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Abstract: A single-feed dual-band circularly polarised (CP) patch antenna is proposed. The antenna consists of a corner-
truncated square patch antenna and a superstrate composed of a lattice of 2x2 metallic patches surrounded by parasitic
elements. The driven patch generates one resonant mode. The metasurface with parasitic elements excites two additional
resonant modes (TM10 and TM20). The combined resonances result in minimum axial ratio (AR) points, and a good dual-
band CP operation is achieved. Simulations show that the antenna has a CP operating bandwidth of 40 MHz centered at
3.72 GHz (1.07%), and a CP operating bandwidth from 5.37 to 6.05 GHz (11.9%). The simulated gain is about 7.05-7.1 dBic
for the low frequency band and 4.17-6.07 dBic for the high frequency band, respectively. Measurements and simulations

are in good agreement.

1. Introduction

Dual- or multi-frequency operation antennas have
received significant attention because they can meet the
multiple demands in modern wireless communication
systems [1]. It is also known that circularly polarized
antennas have better robustness to multipath distortion and
polarization mismatch losses between the transmitter and the
receiver. Many typical techniques have been used to realize
dual-band CP operation [1], such as stacked or parasitic
patches, multiple feeds, etc.. However, these approaches
always tend to yield a lower gain, a lower polarization purity,
extra volume, or a complex feeding network.  More recently,
metamaterials, including composite right/left-handed
transmission lines (CRLH TLs), artificial magnetic
conductors (AMCs), electromagnetic band gaps (EBGS),
high-impedance surfaces (HISs), reactive impedance surfaces
(RISs), have been introduced in the design of conventional
antennas [2-5] for size reduction, and wideband / multiple
band operation. They provide several novel approaches to
reach these goals [6-8].

These methods can be categorized into four types
according to the placement of the metamaterials. The first
type concerns the antenna backed by a metamaterial-based
reflector. Dual-band/multiband antennas can be obtained by
locating dual-band/wideband conventional antennas on a
dual-resonant AMC [9-11]. A dual-band circularly polarised
(CP) antenna was designed by utilizing the high band
generated by the radiator and the low band caused by the
AMC reflector [12].

The second type relates to placing metamaterials between
the patch and ground plane. A multi-band patch antenna was
presented by replacing the conventional substrate with a
metamaterial structure [13]. Dual-band and dual-mode
antennas with dual-polarization were realized by loading
EBGs [14]. A dual-band microstrip antenna with
omnidirectional and unidirectional CP radiation was designed
by employing a CP patch radiator loaded with modified EBGs
[15].

The third type considers patch radiator loading with
metamaterials. For example, the complementary split ring
resonator (CSRR) has been widely used in patch antennas for
dual-band applications [16-20]. Epsilon negative
transmission lines (ENTLS) [21, 22], CRLH TLs [23-29], and
left-handed (LH) structures [30] were loaded in conventional
antennas for dual-band/multi-band operation. These
approaches achieve dual/multiple operating bands with
dual/multiple modes effectively, but have a drawback, the
narrow bandwidth.

The fourth type concerns integrating the metamaterial-
based superstrate on top of the patch antenna. A one-
dimensional EBG-based two layered superstrate with a
positive reflection phase gradient in two bands was designed
for a dual-band high-gain Fabry-Perot antenna [31], with a
large volume. A metasurface was integrated with a dual-band
patch antenna to reach a monopole-like pattern with a low
profile [32]. However, it can be seen that most of the research
referred to concerns linearly polarised (LP) radiation [31, 32].
In this paper, a dual-band compact CP antenna with a novel
superstrate is presented. The superstrate consists of a
metasurface with surrounding parasitic elements. The driven
antenna is a corner-truncated square patch antenna. The
proposed design achieves two resonant modes in the high
frequency band by introducing a metasurface with parasitic
elements while keeping the CP radiation of the driven patch
antenna, offering a potential solution for dual-band
communications. The paper is organized as follows: Section
Il presents the design and analysis of the proposed antenna.
Section 11l gives the measured results of the fabricated
prototype. Finally, Section IV concludes the work.

