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ABSTRACT In this paper, we proposed a cross-shaped interconnected receiver–transmitter (RT) metasur-
face (MS) that was employed for a high-aperture-efficiency, high-gain, circularly polarized Fabry–Pérot (FP)
antenna. The RT-MS unit cell consists of upper-layer cross-shaped patch and lower-layer squared patch that
are connected by two metal-probes that cross the sandwiched middle metal-plane. The bottom patch receives
electromagnetic wave, functioning as receiver, and transfers it to the top cross-shaped patch passing through
the two mental probes. Through tuning the relative locations of the two probes, equal amplitude and 90◦

phase difference can be obtained, thereby achieving linear to circular polarization conversion performance,
indicating that the MS has the ability of tuning transmission coefficients independently. Meanwhile, the
MS is designed to present high reflectivity that high-gain property is obtained when forming a FP cavity.
Then, an off-center coaxial patch antenna is applied as feeder due to its stable radiation performance.
To further enhance the performance of the source antenna, an AMC structure is adopted to improving the
radiation gain, efficiency and radiation directivity by suppressing surface wave loss. Meanwhile, the profile
was also reduced. The linearly polarized wave emitting from the feeder multi-reflected in the FP cavity
formed by MS superstrate and AMC structure, and then transmit it in phase to the space, thus a high-gain
and CP radiation is achieved as final. The measurements demonstrate that the proposed RT-MS-based
antenna perform a maximum gain of 18.7dBic at 9.4GHz with aperture efficiency of 76.7%, and a circular
polarization bandwidth within 9.2-9.7GHz, while, the antenna owns a compact size of only 2.85λ0×2.85λ0.
Thus, a novel RT-MS-based FP antenna exhibit a good radiation performance that can be a candidate in
applying to communication and point-to-point links.

INDEX TERMS Cross-shaped, RT-MS, Fabry-Pérot (FP), polarization conversion, circular polarization,
aperture efficiency.

I. INTRODUCTION
Circularly polarized (CP) antennas play an important role
in wireless communication systems and point-to-point links
owing to their high tolerance to multi-path effects and polar-
ization mismatching, so there is a high demand for CP anten-
nas with properties such as a high gain, wideband, and a
wide 3-dB axial ratio angle. CP antennas are designed by
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many methods. Among them, metasurfaces have proved to
be efficient in CP generation and performance enhancement.
Thus, a series of linear-to-circular polarization conversion
metasurface-based antennas have been designed [1], [2], [3],
[4], [5], [6], [7], [8]. In previously reported MS-based anten-
nas, slot source antennaswere usually used as feeders for their
wideband to produce linear polarized waves, which could
be generated after passing through a polarization conversion
metasurface (PCM), a polarization conversion to the CPmode
[1], [2], [3], [4]. Owing to their high gain property, several
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Fabry–Pérot (FP) resonant cavity antennas have been pro-
posed in the design of circularly polarized antennas (CPAs)
[9], [10], [11], [12], [13], [14], [15]. A PCM array consist-
ing of two neighboring metal-coating-substrate unit cells,
which act as a superstrate and feeding slot antenna, was
combined in an FP-CP antenna [1], realizing an enhanced
gain and wideband CP radiation while maintaining a com-
pact size. Another FP resonant cavity was formed by an
all-metal cross-slot-etched frequency-selective surface (FSS)
and a nonstandard artificial magnetic conductor (AMC) [16].
Fed by an obliquely placed patch, the antenna achieved high
gain, wideband CP performance [17]. Other polarization-
reconfigurable MS-based FP-CPs was also reported [18].
However, the gain and bandwidth improvements were not
enough due to a low reflectivity in FP resonance process that
make it weakened greatly. In [1], that consists of a three-layer
metal plane acting superstrate and a slot-coupled-fed antenna
acting as a feeder achieves properties enhancement owing to
effect by FP resonance, while the reflectivity of PCM was
not taken account into the design. To realize preferable gain
and wide band performance, array technique was applied in
the design process in [7] and [17]. But at the same time it
causes a larger size and a more complex feeding network
that make it higher accuracy in fabrication. Hence, to make
the bandwidth and gain enhancement to a maximum, a FP
cavity should met two requirements: firstly, the appropriate
gap separated by the PCM and the plane ground that make
the transmitted wave being out to space in phase; and then
having a high-reflectivity, which take the directivity higher.
Thus, to obtain high-gain and nice CP radiation property, that
reflection and transmission coefficients of the unit cell were
controlled independently should be taken into the account
into the PCM design. And the transmission coefficients deter-
mine the polarization conversion, and the resonance of the
antenna depends on the reflection coefficient.

