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Abstract – A high-gain single-fed circularly polarized
(CP) microstrip patch antenna for microwave transmis-
sion systems is proposed in this paper. Two narrow rect-
angular slots are added to the rectangular microstrip
patch to enhance the antenna gain. The patch is rotated
by 90◦ to form a cross microstrip patch antenna, and a
pair of narrow microstrip strips are added at the edge of
the cross patch along the -45◦ diagonal direction of the
antenna to implement circular polarization. Two short
rectangular microstrip lines are added on both sides of
the narrow microstrips to adjust the phase of the current
to further reduce the axial ratio (AR) value. The designed
antenna model is simulated, fabricated and measured.
The results of the measurement show that the antenna
has a gain of 11.3 dB at the resonance frequency of 5.8
GHz, and the CP AR is 2.73 dB. The antenna can be
applied to microwave power transmission systems and
other personal wireless communication systems.

Index Terms – Axial ratio, circular polarization, gain
enhancement, single-fed.

I. INTRODUCTION
With the development of science and technology,

microwave power transmission (MPT) technology has
attracted the attention of engineers and researchers. As
the ”virtual battery” of microsystems, microwave energy
transmission technology brings much convenience to
work and life. A microwave energy transmission sys-
tem is mainly composed of three parts: microwave trans-
mission system, microwave transmission channel and
microwave receiving system. The antenna is the key
device of signal transmitting and receiving in microwave
transmission system. In order to get higher power
transmitting efficiency, the high gain circular polarized
microstrip patch antenna is a very attractive choice.

In order to increase the distance of wireless trans-
mission of electrical energy and the power of the trans-
mitted electrical energy, it is necessary to transmit and
receive electrical energy wirelessly with a high gain
antenna. Microstrip antennas have low gain compared to
horn antennas, and it is necessary to use gain enhance-
ment techniques to improve the gain of the antenna. In
addition to the traditional array design method, the gain
enhancement of the antenna can also be improved by
adding parasitic patches, multi-layer substrate structure
and adding slots on the microstrip patch [1–4]. Cao et al.
proposed to generate a new resonance mode by adding
parasitic patches on the two radiating edges of the main
radiating patch. The combination of the new resonant
mode and the original resonant mode realizes broadband
high gain performance [1]. Zhang et al. reconstructed
the surface current distribution on the microstrip res-
onator by introducing a horizontal slot in the center of the
square microstrip patch to achieve gain enhancement [2].
Hong et al. added narrow rectangular slots on the edge
of the circular patch antenna to change the distribution
of the reverse current, making the current distribution
more consistent [3]. This operation reduced the mutual
interference between the reverse current and the co-
directional current in the far-field region of the antenna
and enhanced the radiation of the current in the x-axis
direction, thereby increasing the gain of the antenna. In
[4], four short-circuit pins are placed symmetrically on
the two diagonals of a square patch antenna. Due to the
shunt inductance effect, these shorting pins affect the
field distribution below the patch, thus improving the
antenna gain.

In addition to this, there are novel designs to
enhance the gain of the antenna. For example, an artifi-
cial magnetic conductor antenna with a hexagonal annu-
lar slot loaded on the ground was reported in [5]. Gain
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enhancement and low profile are achieved by adjusting
the distance between the patch antenna and the ground at
zero phase reflection frequency. Reference [6] proposes
folding the ground plane at the non-radiating edge of the
patch antenna to enhance the gain of the antenna with-
out affecting the bandwidth of the original antenna. In
[5–6], both realize the gain enhancement of the antenna
by adding the design only on the ground plane, although
there is the problem of large volume of space occupied
by the antenna, which is not conducive to the integration
of the antenna.

Line-polarized (LP) antennas used in MPT require
strict polarization alignment of the transmitting and
receiving antennas, otherwise polarization loss will be
produced and the efficiency of power transmission will
be reduced. Moreover, for mobile terminals, due to the
random change of their position and direction, LP anten-
nas have fatal defects for mobile terminals. In MPT sys-
tems, circularly polarized (CP) antennas can cut down
the sensitivity of signal polarization, adapt to differ-
ent transmission environments and demands, reduce the
power loss caused by polarization mismatch, and thus
improve the efficiency of power transmission. However,
it is challenging to make the antenna with both circular
polarization and high gain performance. References [7–
8] utilized a two-layer antenna structure to realize the CP
design of antennas, but their gains are lower than 10 dB.
On the basis of the CP antennas units, references [9–13]
form an array to enhance the antenna gain. Although the
CP and the high gain performances are implemented, a
relatively complex feeding network is required.