2. Design and analysis of the proposed antenna

2.1. Configuration

The schematic of the proposed dual-band CP patch
antenna is shown in Fig. 1. It is composed of a metasurface
consisting of 2>2 metallic square patches with surrounded
parasitic elements printed on the top substrate, and a corner
truncated square patch antenna printed on the bottom
substrate. The unit cell patch of the metasurface has a



dimension a, and the patch of the parasitic element has a
dimension a,. The period dimension of both patchesis p. The
patch antenna is a square patch element (I x ) with square
truncations in two corners of size b x b. Both substrates have
a dielectric constant of 3.5 and a dielectric loss tangent of
0.003. The design is compact because no air gap is used
between the superstrate and the patch element. Numerical
simulations and optimizations have been carried out using
CST Microwave Studio. The final parameters are: p = 12
mm, a; = 10mm, a, = 11.5mm, L = 48mm, w, = 3.5mm,
lf =5mm, !l =17mm, b = 4.3mm, h; = h, = 1.5 mm.
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Fig. 1. Schematic of the proposed antenna
(a) top view, (b) side view, (c) patch antenna.

2.2. Design process and performance

The design process of the proposed antenna is depicted in
Fig. 2. Fig. 2(a) gives the schematic view of a traditional
square patch antenna with two square truncated corners. The
antenna is fed by a coaxial probe and an extended strip is used
for better impedance matching. Fig. 2(b) shows a corner-
truncated patch antenna covered with a metasurface-based
superstrate. The metasurface consists of 2>2 square patches.
Fig. 2(c) depicts the introducing of surrounding parasitic
square patches.
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Fig. 2. Design process of the antenna

(a) driven patch antenna (Ant. 1), (b) metasurface-based
antenna (Ant. 2), (c) metasurface-based antenna with

parasitic elements (Ant. 3).

The simulated S11 and AR of the driven patch antenna
without the superstrate (Ant. 1), the topology with
metasurface (2>2 square patches) only (Ant. 2), and the final
topology with parasitic elements (Ant. 3) are compared in Fig.
3. The impedance matching and CP radiation performance of
the driven patch antenna are not very good. A minimum S11
point occurs at 4.46 GHz with S11=-4.62 dB, and a minimum
AR point occurs at 4.60 GHz with AR=16.89 dB (f1). For the
topology with the metasurface composed of 2>2 square
patches, the impedance matching bandwidth is improved. A
S11<-6 dB is obtained in the bands 3.61-4.11 and 5.27-5.56
GHz. The CP performance is not good in these bands, since
minimum AR points are seen at 5.80, 6.00 and 6.80 GHz (f2,,
fan, and fac). The minimum AR point in the higher frequency
region (fa) is not considered as it is caused by a high-order
mode. For the final proposed topology, containing the outer

smaller patches, the impedance matching in the higher band
is further improved and an S11<-10 dB is obtained in the
bands 3.60-3.93 GHz and 5.20-6.84 GHz. Three 3-dB AR
bands are achieved and four minimum AR points at 3.72, 5.50,
6.05 and 6.50 GHz (f2a, fan, f2c, and faq) are generated. The
highest resonance is caused by a high-order mode.
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Fig. 3. (a) S11, (b) AR of the antennas.

In order to understand the effects of the superstrate, a
qualitative analysis based on an equivalent circuit model is
given in Fig. 4. After integrating the 2>2 square patches on
the driven patch antenna, the frequency fi shifts to the lower
one f, due to the capacitance (Co) generated by the driven
patch and top metasurface. Besides, two resonant modes (f
and fy) are excited. By employing parasitic unit cells,
additional inductances (L) and capacitances (C;) are
introduced to further reduce the operating bands and improve
CP performance.
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Fig. 4. Additional inductances and capacitances introduced
by the superstrate.

2.3. Dual-band mechanism and analysis
According to the design process discussed above, the
resonance in the first band comes from the driven patch,
which is affected by the perturbation of the patch shape [1].
For the second band, the distribution of the total amplitude of
the electric field and a qualitative sketch of the field lines at
5.5 and 6.05 GHz in the yoz-plane are presented in Fig. 5. It
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is clearly seen that the electric field distributions generated by
the metallic patches and driven patch antenna correspond to
the TMyo and the antiphase TMzo modes, respectively. Similar
to the wideband linearly polarised (LP) antenna of [11],
which is also based on two resonant modes, the wide bands
for the impedance matching and the 3-dB AR are ensured by

the combination of the two resonant modes.
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Fig. 5. Electric field distribution and sketch diagram of
resonant modes at 5.5 GHz and 6.05 GHz.