Following this, the receiver–transmitter metasurface
(RT-MS) suggests a possible FP cavity antenna with
high reflectivity and low transmissivity, resulting in high
gain [22], [23]. RT-MS generally consists of receiver and
transmitter patches, along with a coupling layer. The incident
wave is received by the bottom patch and coupled with the top
patch [24], [25]. An off-center metal via connecting receiver
and transmitter was adapted to couple energy radiated by the
slot antenna, resulting in a CP mode and achieving a high
gain [21]. However, those reports mostly focus on the design
of PCM, while paying little attention on how to enhance
the radiation property of the source feeding antenna that
can further improve radiation performance of those antennas
better. Moreover, high aperture efficiency, while compact size
simultaneously is the key to design a high-gain antenna, and
thus it poses challenge to the design of RT-MS. Considering
this, a cross-shaped interconnected RT-MS is proposed in
this paper that can control reflection and transmit coefficients
independently, and thus result in high reflectivity and polar-
ization conversion through adjusting the size of the unit cell
appropriately.

This design adopts a double-metal-probe connecting the
square receiver and transmitter that is shaped by cross-like,
which have high reflectivity and low transitivity and poten-
tially increase the aperture efficiency further.Mean-while, the
independent controlled capacity in reflection and transmis-
sion coefficients of the proposed RT-MS makes it a candidate
in applying to high-gain, high apertue efficiency, and CP
antennas. In the other hand, to further improve the radiation
performance of the source antenna, 9 × 9 arranged period-
ically AMC structure is positioned surrounding the radiated
patch. The FP resonance cavity is formed by the 9×9 unit cell
array and AMC structure that is separated by the air gap with
a certain distance. Simulations and measurement evidently
demonstrates this design that the proposed antenna shows
high-gain, high-aperture efficiency, and wideband CP charac-
teristics that can be apply in many areas for high performance
communication.

The remainder of this article is organized as follows.
Section II provides the design procedure and analysis of the
proposed RT-PCM with high reflectivity and circular polar-
ization conversion. Section III presents the design and analy-
sis of the FP-CP antenna. Section IV validates the design by
simulated and measured results. We provide our conclusions
in section V.

II. DESIGN PROCESS AND ANALYSIS OF PROPOSED PCM
Generally, in a PCM-based antenna, an FP cavity is formed
by a PCM and ground plane separated by a certain distance.
As shown in Fig. 1, the electromagnetic wave illuminated
by the radiator in the center of the cavity can be multiply
reflected and transmitted into space.

FIGURE 1. Ray theory model of the Fabry–Pérot cavity antenna for
increasing directivity.

To obtain the maximum directivity, reflected and
re-reflected waves in the cavity must be transmitted in phase.
Hence, as shown in (1), the reflection phases of the ground
plane, φGND, and those of PCM, φPCM, should satisfy

φpcm+φGND−
4πhc
λ0
=2Nπ, N = 0,±1,±2 . . . . (1)
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Hence, a separation distance, hc, between them can be deter-
mined. Once the feeding antenna is designed, the center
frequency and φGND are basically fixed; that is, by optimiz-
ing φPCM, a relatively smaller resonance mode, N , can be
selected, and a low profile can be obtained.

The boresight directivity of the antenna can be calculated
as in [21]:

Dr = 10 log
1+ R
1− R

, (2)

where R is the reflection magnitude of the PCM. Thus,
a higher directivity is generated when R is larger, with the
maximum directivity occurring when R is around 0.9 [27].

