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ABSTRACT In this paper, the design of a wideband circularly polarized (CP) bowtie slot antenna that
uses metasurfaces is presented. The antenna consists of a single-layer substrate with the metasurface made
of 4 × 4 periodic corner-truncated patches printed at the top side of the substrate and a bowtie-shaped slot
etched on the ground plane. The metasurface made of corner-truncated patches are utilized to convert the
linearly polarized wave into a CP wave. The antenna is fed by a 50-� coplanar waveguide. The antenna,
with an overall size of 42 mm × 42 mm × 2.3 mm (0.71 λo × 0.71 λo × 0.038 λo at 5.1 GHz), was
fabricated and measured. The measured reflection coefficient for |S11| < −10 dB yielded an impedance
bandwidth of 3.75–6.67 GHz (55.7%), an axial ratio (AR) bandwidth of 4.38–5.98 GHz (31.37%), a 3-dB
gain bandwidth of 3.75–6.0 GHz (46.88%), a peak gain of 7 dBic, and a high radiation efficiency of more
than 93% within the AR bandwidth.

INDEX TERMS Bowtie slot, circular polarization, low-profile, metasurface, slot antenna.

I. INTRODUCTION
In recent years, metamaterials have attracted considerable
attention and have been applied to antennas to enhance per-
formance due to their unique abilities to manipulate and
produce electromagnetic waves that are unusual or difficult
to obtain in nature [1]–[3]. As a subfield of metamaterials,
metasurfaces have been widely used to realize low-profile
broadband antennas [4]–[12] and circularly polarized (CP)
antennas [13]–[28]. Recently, CP antennas have become an
attractive source for many satellite and wireless communi-
cation applications owing to their advantage of flexibility in
transmitter/receiver orientations for stable and reliable sig-
nal transmission and reception [26]–[29]. Nowadays, many
planar two-dimensional metamaterial (metasurface) polar-
izers have been designed to realize CP waves from linear
polarized (LP) waves [30]–[32]. Metasurfaces have been
extensively employed in applications involving antennas to
improve antenna performance, such as the enhancement of
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bandwidth, increase in radiation gain, and size reduction for
various types of antennas.

Recently, various linear-to-circular wave conversion struc-
tures have been investigated in metasurface CP antenna
design [15]–[21]. In [15], the authors used 16 unit cells in
a 4 × 4 metasurface layout, with each unit cell having a
rectangular loopwith a diagonal microstrip for LP to CPwave
conversion. However, the antenna had poor mechanical prop-
erties due to the use of an air layer that separated the source
antenna and the metasurface. The authors in [16] proposed a
corner-truncated reconfigurable metasurface antenna without
an air gap. Even though the antenna was compact, its AR
bandwidth was narrow. In [17], a miniaturized antenna using
capacitive loading strips on a corner-truncated patch was
investigated. A pair of capacitive loading strips was inserted
along the diagonal of a corner-truncated patch to achieve an
antenna size reduction of more than 50%. However, both
the impedance bandwidth and AR bandwidth were limited.
In [18], the authors proposed a metasurface structure consist-
ing of four unit cells with parasitic square cross-gaps arranged
in a 2 × 2 layout for LP to CP polarization conversion.
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They achieved a low profile and wide impedance bandwidth
(39.35%), yet the AR bandwidth (17.7%) was narrow.
In [19], another compact metasurface antenna, consisting of
4 × 4 ellipse patches with a 45◦ rotation, was used for the
conversion of LP to CP waves. Although a wide impedance
bandwidth of 20.6% was achieved, a limited AR band-
width was obtained, similar to that reported in [18]. Thus,
the simultaneous enhancement of AR bandwidth and reduc-
tion in antenna size is still challenging, and many studies are
being conducted to address these issues. Some researchers
have proposed techniques to improve AR bandwidth and
impedance bandwidth using different types of metasurface
patches, but they use extremely thick substrates [20], [21].
In [20], a CP slot antenna was proposed using a
corner-truncated metasurface for polarization conversion.
An S-shaped metasurface polarization converter for LP to
CP wave conversion was presented in [21]. Both antennas
achieved wide impedance and AR bandwidths. However,
the use of an extremely thick substrate increases the volume
of the antenna, rendering it bulky and limiting its practi-
cal applications. Slot antennas have numerous fascinating
advantages over microstrip antennas, as they provide wider
bandwidths, good impedance matching, lower radiation loss,
and the possibility of obtaining bidirectional radiation pat-
terns [33]–[35]. A prominent way of increasing the band-
width of a slot antenna is by increasing the width of a
rectangular slot [36] or a bowtie slot [37], [38]. In all previous
works, with polarization converters using slot antennas as
an LP source [16]–[21], the authors employed narrow-width
slot antennas. Even though they employed wideband circu-
larly polarized metasurface patches, they obtained narrow
impedance and AR bandwidths. This paper proposes a novel
method of achieving wide impedance and AR bandwidths
by using a modified bowtie wide slot antenna and cou-
pling it with a conventional wideband LP-to-CP polarization
converter.

