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ABSTRACT In this paper, a multi-state circularly polarized antenna with gain enhancement is proposed
based on the polarization conversion metasurface(PCM). The antenna is composed of a simple monopole
antenna and amodified PCMcoatingwhich ismade up of a series of arrow-shaped elements distributed partly
on the back of the substrate. The dimension of the antenna is 42× 43mm. And Genetic Algorithm (GA) is
adopted to obtain the best performance of the PCM. The coating is used as a reflector, compared with the
radiating wave, the amplitude of the reflected wave is equal and the phase is 90◦ difference. Therefore,
circularly polarized antenna is obtained with a low profile. By rotating the orientation of the element,
the antenna changes from LHCP to RHCP which means the antenna can work in multi-state. In addition,
the gain of the antenna is improved. Both of the simulated and measured results have verified the design.
The simulated and measured results show that the operating band of the proposed CP radiation is 10.2 to
10.9 GHz. And the gain is improved for 1 dB in average with the peak being 2 dB at 10.9 GHz.

INDEX TERMS Polarization conversion, multi-state, metasurface, genetic algorithm, circularly polarized,
gain enhancement.

I. INTRODUCTION
With the speed development of wireless communications,
circularly polarized (CP) antennas have drawnmore andmore
attention due to their advantages in improving the polar-
ization efficiency. Circularly polarized antennas are promi-
nent in communication systems due to the flexibility in
the arrangement of antennas at both trans-receiver side and
also reduce the losses occurring due to the Faraday rotation
effects [1]. On the other hand, a CP antenna is advantageous
for the positional freedom of the receiver [2], [3]. In recent
years, metasurface antennas have been used to reduce the
antenna profile [4], enlarge the operating band [5], [6],
full-space wave control [7], [8] and improve the directivity of
the antenna [9], [10]. The researchers can convert a linearly
polarized wave into the cross-polarized one to achieve the
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multi-function. In [11], the authors proposed a metasurface
combined with a microstrip antenna to convert LP to CP
signals. A combination of an microstrip antenna array with
metasurface was proposed in [12]. The structure obtained
an AR BW bigger than 200 MHz, but the structure was
large and very complex. The polarization conversionmetasur-
face (PCM) is a kind of artificial surface that can effectively
convert a linearly polarized wave into the cross-polarized
one [13]–[18]. In recent decades, various antennas based on
PCM have been widely researched. CP waves can be gener-
ated by the polarization conversion metasurface [19]. In [20],
the polarization conversion ratio of the proposed double
V-shaped PCM could reachmore than 90%. In [21], the polar-
ization conversion ratio of the proposed fishbone-shaped
PCM could reach more than 50% with the relative bandwidth
of 103.6%. However the structures of these antennas are
somewhat complicated and are not very available for actual
uses.
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In this letter, a low profile and high gain circularly polar-
ized antenna based on PCM structure is proposed. We adopt
the genetic algorithm (GA) to obtain the best performance
of the antenna [22], [23]. By rotating the orientation of the
element, the antenna changes from LHCP to RHCP which
shows the polarization reverse characteristic. This means
the antenna can work in multi-state and provides a great
freedom for the practical application. The proposed antenna
is fabricated to verify the design. From the simulated and
measured results, we can see that the operating bandwidth
of the CP radiation can reach 10.2 to 10.9 GHz. Meanwhile,
the gain of the proposed antenna has been improved for more
than 1 dB in the operating band. Moreover, the antenna is
both simple in design and fabrication which demonstrate the
suitability for the actual uses. The paper includes five parts.
First, we discuss the design and optimization of the proposed
antenna in section II. And then, the experimental results and
discussion are presented in section III. Finally, the work is
concluded in section IV.

II. DESIGN AND OPTIMIZATION
OF THE PROPOSED ANTENNA
A. STRUCTURE AND EVOLUTION OF THE ELEMENT
Figure 1 shows the structure of the proposed PCM element
which is composed of two T-shaped patches placed along
the diagonals of the rectangle. The element is printed on an
FR4 substrate with a thickness of H1 = 0.8 mm, relative per-
mittivity of εr = 4.4, and loss tangent of 0.02. The geometry
sizes of the element are as follows: A = 7 mm, H = 2.1 mm,
W3 = 1 mm, W4 = 0.2 mm, L7 = 4.1 mm, L8 = 1.8 mm.
The high-frequency structure simulator (ANSYS HFSS 13.0)
is used to simulate and study the antenna structure.

FIGURE 1. Configuration of the proposed element. (a) Top view (b) Side
view.

The simulated reflection coefficient and polarization con-
version ratio of the proposed PCM element are given
in Figure 2 (a) and (b) respectively. It can be seen that the
operating band of the PCM element is ranging from 7.83-
23.69GHz with the condition of reflection coefficient less
than -10 dB. In Figure 2 (b), we can see that the operating
band is ranging from 11.5GHz to 22.0GHz with the PCR
greater than 90%. This curve means that in the operating
band, more than 90% of the linearly polarized incident power
can be converted into its cross-polarized power.

