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Abstract — A single-feed circularly polarized (CP) rectangular
slotted-patch antenna with meta-surface is proposed for
bandwidth enhancement. The antenna consists of a rectangular
slotted-patch radiator, a meta-surface with an array of
rectangular-ring cells, and a coaxial feed. Utilization of the meta-
surface achieves a wide CP bandwidth of seven times of the
conventional antenna. The measured 3-dB axial ratio bandwidth
of an antenna prototype printed onto a FR4 substrate is 28.3%
(3.62 GHz-4.75 GHz) with 2:1-VSWR bandwidth of 36%. A 6.0-
dBic boresight gain with variation of 1.5 dB is achieved across
the frequency band of 3.35 GHz-4.75 GHz with the maximum
gain of 7.4 dBic at 4.1 GHz.

Index Terms — Circularly polarized,
microstrip, meta-surface, rectangular patch,
slotted-patch antenna, wideband

low-profile,
single-feed,

I. INTRODUCTION

low-profile, wideband, CP antenna is desired for

wireless systems. Generally, a single-feed CP microstrip

antenna is with a simple configuration but suffers from a
narrow axial ratio (AR) bandwidth. The bandwidth of a
multiple-feed CP microstrip antenna can be enhanced while a
complicated and larger feeding network is required. Many
techniques have been employed to improve the AR bandwidth
such as using dual-feed network based structures [1], stacked
patches [2-3], array antennas with sequential feeding network
[4], and multilayered structures [5]. However, these CP
antennas are based on multi-radiating patches or complicated
feeding structures.

Meta-surface is a two-dimensional structure and has been
applied to design of the CP microstrip antennas (CPMAs) for
miniaturization and performance enhancement [6-8]. In [6],
reactive impedance surface (RIS) and mushroom-shaped
structure have been used to miniaturize the CPMA. The
antenna is designed on a thick dielectric substrate with low
gain of 2.98 dBic and narrow 3-dB AR bandwidth of 1.46%.
In [7], the miniaturization of the CPMA is achieved using RIS
with complementary split-ring resonators. The antenna gain is
3.7 dBic with a narrow 3-dB AR bandwidth of 1.1%. A single-
feed meta-surface based CPMA with compact size was
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proposed in [8] with a 3-dB AR bandwidth of 2.33%. A
number of RIS-based microstrip antennas have been proposed
and studied in [9], wherein, the CPMAs are with the largest 3-
dB AR bandwidth of 2.4%.

On the other hand, a single dipole antenna over an artificial
ground plane based on the polarization dependent
electromagnetic band gap (EBG) surface was studied and a 3-
dB AR bandwidth of 5.6% is achieved [10]. In [11], the RIS
structures have been investigated for CPMA design and a 3-
dB AR bandwidth of 10.6% is demonstrated. Recently, an
artificial magnetic conductor (AMC) surface has been used as
the reflector of a CP slot antenna to generate a wideband
unidirectional CP radiation [12]. The polarization dependent
EBG surface has been detailed studied in [13] for microstrip
antenna design applications.

In this paper, a meta-surface based single-feed CP
rectangular slotted-patch antenna is investigated for bandwidth
enhancement. A 7x7 rectangular-ring unit cells based meta-
surface is used to enhance the bandwidth. The antenna
prototype is measured and compared with simulation using the
CST Microwave Studio [14]. Parametric studies are carried
out to understand of the operation mechanism of the proposed
antenna.

II. ANTENNA GEOMETRY AND DESIGN

Fig. 1 shows the configuration of the proposed wideband
CPMA. The antenna is oriented such that the center of the
rectangular patch is at the origin of the coordinate. It consists
of a rectangular patch with a circular-ring-slot along the x-
axis, a meta-surface, and a coaxial feed. As shown in Fig. 1(c),
the meta-surface consists of an array of 7x7 rectangular-ring
unit cells.