This paper presents a low-profile wideband CP stepped
bowtie slot antenna that uses the metasurface made of corner-
truncated patches for the polarization conversion from an LP
wave to a CP wave. The antenna consists of the metasurface
made of 4 × 4 corner-truncated patches placed at the top
of the antenna and a bowtie-shaped wide slot placed at the
bottom of the antenna. The resulting antenna shows good
performance characteristics with a wide impedance band-
width of 3.75–6.67 GHz (55.7%), a wideband AR band-
width of 4.38–5.98 GHz (31.37%), a 3-dB gain bandwidth
of 3.75–6.0 GHz (46.88%), a peak gain of 7 dBic, and a radi-
ation efficiency greater than 93% within the AR bandwidth.
The antenna dimensions are 42 mm × 42 mm × 2.3 mm
(0.71 λo× 0.71 λo× 0.038 λo at 5.1 GHz).

II. ANTENNA GEOMETRY AND DESIGN
The geometry of the proposed antenna is shown in Fig. 1.
The antenna consists of a single layer RO4003 (εr = 3.38,
tanδ = 0.0027) dielectric substrate in the dimensions
42 × 42 × 2.3 mm3. The metasurface is printed on top

FIGURE 1. (a) Corner-truncated 4 × 4 patches, (b) slot etched on the
ground plane, and (c) side view.

of the substrate, and the stepped bowtie slot is etched on
the ground plane on the bottom of the substrate. The meta-
surface is a periodic structure with 16 square metal plates
arranged in a 4 × 4 layout with periodicity P. A truncation
with dimensions of Lc is created on the patches with a size
of Wp × Wp to produce CP radiation, as shown in Fig. 1(a).
The primary radiating element of the antenna is the slot,
as shown in Fig. 1(b). It consists of an inner bowtie slot with
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FIGURE 2. (a) Reflection coefficient, (b) gain, and (c) AR of antenna I and
antenna II.

slot length Ls and width Ws, which determine the resonance
frequency of the antenna, and two small identical rectangular
slots with length Lb and width Wb attached to both edges
of the bowtie slot to provide impedance matching and good
AR of the antenna. The two stubs of lengths Lm and Lo are
used for the impedance matching of the antenna. Excitation
is provided by the 50-� coplanar waveguide (CPW), which
is printed on the bottom of the antenna structure, as shown
in Fig. 1(c). As shown in Fig. 1(b), the feeding position
of the CPW is moved by a distance d along the y-axis
direction, and a coaxial-to-coplanar transition [32], [33] of
widths Wf 1 and Wd is made to connect the coaxial inner
conductor perpendicularly to the CPWcenter conductor.With
the coaxial-to-coplanar transition, the radial electric field of

FIGURE 3. Effect of inner slot length (Ls): (a) reflection coefficient and
(b) axial ratio.

the coaxial cable directly couples on the same plane with
the electric field in the gap of the CPW [32], [39]. This
feeding configuration poses significant advantages over the
conventional method of CPW feeding [25], [40], [41] that
connects the coaxial inner conductor and the CPW center.
The SMA inner conductor is connected perpendicularly to
the CPW center conductor, while the SMA outer conductor
is connected to the ground plane. To ease the fabrication of
the antenna, the inner conductor of the SMA was bent a little
to connect with the center conductor of the CPW, as shown
in Fig. 11(b), and the outer conductor connected to the ground
plane and then bent to the edge of the antenna to make it firm
for antenna measurement. Using the Ansoft High-Frequency
Structure Simulator (HFSS), which is an electromagnetic
wave simulator using a finite element method, the antenna
is determined to achieve low-profile broadband impedance
matching and wideband CP radiation. The optimized design
parameters of the antenna are as follows: P = 10.2 mm,
Wp = 10.1 mm, Lc = 4 mm, g = 0.1 mm, Wf = 0.4 mm,
Ls = 20 mm, Ws = 8.3 mm, Wd = 1.2 mm, Wf 1 = 0.8 mm,
Lm = 3 mm, Lo = 9.2 mm, Wo = 2 mm, Wm = 2.4 mm,
Lb = 2 mm, Wb = 1 mm, d = 10.1 mm, W = 42 mm, and
h = 2.3 mm.
The design guidance and methodology of the proposed

antenna were:
1. The antenna was designed using a conventional bowtie

slot structure with symmetric flare angles to operate at
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FIGURE 4. Effect of inner slot width (Ws): (a) reflection coefficient and
(b) axial ratio.

the desired frequency. The antenna consists of an inner
bowtie slot (Ls, Ws), which determines the resonant fre-
quency. The slot length (Ls) is about half the effective wave-
length at the operating frequency. For the antenna feeding,
a coaxial-to-coplanar transition of widths Wf 1 and Wd is
performed.

