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In this article, a single-layer circularly polarized refectarray antenna (RA) with a linearly polarized feed is proposed for
microwave power transmission. Te unit cell of the refectarray is composed of a rectangular patch surrounded by four
groups of E-shaped structures, which feature a very low level of cross-polarization. Simulation results demonstrate that the
phase of its refection coefcient can be tuned continuously in a range of 500° by adjusting the lengths of the E-shaped
structures. In response to a normally incident plane wave, the phase values of the refection coefcient associated with two
orthogonal linear polarization directions of the refected wave can be tuned independently, which makes it possible to
convert a linearly polarized incident wave to a circularly polarized beam. A refectarray with 15 ×15 unit cells is fabricated
and tested. Te measurement results demonstrate a 3-dB axial ratio bandwidth of more than 2 GHz around the center
frequency of 5.8 GHz. Te measured gain value of the fabricated refectarray is 25.4 dBi, corresponding to an aperture
efciency of 52.5%.

1. Introduction

Microwave power transmission (MPT) is a technology
that uses electromagnetic waves in the microwave fre-
quency range as the carrier to transmit power wirelessly.
Tis technology is one of the mainstream technologies
that can realize wireless power transmission over long
distances with high security and high transmission power
[1–3]. A microwave power transmission system is nor-
mally composed of a microwave power source, a trans-
mitting antenna, a receiving antenna, and a rectifer
circuit [4]. To improve power transmission efciency,
high-gain transmitting antennas such as parabolic an-
tennas and microstrip array antennas are commonly
employed. As a new generation of high-gain antennas, the
refectarray antenna (RA) has the advantages of high gain,
low physical profle, and low-loss feed, which combine
the advantages of parabolic and microstrip array
antennas.

Hence, refectarray antennas have attracted great at-
tention in the felds of radar and satellite communication
[5–8] and also have potential applications in MPT.9. Due
to low loss in bad weather, refective array antennas in the
c-band are often designed and used. Zhang et al. present a
novel broadband single-layer refectarray with low cost for
satellite communications [9]. Chakraborty et al. design a
dielectric resonator wideband antenna, along with dual-
band circular polarization characteristics, from 5.8 to
6.2 GHz (11.56%) for uplink c-band communication
satellites [10]. Zhang et al. present a planar integrated
folded refectarray antenna for mobile satellite commu-
nications [11]. Besides, Slimani et al. designed an array
antenna in the c-band for aircraft weather measurement
radars to locate precipitation and estimate its type (snow,
rain, etc.) [12], and Keshtkar et al. designed a circular
array antenna for a c-band altimeter system [13]. Te
functions of refective array antennas are constantly being
expanded and optimized by researchers. Tahseen and
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Kishk designed a circularly polarized textile refectarray in
the c-band to make it more fexible and portable [14].
Tere is also research to widen bandwidth and do compact
design for c-band applications [15, 16]. A distributed
power-amplifying capability is investigated to improve
the efective isotropic radiated power of refectarray an-
tennas in the c-band [17]. It is also a hot topic of research
on reconfgurable antennas regarding polarization, fre-
quency, wave number, beam pointing, etc. [18–21].

Te refectarray proposed in [22] is linearly polarized.
For applications of MPT to mobile targets such as airships,
UAVs, and other aircraft, the efect of polarizationmismatch
needs to be taken into consideration as the attitude of these
targets may change over time. To minimize the polarization
mismatch efect, circularly polarized antennas are preferred
for this type of application [23]. Te implementation of
circularly polarized refectarray antennas is mainly based on
the following two approaches.