The meta-surface is positioned at a height of #; = 3.2 mm
on a FR4 substrate (dielectric constant, & = 4.3 and loss
tangent of 0.02). The rectangular slotted-patch radiator is
placed on the top layer of the FR4 substrate and above the
meta-surface with the thickness of /#, = 1.6 mm. The antenna
is designed to achieve a wideband CP radiation across an
operating frequency band of 3.6 GHz-4.8 GHz. The
dimensions of the optimized antenna are: ground plane
length/width: 88 mm/60 mm, radiating patch: L, = 15.12 mm,
W, = 11.5 mm (aspect ratio, Ar, = 1.315), embedded ring-slot
in the rectangular radiating patch: »; = 2.6 mm, r, = 1.9 mm,
embedded ring-slot location in rectangular patch = L,/4, 0,
meta-surface with 7x7 rectangular-ring unit cells: length, L, =
8.96 mm, width, W, = 5.6 mm, S;= 7.46 mm, and S,, = 0.85
mm (unit cell size: 0.075 A,x0.119 A,, where A, is the free
space wavelength at 4 GHz), distance between the unit cells in
x-direction, d, = 1.52 mm, distance between the unit cells in y-
direction: dy = 1.26 mm, the coaxial feed location: x, = 6.2



mm, y, = 4.0 mm (8= 33°), and overall antenna size: 60.0 mm
x 88.0 mm x 4.8 mm.

A ring-slot in the rectangular patch radiator is able to shift
down the lower edge of the 3-dB AR frequency range. To
avoid possible contact between the coaxial feed and the unit
cells of the meta-surface, a circular area with a radius of 1.85
mm is cut onto the meta-surface. The proposed rectangular
slotted-patch antenna is left-hand CP when its feeding point is
positioned close to the diagonal line with the coordinate of (—
Xp, —¥p) OF (%, Vp). A right-hand CP will be generated when the
feeding point is positioned close to the other diagonal line
with the coordinate of (=x, ¥;,) or (xp, —Vp).
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Fig. 1. Proposed meta-surface based wideband CP rectangular patch
antenna: (a) cross-sectional view, (b), rectangular slotted-patch
radiator, and (c) meta-surface with a 7x7 rectangular-ring unit cells.

A. Operating Mechanism

The operating principle of the proposed CPMA is studied as
follows. Generally, the square slotted/slit/truncated-patch and
nearly-square patch antennas have been used to generate the
narrow band CP radiation. In proposed antenna design, the
rectangular slotted-patch antenna over meta-surface is used to
generate the wideband CP radiation. The field distributions on
the rectangular slotted-patch antenna are shown in Figs. 2(a)-
2(e), respectively, at wt = 0°, 45°, 90°, and 135°. A time
dependent circularly rotated field distribution is observed,
which suggests that the proposed antenna is able to generate a
CP radiation.
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Fig. 2. Field distributions of the proposed rectangular slotted-patch

antenna: (a) wt = 0°, (b) wt =45°, (¢) wt =90°, and (d) wt = 135°.

B.  Unit Cell of Metamaterial-surface

The reflection phase response of the unit cell is studied as
shown in Fig. 3. The phase crosses through the range of +90°
and —90° across a wide frequency range. This provides a
useful reference to determine the operating frequency band of
the meta-surface for wideband antenna design [15]. The
frequency range of the proposed rectangular-ring unit cell
within £90° reflection phase variation is from 1.8 GHz to 4.8
GHz, which suggests the meta-surface using the proposed unit
cell is desirable for wideband antenna design.
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Fig. 3. Reflection phase diagram of the meta-surface unit cell.



C. Antenna with and without meta-surface

Utilization of the meta-surface widens operating bandwidth
and enhances the gain of the proposed antenna. The reason can
be attributed two factors. One is that positioning the meta-
surface underneath the patch radiator results in additional
electromagnetic coupling between the patch and the meta-
surface so that the operating bandwidth is enhanced. The other
one is that the meta-surface improves the field distribution of
the antenna so that the effective aperture of the antenna is
enlarged.

Fig. 4 compares the performance of the antennas in terms of
impedance, axial ratio, and gain, where the reference antenna
without the meta-surface is with the same configuration and
dimensions as the proposed antenna. It is seen clearly that the
meta-surface improves the VSWR<2:1, 3-dB AR bandwidths,
and gain. The VSWR<2:1 bandwidth of the antenna with the
meta-surface reaches 35.6% (3.22 GHz—4.63 GHz) while the
reference antenna realizes 20.8% (4.11 GHz-5.05 GHz) only.
Also, the meta-surface improves the 3-dB AR bandwidth
around seven times when compared with the reference
antenna. The 3-dB AR bandwidth of the antenna with and
without meta-surface is 28.6% (3.58 GHz—4.72 GHz) and
4.25% (4.17 GHz-4.35 GHz), respectively. The gain is
enhanced about 3-dB by the meta-surface. Fig. 5 shows that
the proposed antenna realizes the uniform field distributions
when compared with the reference antenna (Fig. 2) which
helps to enlarge the effective aperture of the proposed antenna.
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Fig. 4. Performance comparison of the antenna with and without
meta-surface: (a) VSWR and (b) AR and gain at the boresight.