2. The bowtie slot was modified by introducing two identi-
cal rectangular slots at both edges to provide good impedance
matching and AR. Two stubs were also employed to further
provide good impedance matching.

3. Design the unit cell of the metasurface (P, Wp, Lc) over
the target operating frequency band.

4. The antenna with the unidirectional radiation pattern is
obtained by stacking the metasurface layer above the radia-
tor. Finally, the antenna parameters of both the bowtie wide
slot antenna and the corner-truncated metasurface patch are
adjusted for wide impedance and AR bandwidths.

For a better understanding of the operational mechanism of
the proposed antenna, the stepped bowtie-shaped slot antenna
structure is simulated without the metasurface (Antenna I),
and its antenna characteristics are compared with those of the
proposed stepped bowtie-shaped slot coupled with the meta-
surface made of 4× 4 corner-truncated patches (Antenna II).
The simulated results for |S11|, the gain, and the AR for
Antenna I and Antenna II are shown in Fig. 2. Antenna I
achieves an impedance bandwidth of 38.9%, which covers

FIGURE 5. Effect of outer slot length (Lb): (a) reflection coefficient and
(b) axial ratio.

4.7 to 7 GHz, as shown in Fig. 2(a), a peak gain of 4.3 dBi,
as shown in Fig. 2 (b), and an AR > 40 dB, as shown
in Fig. 2(c). By introducing a metasurface composed of
4 × 4 corner-truncated square patches, Antenna II achieves
a wide impedance bandwidth of 56.7%, which covers 3.75 to
6.7 GHz, as shown in Fig. 2(a), a peak gain of 7.2 dBic,
and a wide 3-dB AR bandwidth of 31.76% (4.36–5.98 GHz),
as shown in Figs. 2(b) and 2(c), respectively. Antenna I
(slot only) produces bidirectional radiation where almost half
of the power is radiated in the backward direction, which
leads to low directivity in the forward direction and limits
its applications. The introduction of metasurface (Antenna II)
above Antenna I improves the front-to-back ratio by reducing
the backward radiation (–z-axis) and enhancing the gain at the
broadside (+z-axis) due to the strong coupling of the slot to
the metasurface causes the antenna to radiate more power in
the broadside direction. At 5.1 GHz, the front-to-back ratio
is 0.4 dB without the metasurface whereas the front-to-back
ratio is 10.9 dB with the metasurface. The right-hand (RH)
CP is dominant over the left-hand (LH) CP fields, and uni-
directional radiation is achieved. The impedance bandwidth
of Antenna II is wider compared with that of Antenna I,
as shown in Fig. 2(a), because the metasurface in Antenna II
creates additional resonance, which increases the impedance
bandwidth. As shown in Fig. 2(c), Antenna I is linearly polar-
ized, as its AR is greater than 40 dB; however, Antenna II
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FIGURE 6. Effect of patch size (Wp): (a) reflection coefficient and (b) axial
ratio.

produces CP waves with an AR of less than 3 dB that covers
4.36–5.98 GHz. CP radiation is achieved in Antenna II due
to the presence of the corner-truncated metasurface that con-
verts the LP wave produced by Antenna I into a CP wave.
The mechanism of CP generation and unit cell analysis of
the corner-truncated metasurface patch has been investigated
in [20] and [42]–[44]. The E-field (E) produced by Antenna I
is resolved into two orthogonal components (E1 and E2)
when it interacts with the corner-truncated metasurface in
Antenna II. Wideband CP radiation is obtained by adjusting
the parameters of the metasurface to obtain |E1| = |E2| and
6 (E1–E2) = 90◦.