A transmission-line model [1] can be used to further
investigate the properties of the considered topology: a
corner-truncated driven patch antenna covered by a
metasurface and backed by a metallic ground plane. In a
uniform transmission line loaded with a periodic unit cell, the
surface wave is TM dominant and the resonances for the TM1g
and the antiphase TMz modes are roughly determined by the

equations:
T

Bm(TMlO) = Nxp ()
2
Bm(TMzo) = Nx_n )

Xp

Where B, rumy)@Nd Br(rm,y) rEPresent the propagation
constants of the corner truncated unit cell, N is the number of
cells, and p is the period of the unit cell.

Fig. 6 gives the dispersion diagram of the metasurface unit
cell. The resonant frequencies calculated by (1) and (2) for
the TM1 and TMzo modes are 4.60 and 5.42 GHz, respectively.
These two frequencies correspond to the frequencies 5.50 and
6.05 GHz in the second band of the proposed antenna. The
discrepancy is mainly due to the finite number of unit cells

and the influence of the parasitic patches.
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Fig. 6. Dispersion diagram of the inner unit cell.

The surface current distributions on the driven patch and
the metasurface at the minimum AR points in the lower
frequency band (corresponding to the broadside beam) and
higher frequency band (corresponding to the off-broadside
beam) are given in Fig. 7 and Fig. 8, respectively. In Fig. 7,
on the driven patch the current flows vertically at feeding
phase 0°, and horizontally at feeding phase 90°. This means
that RHCP is generated by the patch. On the metasurface the
current flows in nearly the same directions as the current on

the driven patch but weaker magnitudes, reinforcing the CP
behavior.

In Fig. 8, on the driven patch the current flows in the
diagonal direction (from down left to top right) at feeding
phase 0°, and from down right to top left at feeding phase 90°.
Again, this means that CP is generated by the patch. On the
metasurface the current flows in almost the opposite
directions as the current on the driven patch, again reinforcing
the RHCP behavior.
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Fig. 7. Surface currents at the minimum AR point in the
lower band.
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Fig. 8. Surface currents at the minimum AR point in the
higher band.

2.4. Parametric studies



To understand the performance of the dual-band behavior,
a parametric study has been carried out, investigating the
effects of metasurface and parasitic elements. Comparing Fig.
9 (a) and (c), it is seen that changing the sizes of metasurface
and parasitic unit cells has little influence on the low band,
which verifies that the first resonant frequency is generated
by the driven patch antenna. Besides, it can be seen that the
metasurface unit cells play a more important role in the
impedance matching in the high band. With the increase of
the patch size ai, the impedance matches better. The variation
of the parasitic patch size a, has little influence on the
impedance characteristics. According to Fig. 9(b) and (d), the
variation of both the metasurface and parasitic elements has
an impact on the axial ratio characteristics of the high band.
Thus, the performance of the high band can be adjusted by
optimizing the parameters of the superstrate independently
with little impact on the low band.
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Fig. 9. S11 and AR for different parameters
(a) S11 with different a;, (b) AR with different as, (c) S11
with different az, (d) AR with different a,.

3. Measurements

To verify the new concept, a prototype was fabricated and
measured, as shown in Fig. 10(a). The measured impedance
bandwidth is given in Fig. 8(b). It can be seen that in the
measurements S11<-10 dB in the two bands of 3.60-4.15
GHz and 5.67-7.60 GHz, which is in good agreement with the
simulations. Fig. 10(c) presents the measured and simulated
AR and gain. The 3-dB AR bandwidths are 5.4-5.7 GHz and
50 MHz around 3.80 GHz, respectively. Meanwhile, the
measured gain is about 7.10-7.20 dBic in the low band and
6.55-6.82 dBic in the high band, respectively. The frequency
shift and other discrepancies between experiments and
simulations are very reasonable, considering the normal
fabrication tolerances and measurement errors.
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Fig.10. (a) Front views of driven patch antenna and
fabricated metamaterial. Simulated and measured results,
(b) S11, (c) AR and gain.