Figure 3 shows the relatively reflected phase curves
of the proposed element (designed unit cell) and PEC.

FIGURE 2. Simulated performances of the proposed PCM. (a) Reflection
coefficient. (b) Polarization conversion ratio.

FIGURE 3. Relative reflection phase of the proposed element.

From the given curves, we can clearly see that when the
plane is illuminated by a 0◦ relative phase incident wave,
a nearly−90◦ relative reflected phase can be obtained on the
proposed element. And a 180◦ relative reflected phase can be
obtained on the PEC. The relatively reflected phase curve of
PEC is constant while that of proposed element is changing
with a minor variation. To better understand the mechanism
and design process, the evolution of the PCM element and
the simulated reflection coefficient of the elements are given
in Figure 4 and Figure 5. It can be seen that the reflection
coefficient of the simple rectangle element is narrow. And
then, the rectangle is modified by adding two branch along
the diagonals. By this way, we can see that the high frequency
resonance at about 23 GHz is introduced. At last, the branch
is replaced by a T-shaped patch to reduce the reflection at
19 GHz. And the proposed element shows good UWB per-
formance.

FIGURE 4. Evolution of the proposed element. (a) Rectangle element
(b) Modified rectangle element (c) Proposed element.

B. PARAMETRIC STUDY AND OPTIMIZSATION
ALGORITHM
To choose the best parameters, we change one parameter
at a time while keeping the other parameters unchanged to
observe the influence. First, the effects of different length of
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FIGURE 5. Reflection coefficient of the elements.

FIGURE 6. Effect of L7 on the proposed element performance.

L7 on the reflection coefficient are shown in Figure 6. L7
is the side length of the square cell, which we change from
3.1 to 4.6 mm. It can be seen that the higher operating band
decreases as the L7 increases. Meanwhile the performance of
the lower operating band is affected. For balance, we chose
L7 = 4.1 mm. In Figure 7, we can see that the width of
the square cell side length W4 has influence on the higher
operating band, and the performance of the higher operating
band becomes worse asW4 increases. Taking into account the
lower operating band, W4 = 0.2 mm is chosen. As shown
in Figure 8, the performance of the higher operating band
becomes better as the L8 increases. When L8 = 1.8 mm,
the element has thewidest lower impedance bandwidth. Thus,
in this paper, we set L8 = 1.8 mm. Then, the effects of
different gap widths W3 are studied. As shown in Figure 9,
the influence of W3 is focus on the lower frequency band,
while the higher operating band is almost unchanged.

In the above discussion, only one parameter is changed
while keeping the other parameters unchanged. By this
means, the influence of the different parameters can be stud-
ied independently. Also an approximate solution for the opti-
mized parameter is found. However, all the parameters can be
adjusted and optimized simultaneously to obtain the global
optimum of the element. Thus, genetic algorithm (GA) is
adopted to obtain the best performance of the PCM. We use
the GA tool in MATLAB software with the tournament
selection strategy. The value calculated by the full-wave

FIGURE 7. Effect of W4 on the proposed element performance.

FIGURE 8. Effect of L8 on the proposed element performance.

FIGURE 9. Effect of W3 on the proposed element performance.

electromagnetic simulation software HFSS is taken in each
iteration of the fitness function.

Some parameters such as the side length of the square cell
L7, the length of the T-shape stub L8, and the gap width
W3 need to be optimized. A multi objective optimization is
required if we want to obtain a good reflection coefficients
bandwidth. The fitness function consists of the reflection
coefficients bandwidth (S11.BW) as follows:

fitness_function = 1− w1S11.BW (1)

with

S11.BW =
2(fp2 − fp1)
fp2 + fp1

(2)
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in which fp2 and fp1 are the higher and lower frequencies,
respectively. |S11| = −12dB, w1 = 0.5. A more rigorous
condition of |S11| = −12dB instead of |S11| = −10dB
is used to improve the resonance of the element better. The
fitness function should to be positive and minimum to obtain
the widest bandwidth. Table 1 shows the other parameters
used in the GA algorithm. And the optimized geometrical
parameters are as follows: W3 = 1 mm, L7 = 4.1 mm
and L8 = 1.8 mm. After the optimization, the return loss
bandwidth of the proposed PCM is 100.6% ranging from
7.83-23.69 GHz.

TABLE 1. Parameters used in the GA optimization.

FIGURE 10. The structure of the antenna. (a) Top view (b) Back view.

C. ANTENNA STRUCTURE
The structure of the proposed antenna is shown in Figure 10.
The antenna is simply composed of a monopole antenna
which is protruded into round to achieve efficient excitation
and a modified PCM coating. And the coating which is made
up of a series of proposed PCMelements is etched on the back
of the substrate partly. The PCM array is formed by 5 × 7
elements uniformly distributed along the x and y directions,
with a gapwidthWm. The antenna is printed on a single-layer
FR4 substrate with εr = 4.4, loss tangent of 0.02, and
thickness of 2.1mm. The optimized dimension of the antenna
are listed in Table 2.