Fig. 5. Field distributions on antenna with meta-surface.

III. PARAMETRIC STUDY

The parametric studies are carried out by simulation wherein
only one parameter is changed each time while the others are
kept unchanged. The antenna design dimensions shown in
Section II are used as the reference.

A. Number of unit cells for meta-surface

Fig. 6 shows the 3-dB AR bandwidth and 1-dB gain
variation bandwidth with varying number of the unit cell of
the meta-surface. It is observed that the 3-dB AR bandwidth is
sensitive to the number of unit cells and reaches the maximum
of 28% when the meta-surface is with unit cell array of 7x7.
When the number of the unit cell is zero, namely, the antenna
is without meta-surface; the 3-dB AR bandwidth is only
around 4.3%. However, besides the meta-surface with unit cell
arrays of 6x6 or 7x7, the proposed antenna shows almost the
same 3-dB AR bandwidth of the antenna without meta-
surface. The 1-dB gain bandwidth shows a similar trend with
less variation. The following parametric studies will be carried
out based on the meta-surface of 7x7 unit cell array.
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Fig. 6. 3-dB AR bandwidth and 1-dB gain bandwidth with variation
of number of the unit cells for the meta-surface.

B. Aspect-ratio of rectangular-ring unit cell, Ar,

The variation of the AR at the boresight with varying
aspect-ratio of the unit cell is shown in Fig. 7. It is found that
the Ar, shows significant effect on the 3-dB AR bandwidth.
When Ar, = 1.6, the largest 3-dB AR bandwidth is achieved.
When A4r, = 1 (square-ring unit cell for meta-surface), the AR
becomes poor and the bandwidth reduce dramatically.



C. Spacing between rectangular-ring unit cell, d,and d,

The spacing between the unit cells of the meta-surface in x-
and y-axes also affects the performance of the antenna. The
AR variation across a frequency band with different spacing
between unit cells in x- and y-direction, dy and d,, are
illustrated in Figs. 8 and 9 respectively. The d; affects the 3-
dB AR bandwidth of the proposed antenna more than the d.
The widest 3-dB AR bandwidth is achieved as d;, = 1.52 mm
and dy = 1.26 mm.

D. Aspect-ratio of patch radiator, Ar,

The AR at the boresight with varying aspect ratio of the
patch radiator, Ar,, is plotted in Fig. 10. The widest 3-dB AR
bandwidth is achieved with Ar, = 1.32. The AR is degraded
and 3-dB AR bandwidth is narrowed when Ar, diverges from
1.32. When A4r, = 1, the AR is more than 6 dB across the
desired bandwidth, It indicates that the single-feed slotted
square patch over the proposed meta-surface is unable to
generate the two orthogonal modes with an equal magnitude
for CP radiation.

E. Coaxial Feed Location

The location of the feeding point is with the coordinate of (-
xXoxcos(6), -x,xsin(#)), where x, = 7.35 mm. As shown in Fig.
11, the location of the feeding point exhibits significant effect
on the AR of the antenna. When the feeding point is close to
the diagonal line of the patch (6 = 33°), the wideband CP
radiation (3-dB AR bandwidth) can be achieved. If the feeding
point is positioned apart from the diagonal line, the orthogonal
modes with an equal magnitude and a 90° phase shift are
unable to be maintained so that the CP radiation cannot be
generated.
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Fig. 7. Axial ratio at the boresight with variation of unit cell aspect-
ratio.
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location angle (6).