This article proposes a gain-enhanced CP microstrip
patch antenna with low profile, which can be used in
microwave wireless transmission systems. By utilizing
the slotting technique of the symmetric structure, the cur-
rent distribution of the patch antenna can be changed to
achieve gain enhancement. At the same time, by adding
a pair of narrowband microstrip lines in the -45◦ direc-
tion of the antenna, the two rectangular patches aligned
along the x-axis and y-axis can be successfully excited
to produce signals of equal amplitude with a phase dif-
ference of 90◦, thereby achieving the characteristic of
circular polarization. In addition, this antenna adopts a
single dielectric layer. Compared with double-fed and
microstrip-fed antennas, the single-feed antenna avoids
the complex feed network of the antenna array, and it
has the advantages of simple fabrication and low cost.

II. THEORY OF CIRCULAR
POLARIZATION

A. Antenna directionality principle
Antennas usually radiate in a particular direction.

The directivity D(θ ,φ ) of an antenna is defined as the
ratio of the radiated power per unit steradian angle to the

power received by an isotropic radiator. The directivity
of an antenna can be obtained by:

D(θ ,φ) =
1
2×r2×Re[E×H∗]

Prad
4π

= 2π×r2×Re[E×H∗]
Prad

. (1)

E, H, r and Prad are the peak power of the electric
field, the peak power of the magnetic field, the distance
between the source and the test point, and the power radi-
ated by the antenna, respectively.

The gain of an antenna is an indicator of its abil-
ity to converge power to a specific direction, which is
closely related to the directionality of the antenna. The
gain is not only closely related to the directionality of
the antenna, but also to the radiation efficiency of the
antenna. The radiation efficiency considers the poten-
tial energy loss that the antenna may experience dur-
ing the radiation process. The gain of an antenna can be
expressed as:

G(θ ,φ) = η ·D(θ ,φ) . (2)
D(θ ,ϕ) is the antenna directivity mentioned in equation
(1), and η is the radiation efficiency of the antenna,
which is usually determined by the antenna design and
material properties.

B. Circular polarization principle
Circular polarization of an antenna can be realized

by radiating two orthogonal electric field components
in the far-field region. The electric field radiated by the
antenna can be expressed as:

E⃗ (θ ,φ) = E⃗θ (θ ,φ)e jφ1 + E⃗φ (θ ,φ)e jφ2 . (3)

Here,
−→
E θ (θ ,φ)e jφ1 and

−→
Eφ (θ ,φ)e jφ2 denote the

magnitude of the electric field components in the far field
of the antenna, respectively. φ 1 and φ 2 denote the phase
shift of each field component, respectively.

Circular polarization can be achieved when the total
vector of the electric field is composed of two orthog-
onal components with equal amplitude and a 90◦ phase
difference between them, as expressed in the following
equation:

Eθ (θ ,φ) = Eφ (θ ,φ) . (4)

φ1 −φ2 =±π

2
. (5)

For CP waves, the electric field vector at any point
in space traced as a function of time is a circle. This
continuous circular motion is a unique electromagnetic
property of CP waves. It ensures that the electromag-
netic waves have the same radiation characteristics in
all directions, thus providing a high degree of flexibility
and robustness in wireless communications. The mode
of polarization, on the other hand, can be determined by
observing the temporal rotation of the field of the wave
along the direction of propagation. If the rotation of the
field is clockwise, the radiated wave is right-hand cir-
cular polarization (RHCP). If the rotation of the field is
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counterclockwise, the radiated wave is left-hand circular
polarization (LHCP).

III. GAIN-ENHANCED CP ANTENNA
DESIGN

A. Antenna structure

Figure 1 shows the structure of the designed gain-
enhanced CP antenna. The antenna is implemented on
F4BM substrate, with the relative dielectric constant εr
of 2.2, the loss tangent angle tanδ of 0.001, and the thick-
ness of the substrate is 1.5 mm. The selection of sub-
strate materials with low dielectric constant and low loss
tangent is crucial for optimizing the radiation character-
istics of the antenna and reducing energy loss. Conse-
quently, after optimizing the thickness parameter of the
substrate, we have chosen F4BM with a thickness (H)
of 1.5 mm as the substrate material. The antenna pat-
tern is printed on the top layer of the dielectric plate, and
the grounding plane is printed on the bottom layer, and
coaxial back-feeding is used, and the feed point is set at
a position F=6 mm away from the center of the patch.
The structure of the antenna consists of two orthogonal
rectangular microstrip patches and a pair of rectangular
slots placed along the x-axis and y-axis, respectively. A
pair of rectangular narrow microstrip lines is added to the

(a)

(b)

Fig. 1. Proposed high gain CP patch antenna structure:
(a) top view and (b) side view.

diagonal of the patch antenna. The detailed structure of
the proposed antenna is shown in Fig. 1. The proposed
antenna is simulated by a high frequency structure simu-
lator (HFSS). Table 1 shows the final structural parame-
ter values of the proposed antenna.