III. PARAMETRIC STUDY
The simulation and optimization of the proposed antenna
were performed using an Ansys HFSS. The effects of crucial
antenna parameters on antenna characteristics were investi-
gated. First, the response of the antenna was determined when
all the parameters were fixed at their optimal values. Second,
one design parameter at a time was varied during the para-
metric study. The key antenna parameters included the inner
slot length (Ls), inner slot width (Ws), outer slot length (Lb),
patch size (Wp), cut size (Lc), feedline width (Wf ), and stub
length (Lm). The simulated reflection coefficient and AR of
the optimized antenna with the design parameters given in
Section II are presented in Figs. 12 and 14, respectively. The
antenna exhibits an |S11|< –10 dB, an impedance bandwidth

FIGURE 7. Effect of cut size (Lc ): (a) reflection coefficient and (b) axial
ratio.

of 56.7% covering 3.75–6.7 GHz, and an AR bandwidth
of 31.76% covering 4.36–5.98 GHz.

The effect of varying the inner slot length (Ls) on the
reflection coefficient and AR is shown in Figs. 3(a) and (b),
respectively. As the inner slot length increases from 10mm to
20 mm, the resonance shifts to lower frequencies, as shown
in Fig. 3(a). As shown in Fig. 3(b), as the inner slot
length increases from 10 mm to 20 mm, the AR bandwidth
moves to lower frequencies. The effect of varying the inner
slot width on the reflection coefficient and AR is shown
in Figs. 4(a) and (b), respectively. As shown in Fig. 4(a),
as the inner slot width (Ws) increases from 4.3 mm to
8.3 mm, the resonance also shifts to lower frequencies.
An increase in the inner slot width (Ws) lowers the AR,
as shown in Fig. 4(b). The effect of varying the outer slot
length (Lb) on the reflection coefficient and AR is shown in
Figs. 5(a) and (b), respectively. As shown in Fig. 6(a), as the
outer slot length (Lb) increases from 2 mm to 6 mm, there
is a slight shift in the resonance frequency towards lower
frequencies, and the antenna is better matched. Additionally,
as the outer slot length (Lb) decreases from 6 mm to 2 mm,
the AR is lowered, as shown in Fig. 5(b). The effect of varying
the metasurface patch size (Wp) on the reflection coefficient
and AR is shown in Figs. 6(a) and (b), respectively. As shown
in Fig. 6(a), as the metasurface patch size (Wp) increases from
8.1mm to 10.1 mm, there is a shift in the resonance frequency
towards lower frequencies.
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FIGURE 8. Effect of feedline (Wf): (a) reflection coefficient and (b) axial
ratio.

Similarly, as shown in Fig. 6(b), an increase in the meta-
surface patch size (Wp) from 8.1 mm to 10.1 mm shifts
the AR bandwidth to lower frequencies. An increase in the
metasurface patch size leads to an increase in the overall size
of the radiator and, thus, a shift in the resonance to lower
frequencies. This phenomenon corresponds to resonant the-
ory, in which resonance is inversely proportional to radiator
size. The effect of varying the metasurface cut size (Lc) on the
reflection coefficient and AR is shown in Figs. 7 (a) and (b),
respectively. An increase in the metasurface cut size leads to
a decrease in the metasurface patch size, and a decrease in the
metasurface cut size leads to an increase in the metasurface
patch size. Thus, when the cut size increases from 3.6 mm
to 4.4 mm, there is a slight shift in the resonance frequency
to a higher frequency due to the decrease in the metasurface
patch. When the corner cut size Lc is increased from 3.6 mm
to 4.0 mm, AR is lowered and well matched with AR< 3 dB,
as shown in Fig. 7(b); however, increasing Lc also leads to
a decrease in the AR bandwidth. The effect of varying the
feedline width (Wf ) on the impedance and AR is shown in
Figs. 8(a) and (b); when the feedline width Wf = 0.1 mm,
the impedance of the antenna is not fully matched. As Wf
increases to 0.4 mm and 0.7 mm, the resonance frequency
decreases, good impedance matching is obtained, and a wide
impedance bandwidth is achieved. An increase in the feedline
width (Wf ) lowers the AR, as shown in Fig. 8(b).

FIGURE 9. Effect of stub length (Lm): (a) reflection coefficient and
(b) axial ratio.

FIGURE 10. Gain and radiation efficiency.

The effect of varying the stub length Lm on the impedance
and AR is shown in Figs. 9(a) and (b). Decreasing Lm from
15.0 mm to 3.0 mm lowers the impedance of the antenna.
At Lm = 3.0 mm, the impedance is well matched. Similarly,
as shown in Fig. 9(b), decreasing the stub length (Lm) low-
ers the AR. The gain of the antenna and its radiation effi-
ciency are presented in Fig. 10. The antenna exhibits stable
gain characteristics with a peak gain of 7.15 dBic at the
broadside direction for (phi = 0◦) and (theta = 0◦) and
shows a high radiation efficiency of more than 93% within
the AR bandwidth. The simulated radiation patterns in the
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FIGURE 11. Fabricated sample of the proposed antenna: (a) top view and
(b) bottom view.