Te frst approach is to use circularly polarized feed, in
which phase compensation can be achieved by rotating
the unit cells. With this approach, the feed antenna design
is relatively complex [24–27]. Te other approach is to use
a linearly polarized feed.Te unit cell on the array needs to
have the function of converting the linearly polarized
incident wave into a circularly polarized refected wave. In
[28], a new double-layer T-structure unit cell is proposed
that is capable of obtaining polarization conversion with a
phase compensation range of more than 500°. A circularly
polarized refectarray antenna with 9 × 9 unit cells based
on this unit cell was fabricated, and a 3-dB axial ratio
bandwidth of 28% was obtained. Te maximum gain is
19.4 dBi at 9.5 GHz, and its aperture efciency is 44%. An
improved subwavelength Jerusalem structure with a linear
phase compensation range of more than 360° is proposed
in [29]. Te refectarray antenna with an aperture of
166.6mm × 166.6 mm is designed and fabricated to
achieve a 3-dB axial ratio bandwidth of 50%, and its
aperture efciency at 12.5 GHz is 46.3%. In [30], a new
polarization conversion unit cell based on high-precision
3D printing technology is proposed.Te unit cell obtains a
phase compensation range of more than 360°. Te cir-
cularly polarized refectarray antenna is designed with
genetic algorithm optimization and has a measured 3-dB
axial ratio bandwidth of 19.3%.

In this paper, a single-layer circularly polarized refec-
tarray antenna with a linearly polarized feed is proposed. Its
unit cell’s refection coefcient can be tuned continuously in
a range of 500°. In response to a normally incident plane
wave, the phase values of the refection coefcient associated
with two orthogonal linear polarization directions of the
incident wave can be tuned independently, which makes it
possible to convert a linearly polarized incident wave to a
circularly polarized beam.

Te rest of this article is organized as follows. In Section
2, the design and simulation of the unit cell are given, and its
polarization characteristics are analyzed. In Section 2.1, a
circularly polarized refectarray antenna is designed to
further verify the polarization conversion characteristics of
the unit cell. In Section 2.2, the designed refect array

antenna is simulated, fabricated, and measured. Section 3
gives the conclusion of this article.

2. Design of the Unit Cell

Figure 1 shows a schematic diagram of the structure of the
designed single-layer refective unit cell. Te unit cell is
based on a combination of a rectangular unit cell and an E-
shaped resonant structure. Te substrate used for this unit
cell is F4B (εr � 2.65, tan δ � 0.002). Te length of the di-
electric layer L� 25mm is about 0.48λ0, where λ0 is the
wavelength of microwaves in vacuum at 5.8GHz. Te
substrate thickness of the unit cell is h� 2mm, and an air
layer of thickness ha � 4mm is added to the bottom of the
dielectric layer to make the refection phase curve smooth.
Te dimensions of the main parameters of the unit cell are
shown in Table 1.

Te designed unit cell is subjected to full-wave simu-
lation with periodic boundary conditions in CST. Figure 2
shows the variation of the refection phase as a function of
the air layer thickness at the center frequency of 5.8GHz. It
shows that it is signifcant to add an air layer to the unit cell.
Besides, it is found that the thickness of the air layer has a
signifcant efect on the phase characteristic curve. With
both the range and linearity of the phase variation taken into
account, ha � 4mm is selected as the optimal thickness of the
air layer.

Figure 3 shows the refection phase variation curves of
the proposed unit cell at diferent frequencies. When the
dimension parameter lx along the x-direction is varied
from 7mm to 13mm, the phase varies in the range of
about 500° at 5.8 GHz. Similar refection phase variation
characteristics are observed in the frequency range from
4.5 GHz to 6.5 GHz, all with the phase compensation
range being more than 360°. Tis enables the refectarray
based on the proposed unit cell design to operate over a
wide frequency range. We get the refection magnitude
plot as a function of length at the frequencies of 4.5 GHz,
5.8 GHz, and 6.5 GHz, as shown in Figure 4. It can be seen
that size and frequency have almost no efect on the
amplitude.

Figure 5 represents the efect of the size of the unit cell
in the y direction on the x-polarized refection perfor-
mance of the unit cell. Te maximum variation of the
phase curve for diferent ly is about 20°, indicating a low
cross-polarization coupling level. To further verify the
conclusion, the electric felds induced on the unit cell
surface were analyzed at 5.8 GHz. It can be found that,
under the x-polarized electric feld excitation, the induced
electric feld intensity generated in the x-axis direction on
the unit cell surface is much larger than that in the y-
direction, which further indicates that the cross-polari-
zation coupling is very weak.