The design guideline of the proposed antenna is
summarized as follows,

a) Determine the initial dimensions of the rectangular patch
radiator according to the operating frequency, dielectric
material, and antenna size constraint;

b) Design unit cell for the meta-surface. The dimensions of
the rectangular-ring unit cell should be < A,/10. A unit cell
should be with a reflection phase response of £90° exceeding
the required operating frequency band;

¢) Select the number of unit cells for meta-surface based on
the requirements of gain and bandwidth;

d) Determine the position of the feeding point according to
the requirement of the CP radiation; and

e) Optimize the antenna to achieve desired specifications.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

The proposed antenna design was prototyped and measured
in a full anechoic chamber using Midas 5.0 antenna
measurement system. The photo of the prototype antenna is
illustrated in Fig. 12. The simulated and measured 2:1-VSWR
bandwidths are, respectively, 35.6% (3.22 GHz—4.63 GHz)
and 36.0% (3.32 GHz—4.76 GHz) as shown in Fig. 13.

-ig. 12. Photo of pfté)tpe antenna.

The measured 3-dB AR bandwidth is 28.3% (3.62
GHz-4.75 GHz); a good agreement is achieved with the
simulation as shown in Fig. 14. Fig. 15 compares the
simulated and measured gain at the boresight. The measured
3-dB gain bandwidth is 40% (3.2 GHz-4.8 GHz) with
maximum gain of 7.4 dBic at 4.1 GHz. The efficiency of the
proposed antenna is also exhibited in Fig. 15 and it is greater

than 70% across the 3-dB AR bandwidth. The measured and
simulated normalized radiation patterns at 3.75 GHz and 4.25
GHz are plotted in Fig. 16 in both xz- and yz-planes,
respectively. The simulated radiation pattern curves are in
good agreement with the measured radiation patterns in both
planes. The radiation patterns have been measured using a
rotating linearly polarized horn antenna system [16]. The
ripples in the patterns indicate the AR performance against the
angle; the larger the ripple, the worse the AR.
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Fig. 16. Measured and simulated normalized radiation patterns in xz- and
vz-plane: (a) 3.75 GHz and (b) 4.25 GHz.

The measured performances of the proposed antenna are
tabulated in Table I and compared with related published
designs using meta-surfaces in the literature [6-12]. It can be
seen that the proposed antenna is able to generate CP radiation
across a wider bandwidth with a lower profile configuration.
The square patch antennas with composite right/left-handed
(CRLH) mushroom/RIS/meta-surface published in Refs. [6-9]
have compact antenna configurations but narrower 3-dB AR
bandwidth. The dipole antenna over a meta-surface [10] can
achieve the 3-dB AR bandwidth of 5.6% with the larger
overall antenna volume. In Ref. [11], the patch antenna above
a meta-surface was proposed with 3-dB AR bandwidth of
10.6%, which is narrower than that of the proposed antenna in
this work.

TABLE II. COMPARISON OF MEASURED PERFORMANCES OF THE CPMAS OVER
META-SURFACE

Antenna configuration | 10-dB 3-dB Gain Overall Antenna

Return loss| AR (dBic) volume
BW (%) | BW
(%)

Antenna with CRLH 4.60 1.46 298 [0.293%, x 0.293% x
mushroom structure & 0.026)at 2.58 GHz
RIS [6]

Antenna with 4.90 1.68 3.7 10327k x 0.327X X
complementary split- 0.028)at 2.8 GHz
ring resonators and RIS

(7]

Antenna with meta- 2.33 2.33 5.1 ]0.435%, x 0.435%, x
surface [8] 0.019%, at 3.0 GHz
Truncated corners 7.49 2.55 5.54 10.315%, x 0.315), x
square patch 0.0333), at 2.7 GHz

over RIS [9]
Dipole with meta- 24.0 5.6 - 1.163%, x 1.163%, x
surface [10] 0.106A, at 3.5 GHz
Square patch with 14.0 10.6 | 2.5-5.7 |0.77h, < 0.77k, X

0.06), at 2.3 GHz

meta-surface[11]




Proposed antenna 36.0 28.3 | 7.0-7.5 |0.822%, x 1.18%, X
0.06), at 4.0 GHz

V. CONCLUSION

A meta-surface based single-feed rectangular slotted-patch
antenna has been demonstrated to achieve the wideband CP
radiation. The parametric studies have shown that the 3-dB
AR bandwidth is much dependent on the configuration of the
meta-surface, the size of the patch radiator, and the location of
the feeding point. Necessary design guideline has been also
suggested for engineers. The proposed single-feed CP antenna
is low-profile with wideband characteristics and desired for
wideband wireless systems.
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