FIGURE 12. Measured and simulated reflection coefficient values.

FIGURE 13. Measured and simulated gain.

x-z and y-z planes for both RHCP (i.e., co-polarization) and
LHCP (i.e., cross-polarization) at 5.1 GHz are presented
in Fig. 15.

FIGURE 14. Measured and simulated axial ratio.

FIGURE 15. Simulated and measured RHCP (co-polarized) and LHCP
(cross-polarized) at (a) 4.6 GHz, (b) 5.1 GHz, and (c) 5.6 GHz.

IV. EXPERIMENTAL RESULTS
For verification, the proposed wideband metasurface-based
antenna was fabricated and measured. Fig. 11 shows the
fabricated sample of the prototype. For S-parameter measure-
ments, an Agilent N5230A network analyzer and a 3.5-mm
coaxial calibration standard GCS35M were employed.
Far-field measurements were conducted at the RFID/USN
Center, Incheon, in the Republic of Korea. For radiation
pattern measurements, a full anechoic chamber and an
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TABLE 1. Performance comparison of the proposed antenna with other
antenna designs.

Agilent E8362B network analyzer were employed. The pro-
posed wideband metasurface-based antenna was used for
reception, and a standard wideband horn antennawas used for
transmission. The transmission distance of 10 m was estab-
lished between the antennas to satisfy the far-field condition.
The proposed antenna was rotated from –180◦ to 180◦ at
3◦/s and a 1◦ scan angle while the horn antenna remained
fixed. Overall, the results of the proposed antenna show good
agreement between the simulated and measured data. There
exist minimal disparities between the measurements and the
HFSS simulations, and this may be due to the slight alignment
errors during fabrication. Fig. 12 shows the measured and
simulated reflection coefficients for the fabricated antenna.
The measured impedance bandwidth for |S11| < −10 dB
is 3.75–6.7 GHz (56.7%), which is similar to the simulated
impedance bandwidth of 3.75–6.67 GHz (55.7%).

Fig. 13 shows the measured and simulated gains for the
proposed antenna with a simulated peak gain of 7.15 dBic
and a measured peak gain of 7 dBic at the broadside
direction for (phi = 0◦) and (theta = 0◦). The AR and
radiation patterns of the fabricated prototype (at 4.6 GHz,
5.1 GHz, and 5.6 GHz) were measured and are shown
in Figs. 14 and 15, respectively. Fig. 14 shows the measured
and simulated AR bandwidth of the proposed antenna. The
simulated AR bandwidth is 4.36–5.98 GHz (31.76%), and
the measured AR bandwidth is 4.38–5.98 GHz (31.37%).
The measured and simulated radiation patterns are shown in
Fig. 15. As shown in Figs. 15 (a), (b), and (c), respectively,
the measured and simulated radiation patterns at 4.6 GHz,

5.1 GHz, and 5.6 GHz show good symmetrical RHCP and
low cross-polarization.

Table 1 compares the performance of the proposed antenna
with that of other unidirectional antenna designs described in
the literature. The selection criteria of the [15] and [17]–[21]
comparison tables was based on comparing our design’s size,
impedance bandwidth, AR bandwidth, and gain to previous
state of arts which used single radiating element LP source
and an LP to CP polarization conversion metasurfaces which
was stacked above the radiator. Our proposed antenna shows
a wide impedance bandwidth, wide 3-dB AR bandwidth,
and low profile compared with the other aforementioned
antennas [15], [17]–[21].

V. CONCLUSION
In this paper, a low-profile wideband CP antenna is pre-
sented. The low-profile wideband antenna consists of the
metasurface made of 4 ×4 corner-truncated patches placed
on top of the antenna, and a bowtie-shaped slot etched on
the ground plane placed at the bottom of the antenna. The
corner-truncated metasurface patches are used for the con-
version of LP to CP radiation. The proposed antenna has
a compact structure with a low profile of 0.038 λo. The
measured results show that the antenna has an impedance
bandwidth of 3.75–6.67 GHz (55.7%), an AR bandwidth
of 4.38– 5.98 GHz (31.37%), a 3-dB gain bandwidth of
3.75–6.0 GHz (46.88%), a peak gain of 7 dBic, and a high
radiation efficiency of over 93%. Because of its low profile
and compact structure, wide impedance bandwidth, and wide
axial ratio bandwidth, the proposed antenna is suitable for
C-band satellite communication.
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