To better understand the effect of the PCM coating and
the reason of the gain enhancement, the simulated reflection

TABLE 2. Parameters for the proposed antenna (Unit: mm).

FIGURE 11. Simulated reflection coefficient of the antennas with and
without PCM.

FIGURE 12. Simulated gain of the antennas with and without PCM.

FIGURE 13. The surface current distribution of the antennas. (a) without
PCM (b) with PCM.

coefficient and gain of monopole antennas with and without
PCM are shown in Figure 11 and Figure 12 respectively.
Figure 13 shows the simulated surface current distribution
of the monopole antennas without and with PCM at 10.6
GHz.We can see the induced current excited by themonopole
antenna on the PCM elements is stronger compared with that
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FIGURE 14. Structure of the proposed and reverse antennas.

FIGURE 15. Simulated performance of the proposed and reverse
antennas. (a) Reflection coefficient (b) Axial Ratio.

of antenna without PCM elements. It means the effective
aperture of the antenna is improved. Therefore, the gain of
the monopole antenna with PCM coating is enhanced greatly.
From the analysis based on the comparison of reflection
coefficients and gain, we can see that both of the reflection
coefficient and gain of the antenna are improved significantly.
It can verify the validity of the proposed structure.

D. POLARIZATION REVERSE CHARACTERISTIC
The orientation of the PCM element affects the polarization
performance of the antenna. By rotating the orientation of the
element, the antenna changes from LHCP to RHCP which
shows the polarization reverse characteristic. This means
the antenna can work in multi-state and provides a great
freedom for the practical application. To better understand
the influence of the orientation, the proposed and reverse
antennas with different orientations as shown in Figure 14 are
studied. Figure 15 shows the simulated performance of the
two antennas. We can clearly see that the reflection coef-
ficient and axial ratio of the reverse antenna change little
compared to the proposed antenna. To better understand the
effect of the PCM coating on the polarization transformation,
Figure 15(b) shows the axial ratio of the antenna with PCM
coating. We can see that the antenna is circularly polarized in
operating band ranging from 10.2GHz to 10.9GHz. This fully
demonstrates that the performance of the two antennas are
steady while the polarization characteristic can be changed
easily. In Figure 16, it can be clearly seen that the proposed
antenna is left-hand circular polarization, and the reverse
antenna is right-hand circular polarization. This illustrates
that the polarization of the antenna can be reversed by chang-
ing the orientation of the PCM element.

FIGURE 16. Simulated performance of the proposed and reverse
antennas. (a) E-plane of proposed antenna (b) H-plane of proposed
antenna (c) E-plane of reverse antenna (d) H-plane of reverse antenna.

FIGURE 17. Photographs of the proposed antenna. (a) Top view (b) Back
view.

FIGURE 18. Simulated and measured reflection coefficient of the
modified antenna.

III. EXPERIMENTAL RESULTS AND DISCUSSION OF THE
PROPOSED ANTENNA
To validate the design, the proposed antenna is fabricated and
the prototype in given in Figure 17. The reflection coefficient
of the antenna is measured with an AV 3672B vector network
analyzer. The simulated and measured reflection coefficients
(S11) and the CP axial ratio (AR) are shown in Figure 18 and
Figure 19 respectively.We can see that with the PCM coating,
the LHCP radiation is achieved in 10.2 to 10.9 GHz. Good
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FIGURE 19. Simulated and measured Axial Ratio of the modified antenna.

FIGURE 20. Simulated and measured gain of the modified antenna.

FIGURE 21. Simulated and measured radiation patterns of the proposed
antenna at 10.6GHz. (a) E-plane (b) H-plane.

agreement between them can be observed. The measured
10-dB impedance bandwidth is 16.90GHz (1-17.9GHz). And
the 3dB AR bandwidths of the proposed antenna are nearly
700MHz (10.2-10.9GHz). We can see that the CP band is
valid. The gain and the radiation pattern are measured in an
anechoic chamber. The simulated and measured peak gains
of the proposed antenna across the working band are shown
in Figure 20. We can observe that the gain variation is stable.
Finally, Figure 21 (a) and (b) shows the measured radiation
patterns of the proposed antenna in the E-plane and H-plane
respectively. As shown in the figure, favorable radiation per-
formance and high isolation is realized between the co-and
cross-polarized radiations at 10.6GHz.

IV. CONCLUSIONS
Compact, gain enhanced, and circularly polarized antenna is
proposed in this paper. The modified PCM which is made
up of a series of arrow-shaped elements distributed partly
on the back of the substrate is used as the coating of the
antenna. And genetic algorithm (GA) is adopted to obtain
the global optimum of the element. By the PCM plane,
circularly polarized antenna is obtained with a low profile.
The antenna can change from LHCP to RHCP by rotating
the orientation of the element. This means the antenna can
work in multi-state and provides a great freedom for the
practical application. In addition, the gain of the antenna
is improved. The measured results are in good agreement
with the simulated results. What’s more, the simple structure,
stable gains, and multi-state of the proposed structure shows
a good prospect of application.
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