Te evolution of the unit cell is shown in Figure 6. Te
linear-circular polarization conversion (LCPC) unit cell is
derived from the frst E-shape (Single-E) structure, which
is designed by the theory of LCPC elaborated in the next
part. Here is a brief explanation: the linear polarization
wave incident at an angle of 45 degrees between the x-axis
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and y-axis can be efectively converted into a refection
wave with the same refection coefcient in the x-direction
and y-direction, which also has a relatively high gain.

However, the structure cannot achieve a wide range of
refection phase bands. Terefore, we consider adding an E-
frame to the unit cell to widen the range of refection phase
shifts of the unit cell without changing the circular polar-
ization characteristics. We simulate the phase response
curves versus the length at 5.8GHz, as shown in Figure 7. It

is shown that the bandwidth can be signifcantly improved
by adding E-frames.

As shown in Figure 7, within the size range of 7–13mm,
for Single-E and Double-E structures, the range of phase is
181 and 304, respectively, less than 360, which does not meet
the requirements. Te phase range of the Quadruple-E
structure is too large to achieve the requirement of a smooth
curve. For the Triple-E structure, the maximum slope of its
phase response curve decreases to 101.Tis means that more
resonance points are near 5.8GHz, there is more than 40%
improvement compared with the Quadruple-E structure,
and the phase range is also extended from 304° to nearly 500°
compared with the Double-E structure.

We further analyze the role of the E-shape resonant
structure from the perspective of the surface electric feld of
the unit cell, as shown in Figure 8. It can be concluded that
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Figure 1: (a) Top view of the unit cell. (b) Side view of the unit cell.

Table 1: Parameter values of unit cell geometry.

lx lx1 lx2 lx3 lx4 h
7–13 cm 0.8∗lx 0.9∗lx 1.2∗lx 1.5∗lx 2mm
ly ly1 ly2 ly3 ly4 w1
7–13 cm 0.8∗ly 0.8∗ly 0.8∗ly 0.8∗ly 0.5mm
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Figure 2: Optimization of air layer thickness.
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Figure 3: Refected phase characteristic curve.
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the induced electric feld polarized in the x-direction is
shifted from the outermost E-shape resonance structure to
the innermost E-shape resonance structure as the frequency
increases, which proves that the multi-E-shape resonance
structure is efective.

2.1. Design of Circularly Polarized Refectarray Antenna.
Based on the design and analysis of the unit cell in the
previous section, a 15×15 left-handed circularly polarized
refectarray antenna is designed in order to further verify its
line polarization to circular polarization conversion
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Figure 4: Refected magnitude characteristic curve.
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Figure 6: Evolution of the unit cell.
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characteristics. Te aperture of the refectarray antenna is
375mm× 375mm, and its electrical size is (7.25λ0)2. Te
feed is positioned 20° of the normal direction. Te focal
diameter ratio of the refectarray antenna is F/D� 1.3, and its
aperture side length is D� 375mm. Te electromagnetic
wave radiated from the feed is incident along the (−z) di-
rection, and its electric feld polarization direction makes an
angle θ with the x-axis. When θ� 45°, the electric feld of the
incident wave can be expressed as

Ein
�

�
2

√

2
[u, v][1, 1]

T
, (1)

where u and v denote the horizontal and vertical polari-
zation direction unit cell vectors, respectively. When the
phase of the refection of the y-polarized wave is 90° ahead of
that of the x-polarized wave, the refection coefcient matrix
of the unit cell can be expressed as

R �
1 0

0 j
 . (2)

Ten, the electric feld expression of the refected wave
after the unit cell refection is

Ere
�

�
2

√

2
[u, v][1, j]

