling even plays a very useful role.

In line with the size reduction desire, we use four patch antennas
with shorting pins. This kind of antenna works well in a narrow
frequency band. To increase the bandwidth, parasitic elements can be
used. This has been realized by the adjacent patches. Each patch not
only radiates by itself but also plays a parasitic role for its adjacent
patches, in this way avoiding a bulky structure. Hence, the strong
mutual coupling between the elements plays a fully constructive role
here. In contrast with conventional designs, we take advantage of the
coupling to reduce the size significantly.

IV. DESIGN OF THE RADIATOR

In this section, the step by step design procedure is given, to discuss
the effects of each part of the structure. The end result is a detailed
design. The chosen substrates are Rogers Duroid RT5870, with
thickness 0.762 mm. The Teflon spacers are 12-mm long, realizing a
12 mm air layer. The conductive pins have a diameter of 0.8 mm. The
design starts with a basic corner-fed 33.5%33.5 mm? square patch. The
excitation is spaced 11 mm away from the patch’s corner, which
equally excites both the TMO01 and the TM 10 mode of the patch.

The input reflection coefficient of the antenna is plotted for a 100 Q
reference impedance, as this is the impedance needed by the FN, see
further in section V. Since the basic patch antenna is not matched (the
red curve in Fig. 4), two shorting pins are added at 20 mm from the
feed and spaced 15.3 mm apart from each other. They cause a
resonance at lower frequencies (see the green curve). Also, an annular
gap with 0.4 mm width is placed 2.2 mm away from the excitation
point, realizing the series capacitor. As shown in the black curve in Fig
4, it significantly enhances the bandwidth of the higher frequency
resonance, and pushes the other resonance to lower frequencies.

An array was designed based on the improved patch. Four patches
were put closely together in a two by two fully symmetrical
arrangement, see Fig. 4. The distance between the patches was tuned
to achieve a maximum bandwidth. The resulting distance is 1.3 mm.
The blue curve in Fig. 4 shows a well-matched reflection coefficient
for all ports of the array. However, it still does not cover the targeted
whole S-band.

Therefore, four 36x4 mm? rectangularly shaped stacked strips were
added to the structure. Their positions are indicated in Fig. 5, where
a=28.3 mm and b=12 mm. These stacked strips increase the mutual

Sy, [dB]

[GHz]

Fig. 4. Step by step design of the antenna. The numbering system shows the
design progress.

S5 [dB]

[GHz]

Fig. 5. Reflection coefficient and transmission coefficient in the array. The
numbering system shows the design progress.

coupling between the adjacent elements. Normally, stacked patches are
placed on top of the primary patches. In our design, they are placed
under these patches. The effect of these strip patches is depicted in
Fig. 5 (red curve). The matching is improved in the higher and lower
regions of the band, but it gets worse in the middle region. In the last
step, a truncation was applied to the corners nearby the excitation
points in order to achieve a very wideband reflection coefficient (black
curve in Fig. 5). The hypotenuse of the removed right-angle triangles
is 17 mm.

As discussed in section III, two parameters are critical: a) the
reflection coefficients at the ports, and b) the transmission coefficients
between unadjusted patches. Both are depicted in Fig. 5, being less
than -10 dB in the entire desired frequency range.

V. DESIGN OF THE FN

A 1:4 wideband FN, implementing a phase difference between the
sequential outputs of 90 degrees, has been realized with two-stage
power dividers and delay lines. There are two well-known candidates
for wideband power dividing: Wilkinson and Gysel power dividers
[32]. Although a Wilkinson power divider is simple and commonly
used, it is not lossless if its outputs are to be connected to unmatched
loads. Indeed, the isolation resistors cause a resistive loss, which
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Ly ) Lio
Fig. 6. The proposed CRLH feeding network

directly influences the antenna gain. To eliminate one isolation resistor
to reduce the loss, the input power is split by a T-junction structure.
Therefore, a 50Q:100Q network is proposed with the input port
matched to 50 Q, and the output ports matched to 100Q.