Based on the above analysis, when designing a CP-FP
resonant antenna, three requirements should be met. The
reflectivity of the proposed PCM must be high enough to
achieve a high gain. The transmission coming from the cavity
for coefficients T11 and T21 should have a phase difference
of 90◦, and be of equal or almost equal magnitude, to be
transformed from LP to CP. Note that we define T11 as the
transmission coefficient of the transfer of x-polarized waves
to x-polarizedwaveswhen passing through PCM. So T21 rep-
resents the transfer of x-polarized waves to y-polarized waves
when passing through PCM, where polarization conversion
is realized. Then, as a source antenna feeding the PCM,
the linear-polarized radiation should be high-gain enough,
nice aperture efficiency, and wideband. Hence, we use the
following design process.

As shown in Fig.2, we proposed a cross-shaped inter-
connected RT-MS that is composed by three-layer printed
metal-coating and two neighboring identical substrates. The
substrate is made of Rogers RT (εr = 2.2, tan δ =
0.0014) that is sized by 10 mm × 10 mm. The lower-layer
patch is squared, while the upper-layer patch was cross-
shaped-like designed, then, to excite a CP mode, two
metal-probes connecting them that cross the sandwichedmid-
dle metal-plane were introduced in the design process. The
two metal-probes were located at vertical and horizontal bars
of the cross-shaped patch along x and y axis, respectively.
The off-center distance was the same. Fig.2 (d) depicted the
simulation model of the unit cell in HFSS that port 1 and
port 2 were set along z axis positioned at a certain distance
away from the unit cell, whereas the electric and magnetic
wall boundary are set along x and y axis. The electromagnetic
wave received by the receiver patch, and then passes through
the two metal-probes to the transmitter patch. Due to having
the capacity of amplitude and phase controlling in transmis-
sion coefficients, the unit cell radiates circularly polarized
wave into the free space as final. In this design, the receiver
patch is squared that make the unit cell achieve high reflec-
tivity, then, according to the theoretical analysis, high-gain
performance is obtained. Hence, having polarization conver-
sion and high reflectivity characteristics simultaneously will
be taken account to the design of the RT-MS.

Usually, a conventional RT-MS consisting of three-layers
patches printed on both sides of the substrates can achieve

high reflectivity through adjusting the length of the patches
that obtain high-gain performance, then, to achieve circular
polarization property, Ref. [21] proposed a corner cut trans-
mitter RT element to generate CP mode through adjusting the
off-center distance of the metal-via. As shown in Fig.2, the
proposed RT-MS element adopts cross-shaped stubs intercon-
necting the receiver patch by two metal-probes. So, orthog-
onal components of E-fields can be generated that circular
polarization radiation was produced.

FIGURE 2. Configuration of the proposed RT-MS unit cell. Detail views of
the unit cell: (a) Perspective view; (b) CP transmitter patch; (c) LP receiver
patch; (d) simulated model of the unit cell in HFSS.

FIGURE 3. Effect of Lt on (a) Magnitude difference; (b) Phase difference.

As depicted in Fig.3, we investigate the transmission coef-
ficients of the unit cell when the length of the cross-shaped
stub, Lt , was varied. Then, it can be seen that the magnitude
difference decreases as Lt increases from 8mm to 9.5mm,
whereas little influence on the phase difference that remains
about 90◦. While, as shown in Fig. 4, another important
parameter, the offsetting distance of the metal-probe, Ld ,
is also investigated that we can see that both magnitude and
phase difference are affected by Ld . But, it’s worth noting
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that when Ld is more than 3mm, magnitude differences of
the transmission coefficients are little affected whereas influ-
encing on phase of that. When Ld is set to 3mm, an equal
magnitude and 90◦ pahse difference was reached out that a
CP mode is introduced. Above all, the magnitude and phase
difference can be tuned independently that benefit for the
design of the PCM.

FIGURE 4. Effect of Ld on (a) Magnitude difference; (b) Phase difference.