Table 1: Parameters of the proposed antenna (unit: mm)
G L W F L2 W2 H
90 70 30 6 18.5 0.5 1.5
L3 W3 D1 D2 D3 D4
2.5 0.7 24.5 23.5 10 1

B. Evolution of antenna design

In the first step, as shown in Fig. 2 (a), antenna I
is a long rectangular microstrip patch, which is a simple
coaxial back-feeding method. Compared with the con-
ventional half-wavelength patch antenna, the design of
the long rectangular patch antenna permits the distribu-
tion of multiple half-wavelength-length radiation units
on the patch.

Due to the multi-period electromagnetic distribution
on the patch antenna, there must be an anti-phase current.
The anti-phase current will affect the radiation efficiency
of the antenna, causing destructive interference with the
in-phase current in the far-field region, affecting the radi-
ation mode of the antenna, thereby cutting down the gain
of the antenna. Next, on the basis of antenna I, a pair
of narrow rectangular slots is loaded about half a wave-
length away from the center of the patch, that is, the two

(a) (b)

(c) (d)

Fig. 2. Evolution of the antenna structure (a) antenna I,
(b) antenna II, (c) antenna III and (d) antenna IV.
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slots are approximately one wavelength apart, as shown
by antenna II in Fig. 2 (b).

Figure 3 illustrates the distribution of vector currents
on the resonant patch. From the arrows marked in Fig. 3
(a), it can be seen that antenna I distributes reverse cur-
rents. For the location of the reverse currents, a narrow
rectangular slot is added between the co-current and the
reverse current so that the reverse currents are forced to
be distributed around the rectangular slot, as shown in
Fig. 3 (b). At both sides of the rectangular slot, the cur-
rent flow direction is reversed, so the current on both
sides of the slot interacts with each other in the far field
region of the antenna, which greatly reduces the influ-
ence of the reverse current. According to equation (1),
the electric field E and magnetic field H in the far field
region of the antenna are improved after adding the rect-
angular slot, so the directivity and gain of the antenna are
effectively improved. Figure 4 shows the reflection coef-
ficient curves of the antennas of several structures shown
in Fig. 2. The reflection coefficient curves of the structure
of Fig. 2 (a) are shown in the curve Ant.I in Fig. 4, and
the resonance point deviates from 5.8 GHz. The reflec-
tion coefficient curves of the structure of Fig. 2 (b) are
shown in the curve Ant.II in Fig. 4, and the resonant
frequency is adjusted to about 5.8 GHz by choosing the
appropriate length and width dimensions of the rectangu-

(a) (b)

Fig. 3. Vector current distribution with phase information
of long rectangular microstrip patch: (a) antenna I and (b)
antenna II.

Fig. 4. Simulated reflection coefficient of antennas.

lar slot, L2 =18.5 mm and W2 = 0.5 mm. The reflection
coefficient curve of the antenna structure in Fig. 2 (c) is
curve Ant.III in Fig. 4. A slight degradation appears in
the performance of curve Ant.III that is primarily due to
the implementation of circular polarization, which leads
to a decrease in the reflection performance. Four small
rectangular microstrips are added in Fig. 2 (d), as shown
in the position of the dotted box. Resonance frequency
5.8 GHz belongs to the Industrial, Scientific, and Med-
ical (ISM) frequency band, which does not cause inter-
ference to other communication systems and is one of
the best frequency points for wireless power transmis-
sion. Moreover, the electrical length corresponding to 5.8
GHz is smaller than that of free frequency bands such
as 2.45 GHz, which can reduce the size of the antenna.
From Fig. 5, it can be observed that at the frequency of
5.8 GHz, the gain of antenna II has increased to 11.4 dB
compared with antenna I. The curve Ant.IV indicates the

Fig. 5. Simulated gain of antennas.
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gain simulation curve of the final structure of the pro-
posed antenna with a gain of 11.9 dB at working fre-
quency of 5.8 GHz.