Regular delay line phase shifters are narrowband. To fulfill the
bandwidth requirements, instead composite right-left handed
transmission lines (CRLH-TL) are used. As thoroughly discussed in
[31], CRLH-TLs are able to provide a constant and high precision
phase difference over a wide bandwidth. Therefore, CRLH integrated
FNs can support wideband and high-performance CP antennas and
arrays. In contrast to [31,39], we designed 100 Q delay lines and
skipped one of the Wilkinson power dividers. The design of the
CRLH-TLs is based on their theoretical characteristics of operation.
Lumped inductors and capacitors are utilized to realize the LH portion
of the lines. By a careful design of the CRLH-TLs, the desired constant
phase differences can be obtained in a moderately wide bandwidth.
Fig. 6 shows the proposed FN and its simulated results are plotted in
Fig. 7. The input of the FN is matched to 50 Q and the input power is
equally distributed over the output ports, with sequential quadrature-
lagging phases. The dimensions of the FN are given in Table 1.

VI. INTEGRATION OF ANTENNA AND FN

In this section, the radiating part, i.e. the array of four small patches,
is connected to the outputs of the proposed 1:4 FN. As explained in
section 11, the FN is placed under the radiating part and in the third
metallic layer. It has a shared ground plane (in the bottom layer) with
the microstrip patches. Therefore, the patches and the FN are not
isolated and can couple with each other. When the two parts are
integrated, as a consequence the radiation properties and the
impedance matching change. This means that the total structure must
be optimized a last time. All dimensions of the optimized structure are
stated in Table I. The antenna overall dimension is
0.5210%0.52A0%0.1A0, where AQ is the wavelength at 2.3 GHz, which

200
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1-1000

45
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Fig. 7. Simulated S-parameters of the FN, port 1 is the input and the others
are outputs with equal amplitudes and sequential quadrature-lagging phases.

Fig. 8. Prototype of the antenna fed by the FN.

is the geometric mean of the low and high -10 dB matching
frequencies. The design is fairly compact, making it reasonable to be
used as an element in phased arrays. In addition, the effect of possibly
high level cross polarized lobes in the diagonal planes, which was
discussed in detail in [40], is fairly small because of the very small
element spacing.

VII. RESULTS AND DISCUSSIONS

A prototype was fabricated, see Fig. 8. The return loss was
measured and is compared with simulations in Fig. 9. There is a quite
good agreement. The measured 10 dB return loss bandwidth is 2.54
GHz (1.36 to 3.9 GHz), i.e. 110%. The right / left hand CP radiation
patterns were measured in an anechoic chamber and are compared with
simulations in Fig. 10. The agreement is quite good. It is clearly shown
that the antenna is left hand CP and that the radiation pattern is stable
across the bandwidth. The AR at broadside is shown in Fig. 11. In
order to accurately determine such a low AR, it was measured for 57
different rotations of the antenna around its normal axis, and averaged.
In general, the simulated and measured results show a reasonable
agreement. Furthermore, lumped components, as the ones used to
realize the CRLH-TLs in the FN, often exhibit non-ideal parasitic
effects, thus changing the FN’s phase characteristics and as a
consequence the AR performance. This contributes to the small
discrepancy at higher frequencies. The simulated AR is below 1.5 dB
from 1.85 to 3.55 GHz (i.e. 74% bandwidth), and less than 3 dB in
between 1.67 and 3.65 GHz (i.e. 86% bandwidth). The bandwidths of

TABLE I
THE ANTENNA PARAMETERS
L. L, L¢ Lin Ry L Wi a b Wso Wino Wi H
17 21.5 52.2 57 20 36 4 28.3 12 2.3 0.67 0.3 12
Cy L, L, L, Ls Ly Ls Le L, Lg Lo Lio Ly
1.8 pF 9 nH 20.8 29.3 23 2.5 5.1 7 53 25.1 323 20.2 8.6
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Fig. 9. Simulated and measured reflection coefficients of the integrated
structure including the FN.
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Fig. 10. RHCP and LHCP radiation patterns at 1.6, 2.3 and 3.2 GHz (the
coordinate system is shown in Fig. 2).