As plot in Fig.5, the proposed RT-MS element achieves
a high reflectivity magnitude of 0.81 at 9.5GHz that was
dominated by co-polarization component, Rxx , whereas cross
polarization one of that, Rxx , is very low that is close to zero,
thus ensuring a high gain of the FP-CP antenna according
to formula [21]. This indicates that the wave coming out of
the cavity is almost x-polarized when illuming x-polarized
wave, suggesting that the unit cell does not have the capabil-
ity of polarization conversation for reflection wave. While,
as shown in Fig.5 (b), an equal magnitude and 90◦ phase
difference of transmission coefficients is occurred at 9.5GHz,
which indicates that a CP mode is introduced. In addition,
according the two prerequisites ensuring CP wave passing
through PCM in Ref. [1], the unit cell achieves the LCPC
band of 9.25-9.9GHz that performs a wide polarization con-
version band.

Besides, the phase of Txx is always ahead of that of Tyx ,
thus a RHCP wave towards z direction is radiated by RT-MS-
based patch.

FIGURE 5. (a) S parameters of the unit cell and (b) Magnitudes and
phases difference of transmission versus frequency for the optimum
values granted to the unit cell.

Through above analysis, the CP mode that is produced
by two prerequisites for equal magnitude and 90◦ phase
difference is achieved at 9.5GHz. Then, to better illustrate
how the cross-polarization component introduced clearly,

we simulated the E-field distributions of the only one inner-
connected metal-probe RT-MS.

FIGURE 6. Simulated E-field distributions at 9.5 GHz illumining with
vertical plane wave.

Assuming illuminated by a vertical plane wave, the elec-
tromagnetic wave couple passing through the only one inner-
connected metal-probe locating at the horizontal strips of the
cross-shaped patch to the radiated patch. Then, the E-field
distributions are plot in Fig. 6 that it was more dominant
on the edge of the horizontal strip, while much weaker on
that of the vertical. Thus, it demonstrates that the horizontal-
set metal-probe can excite a horizontal linearly-polarization
mode. Meanwhile, similarly once the illuminati -on with the
same vertical wave passing through the vertical -set inner-
connected metal-probe, then the cross-shaped patch would
achieve radiationwith vertical linearly-polarization, as shown
in Fig.6(b), and then we can see that the dominated E-field
distributions also concentrate on the edge part of the verti-
cal stubs. Following this, let us consider that take the two
perpendicularly-set metal-probes together to the design and
then illuminated by the linear-polarized wave, then according
to above analysis, it would realize the horizontal and vertical-
polarized E-fields, simultaneously. According to the superpo-
sition theorem, the total E-field can be written as:

E t = E0ŷ+ E0ejπ/2x̂, (3)

and thus the circularly polarization is produced. Thereby, in
this design, the two perpendicularly-set metal-probes inner-
connecting cross-shaped RT-MS is adopt that a CP mode
is easily achieved through adjusting the distance of the off-
centered probe flexibly.

Moreover, to verify this design, the surface current distri-
butions on the radiated patch of the unit cell at the phase
angles of 0◦, 90◦, 180◦, and 270◦ were plot in Fig. 7.
As shown in Figs, the density currents were weak on both
the horizontal and vertical stubs at the phase angle of 0◦ that
were more dominant on the edge of the horizontal strip, while
the density currents was much higher on both horizontal and
vertical strip at the phase angle of 90◦. Similar trends were
occurred at the phase angle of 180◦ and 270◦, respectively.
Moreover, the direction of the current vector on the patch at 0◦

is opposite to that at 180◦, that is to say, a 180◦ phase rotation
of the currents is generated. And the same phenomenon was
observed at 180◦ and 270◦. In addition, the detailed vector
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directions at four phase angles were marked in the figures,
respectively. Then, it can come to a conclusion that a CP
radiation is achieved by introducing 90◦ rotation after one
quarter in the current distribution of the cross-shaped patch
that a right-handed circularly polarized radiation is obtained
by the designed MS.

FIGURE 7. Simulated J-surf distributions at 9.5 GHz on the transmitter at
the phase angles of 0◦, 90◦, 180◦, and 270◦.