C. Implementation of CP characteristics
An antenna must be capable of simultaneously radi-

ating two signals that are of equal amplitude, orthogo-
nal to each other, for achieving CP characteristic in the
far field. The resonant current direction of antenna II
is towards the x-axis in the Fig. 3 (b). To ensure that
there is resonant current along the y-axis direction as
well, the antenna II is rotated by 90◦ around the cen-
ter point of the patch, forming a cross-shaped patch
antenna. In order to achieve circular polarization, a pair
of narrow microstrips are loaded at the edge of the cross
patch along the direction of the antenna -45◦ diagonal,
as shown in antenna III in Fig. 2 (c). To reduce the axial
ratio (AR) value of the proposed antenna at 5.8 GHz, two
rectangular microstrips with small dimensions are added
at both terminals of the narrow microstrip line, as shown
in Fig. 2 (d). The purpose of this design is to increase
the current flow path and change the current phase dif-
ference between the two rectangular patches along the
x-axis and the y-axis direction to optimize the AR value.
It is also worth noting that, compared to antenna III, the
resonant frequency point of the antenna will be shifted
by 5.8 GHz due to the structural change of antenna IV.
Therefore, antenna IV also needs to adjust the distance
of the two pairs of resonant slots distributed along the x-
axis and y-axis from the center of the patches, respec-
tively. Finally, the structure parameter of D1 is chosen to
be 24.5 mm while D2 is 23.5 mm, as shown in Fig. 1.

The changes in the AR curve during evolution pro-
cess of the antenna structure in Fig. 2 are shown in Fig. 6
(a). The AR curves Ant.I and Ant.II are greater than 50
dB when theta is equal to zero. After adopting the struc-
ture of Fig. 2 (c), the AR of the antenna is greatly reduced
without affecting the gain of the antenna. However, the
AR value of the antenna is still higher than 3 dB, and fur-
ther design is still needed to improve the circular polar-
ization AR. From Fig. 6 (b), it is obvious that, compared
to AR curve Ant.III, the AR of curve Ant.IV is reduced
to less than 3 dB while its resonance frequency and gain
remain the same.

Figure 7 demonstrates the distribution of the cur-
rent on the surface of the patch antenna for phi=0◦, 90◦,
180◦, and 270◦, respectively. The arrows mark the main
direction of the current on the patch. Observing along
the reverse direction of the electromagnetic wave propa-
gation direction, it is obvious from Fig. 7 that the vec-
tor currents show a clockwise rotation tendency, and
thus the antenna has the characteristic of left-hand cir-
cular polarization. Similarly, according to the symmetry
property of the antenna, if a pair of narrow microstrip

(a)

(b)

Fig. 6. Simulated axial ratio of (a) antennas I-IV and (b)
antennas III and IV.

Fig. 7. Current distribution of the proposed antenna
for (a) phi=0◦, (b) phi=90◦, (c) phi=180◦ and (d)
phi=270◦.
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lines are loaded in the 45◦ direction of the patch antenna
and similarly observed along the reverse direction of the
electromagnetic wave propagation direction, the currents
will show a tendency to rotate counterclockwise, and the
antenna will have the characteristic of right-hand circular
polarization.

IV. ANTENNA MEASUREMENTS AND
DISCUSSION

To verify the performance of the designed antenna,
the antenna was fabricated on the F4BM substrate. The
antenna is measured in a microwave anechoic chamber
with the setup shown in Fig. 8. The structure param-
eter values of the fabricated antenna samples are con-
sistent with the data listed in Table 1. Figures 9 to 12
show the simulated and measured reflection coefficient
curves, realized gain, and AR curves of the antenna. In
Fig. 9, the measured reflection coefficient has obvious
frequency shifts and the reflection deterioration. After
discussion and analysis, the main reason may be due
to machining accuracy or material tolerances during the
production and welding process of the antenna, as well
as errors brought about by the adapter, which can lead
to the actual matching performance decreases and reso-
nance changes, thus causing frequency shifts and reflec-
tions to increase. The simulated and measured 10 dB
impedance bandwidth (S11≤-10 dB) is 2.2% (5.74-5.87

Fig. 8. Prototype of the proposed antenna and its mea-
surement setup.

Fig. 9. Simulated and measured reflection coefficient for
proposed antenna.

Fig. 10. Simulated and measured gain for proposed
antenna.

GHz) and 2.8% (5.77-5.93 GHz), respectively. Figure 10
shows the simulated and measured gain curves. The
measured maximum gain reaches 11.3 dB at the oper-
ating frequency of 5.8 GHz. The measured maximum
gain is slightly lower than the simulated gain, which
may be due to the tolerance of the antenna fabrication
and the loss of electromagnetic energy during the test-
ing process. Additionally, as depicted in Fig. 10, there
is a notable difference between the simulated and mea-
sured gain within the 5.5-5.7 GHz frequency band. This
variation may stem from the antenna’s structural proper-
ties changing at the frequency of near 5.5 GHz, which
impacts the measured outcomes, as well as potential
measurement errors that could occur during the testing
process. The antenna designed in this article focuses on
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Fig. 11. Simulated and measured AR for proposed
antenna with changing frequency.