T
, (3)

which represents a left-handed circularly polarized wave.
Terefore, in order to realize the conversion from a lin-
early polarized incident wave to a left-handed circularly
polarized outgoing wave, the phase compensation in the
y-axis direction of the unit cell needs to be 90° more than
in the x-axis direction. Te value of phase compensation
φn

x(m, n) in the x-direction of the unit cell is calculated as
[17]
φn

x(m, n) � k0 rmn − sin θb xm cosφb + yn sinφb( (  + φ0,

(4)

where k0 � (2π/λ) is the free space propagation constant
and rmn is the distance from the feed phase center to the
unit cell located at (xm, yn). Te coordinates (θb,φb) are
the expected azimuth and pitch angles of the main beam,
respectively. φ0 indicates the phase constant. Ten, the
phase compensation value φn

y(m, n) in the y-axis direction
can be expressed as

φn
y(m, n) � φn

x(m, n) + 90∘. (5)

16078
14615
13153
11632
10230

8769
7307
5846
4384
2923
1461

0

v (m)

y

x

(a)

y

x

19708
17916
16125
14333
12541
10750

8958
7166
5375
3583
1792

0

v (m)

(b)

15733
14303
12873
11442
10012

8582
7152
5721
4291
2861
1430

0

Linear

y

x

(c)

Figure 8: Surface electric feld at (a) 4.5GHz, (b) 5.8GHz, and (c) 6.5GHz.
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We conducted simulations of cell characteristics before
setting up the refectarray (RA). From the analysis, it is
known that the refection coefcients rx and ry need to be as
equal as possible and provide a phase diference of Δφ �

φrn
y (m, n) − φrn

x (m, n) � 2mπ ± (π/2) (m is an integer) for
the function of linear-circular polarization conversion
(LCPC). “−” and “+” denote the left and right circular
polarizations, respectively [31].

As shown in Figure 9, in the frequency band of
4.2–6.8GHz, the refection coefcients rx and ry exhibit
approximately equal intensities. Tis implies that the inci-
dent wave can be converted into x- and y-polarization
components with the same intensity. Furthermore, in the
same frequency range, the phase diference Δφ is approxi-
mately 90° for the refected wave, which is necessary for right
circular polarization. Te related geometry parameters are
lx� 8mm and ly� 13mm.

Te realization of LCPC can be indicated by the
ellipticity and axis ratio. Te normalized ellipticity of
E � (2|rx||ry| sin (Δφ)/(|rx|2 + |ry|2)) can be defned to
estimate the efects of the polarization conversion. An
ideal circularly polarized wave has an ellipticity of 1.
When E � −1, the refected wave is right-circularly po-
larized. Te refected wave has left circular polarization
when E �+1. An ellipticity larger than 0.90 is regarded to
correspond to a circularly polarized wave [32]. It shows
the relationship between ellipticity and frequency in
Figure 10.Te ellipticity is close to 1 in the frequency band
of 4.4–6.1 GHz, which confrms that the refected wave is
left-circularly polarized. Te axis ratio
E � (2|rx||ry| sin (Δφ)/(|rx|2 + |ry|2)) is also used to eval-
uate the degree of circular polarization [33]. Figure 10
shows the calculated results. Te axis ratios of the refected
wave are lower than 3 dB in the wide frequency band of
4.4–16.5 GHz, which indicates that the designed meta-
surface provides a good performance in LCPC.

Ten, we set up the array based on the unit cell char-
acteristics. According to equations (4) and (5), the phase
distributions of the unit cell in the x-axis and y-axis po-
larization directions can be calculated in MATLAB, re-
spectively, as shown in Figures 11(a) and 11(b).

Te phase distribution maps in the x and y directions
in Figure 11 are transformed into the size distribution of
the unit cells on the array in the x and y directions by the
phase curve at 5.8 GHz in Figure 3, as shown in Figure 12.

2.2. Experiment and Measurement Results of the Refectarray
Antenna. In this section, a circularly polarized refectarray
antenna (RA) with a unit cell number of 15×15 is simulated,
fabricated, and measured. Te corresponding RA model is
established using MATLAB in conjunction with CST, and
the feed horn antenna model is established, as shown in
Figure 13.Te designed RA is verifed in CSTusing full-wave
simulation. Te 3-D radiation of RA is shown in Figure 14,
whose E feld and H feld radiation patterns are shown in
Figures 15(a) and 15(b), respectively. From the measured
radiation patterns, it can be concluded that the 3 dB main
beamwidth is 15o-16o. Te peak gain value was 25.4 dBi. Te

side-lobe levels of the E-pattern and H-pattern are 5.6 dBi
and 6.3 dBi, respectively.