III. ANALYSIS AND DESIGN OF PROPOSED CP-FP
ANTENNA
The proposed antenna was created by the PCM superstrate
and source antenna. Hence, the feeding source antenna hav-
ing stable broadside radiation is required that a coaxial-type
patch is unitized as feeder in this design, as shown in
Fig.8 (b). The coaxial-type patch has non-uniform lengths
in x and y direction, Px and Py, for impedance matching
well. The coaxial-fed point is off-centered, and the distance
to the center of the patch in x and y directions, namely
Sx and Sy, is identical. The substrate is made of Rogers
TMM4 (εr = 4.4, tan δ = 0.0014), with a thickness of
1 mm. The ground plane is squared and backed printing on
the substrate. Thus, wide bandpass with lower than -10dB
and stable radiation performance was achieved, as shown in
Fig.8 (a) (b). To further enhance the radiation property,
an AMC structure surrounding the patch is adopt. The AMC
unit cell consists of a squaremetal patchwith length of La, and
is arranged periodically by 9 × 9 array except for allowing
space for the radiated patch.

As plot in Fig.12, a 2.5dBic gain enhancement is achieved,
and impedance matches better simultaneously when the
AMC structure was loaded. As depicted in Fig.10, to clearly
explain the enhancement principle, E-field vector and the
operating modes sketches of the AMC-based feeder is given.
As shown in Fig.11, only one resonance frequency point
is produced by the only patch feeder though a very little
variation of value of reflection coefficients occurring across
9.3 to 9.5GHz, while one more additional resonance, TM20,

is generated by the introduction of the AMC. Thus, it comes
to a conclusion that the wideband performance is gained by
the fusion of the multiple order modes. Moreover, owing to
the electromagnetic wave spearing across the whole AMC,
then, the aperture efficiency will be accordingly increased.
Meanwhile, the gain was enhanced due to the spearing out
wave across the AMC unit cell that acts as radiated source
additionally.

FIGURE 8. Configuration of the proposed FP-CP resonant antenna and
detailed views: (a) Top view of the PCM; (b) Bottom view of the PCM;
(c) AMC-loaded feeding antenna.

FIGURE 9. Configuration of proposed FP-CP antenna.

Then, to guarantee a satisfactory gain property, a larger size
is preferred to avoid wave diffraction at the edge of the cavity.
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FIGURE 10. E-field vectors of the unit cell and the sketches of the
operation modes at (a) 9.1GHz and (b) 9.7GHz.

FIGURE 11. Simulated S parameters of the proposed FP-CP antenna
with AMC-loaded feed and Feed.

TABLE 1. Optimal dimensions of proposed RT-MS.

However, owing to the small contribution in gain enhance-
ment on the edge of the MS and less energy distributed on
the cavity edge as the size increases, the aperture efficiency,
that is,

η = G
λ20

4πA
, (4)

decreases, where G is the boreside gain, and A is the phys-
ical size of the aperture. Through numerical simulations,
a tradeoff is made between gain and efficiency. Consequently,
a 90mm× 90mmPCMarraywith a 9× 9-unit cell is formed,
as shown in Fig. 8. (Table 1).

IV. SIMULATED AND MEASURED RESULTS
To validate the proposed RT-MS-based antenna, a prototype
antenna is fabricated and measured. As shown in Fig.8,

a simulated S11 bandwidth of 9-9.9GHz is achieved that
agrees well with the measure results except for some reason-
able error. The S11 of the feed and that of the AMC-based
one was also plot in the figures, demonstrating that a more
wideband and excellent impedance matching property is real-
ized in this design, as shown in Fig.12 (a). The measured
AR and the realized gain performance was plot in Fig.12 (b),
which agree well with the simulated results. The measured
AR has a bandwidth of 9.2-9.8GHz, and the minimum AR
value is around 0.7dB occurred at the operated frequency,
9.5GHz. The proposed antenna achieves a flat realized gain
higher than 18dBic within the impedance bandwidth, and the
maximum one reaches 19.8dBic with a gain enhancement of
10dBic compared with the AMC-loaded feed, whereas whose
gain is 2 dBic higher than that of feed, suggesting a better CP
radiation. In addition, we also explore the AR performance
versus angle that we can see in Fig.13 (a) that the AR value
lower than 3dB cross the angles ranging from −20◦ to +18◦