Fig. 12. Simulated and measured AR for proposed
antenna with changing theta.

wireless power transmission at the working frequency of
5.8 GHz, so the matching of the antenna mainly con-
centrates on the around 5.8 GHz frequency point. The
difference between simulation and actual measurement
from 5.5 GHz to 5.7 GHz is mostly caused by impedance
mismatch and other factors. However, since the antenna
designed in this article is specifically targeted for the 5.8
GHz frequency, the impact of such differences can be
disregarded. Figures 11 and 12 show the AR curves of
the antenna for frequency variation and theta variation,
respectively. The simulated and measured 3 dB AR band-
widths are both 0.52% (5.78-5.81 GHz). The proposed
antenna maintains good circular polarization character-
istics at 5.8 GHz.

Figure 13 shows the simulated and measured radi-
ation of the proposed CP antenna in the xoz and yoz
planes. At the center frequency of 5.8 GHz, Fig. 13
(a) is the co-polarization (LHCP) pattern and cross-

(a) (b)

Fig. 13. Radiation pattern of antenna at 5.8 GHz: (a) xoz
plane and (b) yoz plane.

polarization (RHCP) pattern in the xoz plane. Figure 13
(b) is the co-polarization (LHCP) pattern and the cross-
polarization (RHCP) pattern in the yoz plane. It can
be seen that the measured LHCP gain is more than
20 dB higher than the corresponding RHCP gain in
Fig. 13. Therefore, the designed CP antenna has clear
LHCP characteristics. Although there are minor differ-
ences between the measurements and simulations, their
overall agreement is acceptable. The minor differences
may be mainly attributed to manufacturing tolerances
and experimental measurement errors.

Table 2 provides a detailed comparison of the high-
gain CP antenna proposed in this paper with the antenna
performance reported in the existing literature. Since
both the impedance bandwidth and the 3 dB AR band-
width include the key frequency of 5.8 GHz, the antenna
designed in this study is highly suitable for MPT. Com-
pared to other antennas for MPT detailed in Table 2, the
antenna designed here is more compact in size. Further-

Table 2: Comparison of recently reported antennas for
microwave wireless power transmission
Ref. Overall

Size
(λ 0

3)

Polarization εr Gain
(dBi)

Impedance
BW (GHz)/

FBW

3 dB AR
BW(GHz)

/FBW
[14] 4.45

×4.45
×4

LP - 13.4 5.3-6.3
(17.24%)

-

[15] 1.93
×1.93
×0.075

CP 2.2 8.5 5.53-6.06
(9.14%)

5.74-5.89
(2.58%)

[16] 2.08
×49.17
×0.06

CP 10 5.87 5.77-5.85
(1.38%)

5.74-5.84
(1.72%)

[17] 2.18
×2.18
×0.04

CP 3.55 3.8 5.75-5.92
(2.93%)

5.77-5.84
(1.21%)

This
work

1.74
×1.74
×0.029

CP 2.2 11.3 5.77-5.93
(2.8%)

5.78-5.81
(0.52%)
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more, although the antennas described in [16–18] are
all CP, the antenna proposed in this paper utilizes gain
enhancement techniques. This results in a gain that is
2.8-7.5 dB higher than that of other CP antennas, which
is beneficial for improving the efficiency of MPT.

V. CONCLUSION
In this study, a novel gain-enhanced CP microstrip

patch antenna is proposed. The gain of the antenna
is enhanced by loading two narrow rectangular slots
to the conventional rectangular microstrip patch. The
microstrip patch is rotated by 90◦ to form a cross
microstrip patch antenna. Meanwhile, some microstrip
structures are added at the edges to change the flow direc-
tion of the current to implement the CP characteristic.
The position of the two pairs of narrow rectangular slots
is slightly adjusted to fine-tune the resonant frequency
without affecting other characteristics.

The experimental measurements show that the
antenna gain reaches 11.3 dB and AR reaches 2.73
dB at the resonant frequency of 5.8 GHz, which satis-
fies the performance requirements of high gain and CP
for use in microwave power transmission antennas. The
design method and experimental results of this study
provide valuable references for the antenna design of
future microwave transmission systems. It not only pro-
vides new tools and solutions for the development of
microwave transmission technology but also brings new
research ideas and development directions in the field of
antenna design.
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