the measured AR<I.5 dB and AR<3 dB are 62% and 83%,
respectively. Fig. 11 also shows the simulated AR for a few 0.
Obviously, the antenna radiates with circular polarization in a wide
beam and slightly deviating from broadside does not ruin the AR. The
simulated beamwidths for AR<3 dB are 40 and 60 degrees at 3.25 GHz
and 2.8 GHz, respectively. This is one of the major advantages of the
SR technique. As shown in Fig. 12, the total efficiency is more than
82% for frequencies higher than 1.95 GHz. Since the radiating part is
not well-matched for lower frequencies (see Fig. 5), the reflected
power from its feeding pins is consumed by the FN’s resistor. This is

= % = Broadside Meas.
Broadside Sim.

— Theta=10 deg. Sim.
— Theta=20 deg. Sim.
Theta=30 deg. Sim.

AR [dB]

1.5 2 25 3 35 4
[GHz]

Fig. 11. Simulated AR versus frequency for selected directions. All curves are
plotted in Phi=90° plane. Also measured AR at broadside.

Total Efficiency
Resistive Loss

Gain [dBic]

Return Loss
Simulated Gain
- ® —Measured Gain

Total Efficiency %

Fig. 12. Simulated and measured gain and simulated losses and total
efficiency for the integrated structure (including dielectric and metal losses,
roughness, mismatch, and loss in resistors of the FN).

TABLE 1T
COMPARISON WITH PREVIOUSLY REPORTED CP ANTENNAS

Ref. SIZE AR-  MAX METHOD

Ao X Ay X A BW  GAIN

% _ [DBIc]

[12] 0.59 x 0.59 x0.24 106.1 7 Crossed dipole
[14] 0.46 x 0.46 x 0.1 63.4 4.5 Crossed dipole
[15] 1.13 x 1.13 x 0.15 96.3 9.4 SR
[20] 0.7 X 0.8 X 0.09 83.8 5.6 SR
[21] 0.8x0.8x0.12 56.6 9.5 SR
[31] 0.93 x 0.93 x 0.1 60 NM” SR
[34] 0.6 X 0.6 X 0.9 134 7 Single Patch
[35] 0.82 x 1.2 X 0.06 28.3 75 Single Patch
This
work 0.52 x 0.52 x 0.1 83 11 SR

*: Not Mentioned

the main reason behind the higher resistive losses and lower efficiency
at frequencies below 1.95 GHz, as shown in Fig. 12. The last parameter
that was measured was the gain. As shown in Fig. 12, the measured
gain has some fluctuation but in general follows the simulated gain
curve very well. The integrated antenna’s measured gain is more than
8 dBic from 2.05 to 3.55 GHz. To sum up, the measured results show
that the antenna achieves a bandwidth of 63% from 2.05 to 3.5 GHz
for return loss lower than 10 dB, axial ratio lower than 3 dB, and gain
variation less than 3 dB, while the maximum measured gain is 11 dBic
at 2.2 GHz.

The performance of the proposed antenna is compared with some
wideband CP crossed dipoles, single patches and sequentially rotated
arrays described in literature, see Table II. The antenna reaches the
highest gain-bandwidth product to size ratio.
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VIII. CONCLUSION

In this paper, a small, wideband and highly efficient CP antenna was
designed and fabricated. It has good beam characteristics and an
AR<1.5 dB in a wide band. The key issue is that the proposed topology
is based on highly coupled patch elements, making use of mutual
coupling in a very constructive way. The design reaches the highest
figure of merit, i.e. the highest gain-bandwidth product for a given
volume, in literature.
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