Measured and simulated radiation patterns in xoz-plane
and yoz-plane at 3.75 and 5.5 GHz are shown in Fig. 11. The
proposed antenna is RHCP. A good agreement between the
measured and simulated results is obtained. A major
disagreement is seen in the xoz-plane at the lower frequency,
where the measured LHCP is significantly higher than the
simulated one. Since the discrepancy is only in one plane, this
could be caused by the unbalanced currents on the connected
feed line and cables used in the measurement. The agreement
of the RHCP in the two bands is very good. At 3.75 GHz, the
experimental results show half-power beamwidths (HPBWSs)
of 90° and 85° in the xoz- and yoz-planes, respectively. At
5.5 GHz, over 75° HPBWs are obtained in the xoz- and yoz-
planes. An off-broadside beam is observed in the high band
due to the influence of the non-center feed of the driven patch
antenna, but the AR along +z direction is still lower than 3
dB.
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Fig.11. Measured and simulated radiation patterns
(@) 3.75 GHz, (b) 5.5 GHz

The performance of several single-feed metamaterial-
based dual-band CP antennas found in literature is
overviewed in Table I. It can be concluded that the proposed
antenna has a wider fractional bandwidth (FBW) for both
impedance (IMBW) and AR (ARBW) in overall. Besides,
comparing with dual-band metamaterial-based antennas with
unidirectional radiation pattern, the proposed antenna has a
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higher average radiation gain. The proposed antenna also has
a higher gain compared with the unidirectional antenna
presented in [12]. The cavity backed antenna in [19] produces

on average a gain which is 1.6 dB higher, but at the cost of a
significantly higher volume.

Table I Comparison of single-feed metamaterial-based dual-band CP antennas in literatures

Refs. | IMBW ARBW Polari- Radiation Gain Size( 42) Method
CF(GHz)/ | CF(GHz)/ | zation Pattern (dBic) | and substrate
FBW FBW

[12] 1.2675/ 1.23/ RHCP Unidirectional 5.60 0.3485%0.348x0.047 Radiator and AMC
11.44% 3.25% g =102and ¢ =22 (TMO1)
1.6125/ 1.565/ RHCP Unidirectional 5.31
10.85% 3.83%

[15] 1.789/ 1.726/ CP Omnidirectional | Not 0.5753%x0.5753x0.0144 | Radiating  patch
1% Single given £ =22 and EBG (n=0,+1

frequency mode)

2.053/ 2.032/ RHCP Unidirectional
2% 1%

[19a] | 3.09/ 3.205/ LHCP Omnidirectional | 5.9 0.7478%0.7478%0.0171 | Corner-truncated
14.89% 3.2% & =44 square slot and
4.68/ 4.85/ LHCP Omnidirectional | 6.2 split-ring resonator
10.26% 4.2%

[19b] | 3.115/ 3.1/ LHCP Unidirectional 8.4 0.7233%0.7233%0.125 [19a] with a
17.66% 4.19% & =44 backed cavity
4.665/ 4.75/ LHCP Unidirectional 8.7
7.07% 2.11%

[21] 1.85/ 1.85/ LHCP Omnidirectional | -0.24 0.2035%0.2035%0.0231 | ENG TLs (n=0,+1
0.54% >0.54% & =22 mode)
2.8925/ 2.89/ RHCP Omnidirectional | -0.51
1.14% >0.49%

[29] | 2.385/ 2.455/ LHCP Omnidirectional | 0.1 0.83x0.96x0.03 MNG TLs (n=0,+1
6.3% 10.2% & =44 mode)
3.46/ 3.485/ LHCP Omnidirectional | 2.1
8.1% 7.7%

This | 3.765/ 3.72/ RHCP Unidirectional 7.15 0.5952%0.5952x0.0372 | Radiating  patch

work | 8.76% 1.07% & =35 and  metasurface
6.02/ 5.71/ RHCP Unidirectional 6.68 with parasitic
27.24% 11.9% elements

J,- free space wavelength corresponding to the lowest resonant frequency

4, Conclusion

A single-feed dual-band CP patch antenna based on a
metasurface with parasitic elements was proposed. The low
band is generated by the driven patch antenna. Two minimum
AR points in the high band are excited by the metasurface
consisting of a lattice of 2>2 metallic patches. The parasitic
elements are introduced to enhance impedance bandwidth
and CP radiation. The performance in the high band can be
adjusted independently. A prototype was fabricated and
measured, showing a good agreement with simulations, and
verifying the performance of the antenna. The dual-band CP
operation covers the part of standard C-band transmit (5.850-
6.425 GHz) and receive (3.625-4.200 GHz) frequency bands,
which shows that the structure has the potential to be used in
dual-band applications.
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