Te fabricated RA with the measurement settings is
shown in Figure 16. Te simulated and measured gain
patterns in the x-z plane at frequencies of 4.5GHz, 5.8GHz,
and 6.5GHz are illustrated in Figure 17. It can be found that
the cross-polarization level of the RA is below −15 dB at all
three frequencies.

Figure 18 plots the axial ratio (AR) of the simulated and
measured results of the RA. It can be found that the RA has
an axial ratio below 3 dB in the frequency range from 4.45 to
6.54GHz, and its 3-dB AR bandwidth is about 38%. It shows
that the RA is a circularly polarized antenna in this fre-
quency range.

Figure 19 gives the simulated and measured gain plots
of this RA at diferent frequencies. Te measured gain
of the antenna is 25.4 dBi at the center frequency of
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5.8 GHz. According to the defnition of the aperture ef-
fciency ε � Gλ2/(4πA), where A is the physical aperture
area of the antenna, the aperture efciency of this RA is
calculated to be 52.5%. Its 1-dB gain bandwidth is 17.1%
(from 5.28 to 6.27 GHz). Also, its axis ratio is below 3 dB
in the 1-dB gain bandwidth range.

Besides, we conduct experiments to verify its availability
in MPT. We use a 5.8GHz horn antenna and RA as the
transmitting antennas, respectively, and another horn an-
tenna as the receiving antenna. Change the distance between
the receiving antenna and the transmitting antenna from
1.5 m to 9m, measure the power received by the receiving
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antenna, and draw the curve between the distance and the
received power, as shown in Figure 20. It can be found that
the received power using RA changes from 13mW to
106mW based on the distance, which is signifcantly greater
than that using the horn antenna as the transmitting an-
tenna. Moreover, we rotate the angle of the receiving an-
tenna, which is equivalent to a change in the direction of
wave polarization. It can be measured that the received
power in the x-direction and y-direction are similar, which
proves its availability to minimize the efect of polarization
mismatch in MPT.

In Table 2, the performance of the designed RA is also
compared with those in several recently published pieces of
literature. Overall, the proposed refectarray design in this
paper exhibits superior performance when both the phase
range and aperture efciency are taken into consideration.

3. Conclusion

In this article, a single-layer circularly polarized refectarray
antenna (RA) with a center frequency of 5.8GHz is pro-
posed. Te unit cell structure of the refectarray features a
linear phase coverage of more than 500° and a low cross-
polarization in the refected waves. To verify the polarization
conversion characteristics of the unit cell, a 15×15 RA is
fabricated, using a linear-polarization horn antenna as the
feed.Te experimental results show that the 3-dB bandwidth
of the proposed RA is about 38% (4.45GHz–6.54GHz).

Meanwhile, the antenna gain is 25.8 dBi at 5.8GHz, and its
aperture efciency is 52.5%. Compared with the published
literature of the same type, the proposed circularly polarized
refector array antenna is simple to process with a single-
layer structure and has a wide 3-dB AR bandwidth and high
aperture efciency, which makes it potentially useful for
microwave power transmission.
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Figure 20: Power transmission measurement.

Table 2: Comparison with other literature.

References Center frequency
(GHz)

Feeder
polarization

Phase range
(°)

Aperture
size

3-dB AR BW
(%)

Aperture efciency
(%)

No. of
layers

[27] 10 LP 500 (4.2λ)2 28 44 2
[28] 12 LP 400 (6.7λ)2 50 46.3 1
[29] 30 LP 360 (11.25λ)2 19.3 17 1
[34] 9.4 LP 325 (7.5λ)2 8.6 21.8 1
Tis work 5.8 LP 500 (7.25λ)2 38 52.5 1
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