in yoz plane, though having a little narrow in the xoz plane.
Then, the aperture efficiency is also taken account to the eval-
uation of radiation property that Fig.13 (b) plots a maximum
aperture efficiency of 89% occurred at 9.15GHz within the
operated band. Meanwhile, in the whole operated band, the
antenna own the aperture efficiencies of no lower than 60%,
which presents a better radiation performance compared to
other recent works, and the measured results agree well with
that of the simulated though having about no more than 0.5%
degeneration that can be tolerated reasonably.

FIGURE 12. Comparisons of Simulation and mensuration of proposed
CP-FP antenna with and without AMC-loaded (a) S11; (b) AR and
bore-side gain.

FIGURE 13. (a) simulated AR versus the angle in xoz plane and yoz plane;
(b) Simulated and measured aperture efficiency of proposed CP-FP
antenna.

In other hand, we also investigate another important param-
eter, the radiation pattern of the antenna, which depicted
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TABLE 2. Performance comparison of the recently reported CP-FP antennas.

the simulated and measured results in xoz plane and yoz
plane at 9.5GHz, respectively, in Fig.14. Then, the antenna
is demonstrated achieving a good radiation pattern with the
cross-polarization levels less than −32dB and the side lobe
levels less than −16dB whether in the E plane or H plane.
In addition, the radiation pattern was measured that the main
lobe is almost the same as that of the simulation, suggesting
obtaining a better radiation performance once again.

To better present a better radiation property owned by the
designed antenna, a comparison with recent related works is
shown as list in Table 2 that the proposed RT-MS-based FP
antenna is found to obtain a more higher gain and aperture
efficiency in such a compact size with 2.8λ0 × 2.8λ0 and a
achieved wider CP radiation through adopting a double meta-
metal interconnecting the cross-shaped patch transmitter and
receiver, thus CP mode introduced. Hence, the proposed
antenna shows good radiation performances that demonstrate
the correctness of this design.

FIGURE 14. Simulated and measured radiation pattern at 12.5 GHz in
(a) xoz plane and (b) yoz plane.

Besides, to achieve a LHCP wave, we just change the posi-
tion of one of the two metal-probes to an opposite direction
with the same off-center distance along x or y axis, as shown

FIGURE 15. (a) the configuration of the LHCP unit cell; (b) 3D view of the
geometry of the LHCP FP antenna.

in Fig.15 (a), thus designing for the LHCP FP antenna.
As shown in Fig.15 (b), the modified PCM is applied for the
improved model, thus LHCP FP antenna was constructed.
Then, through simulated, the results for the new antenna is
exactly the same as those for the proposed antenna, except
for the CP characteristic that indicate the design achieving
both LHCP and RHCP wave just through a slight change.

V. CONCLUSION
In this paper, an interconnected cross-shaped RT-MS is
designed for constructing a high-gain, high-aperture- effi-
ciency, and CP-FP antenna. Through adjusting the off-center
distances of the two metal-probes, respectively, a CP mode
can be introduced. Then, the PCM having high reflectivity
and LCPC property is applied for creating a FP antenna. This
FP antenna was composed by the 9×9 cells arranged RT-MS
array and coaxial-type patch source antenna. To further
enhance the improvement of gain and bandwidth, an AMC
structure surrounding the coaxial-type patch is utilized. The
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proposed CP-FP antenna is fabricated and measured to vali-
date the correctness of the design. The measurements demon-
strated that the proposed antenna achieves high-gain and high
aperture efficiency, and wider CP radiation property with
a relative compact size, compared to other recent related
works, which agree well with the simulated results. Because
of the above better performance, the proposed antenna can
be applied to many areas, such as RFID, WLAN systems,
military communication, and so on.
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