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Abstract: In this paper, a dual-polarized stacked patch antenna for wireless communication and
microwave power transfer is proposed. The stacked antenna consists of four rectangular apertures
that are etched on the ground plane and four identical cross-placed coupling strips that are set on
the upper layer of the ground plane, which are used to excite the top-layer patches. The presented
stacked patch antenna was designed as a completely symmetric structure except for the feeding
network, resulting in a simple structure and the same radiation patterns for the two polarized ports.
The proposed antenna operates at around 5.8 GHz, and the simulation and measured results show
that it has a gain of 8.5 dBi and an isolation of 25 dB. The measured antenna efficiency of the two
polarized ports at 5.85 GHz was 89.2% and 88.6%, respectively. Finally, a rectifying circuit was
designed, and the maximum measured conversion efficiency of the two polarized rectenna was 63.5%
and 62.7%, respectively.
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1. Introduction

In wireless power transfer (WPT), which is known as contactless power transferring,
the electrical energy from a source is transferred to a load without any direct electrical
contact. In the early 1960s, W. C. Brown proposed the concept of microwave wireless power
transfer (MWPT) for the first time, i.e., transmitting the high-power electromagnetic energy
in free space by using a microwave [1]. In the research on the MWPT, the most important
thing is to ensure the efficient transmission of electromagnetic energy. The MWPT system
is mainly composed of a high-power microwave source, transmitting antenna, receiving
antenna, and rectifier circuit. The energy transfer efficiency of MWPT is determined by the
conversion efficiency of the microwave source, the radiation efficiency of the transmitting
and receiving antenna, and the conversion efficiency of the rectifier circuit.

In this paper, a dual-polarized stacked patch antenna is proposed. A stacked patch
antenna is a kind of wideband high gain that has been widely studied and applied for
wireless communications [2-15]. In [2], a wideband array with inverted feeding structures
was studied. In [3], a wideband dual-polarized patch array was proposed, in which the
authors used a novel method to improve the port isolation by setting two vertical metallic
sidewalls on the long edges of the ground and employing a modified feeding structure,
resulting in a low coupling value of 36.4 dBi between the two input ports. In [4], a wideband
slot-coupled stacked antenna was presented with an operating frequency band that covers
the UMTS (1920-2170 MHz), WLAN (2.4-2.484 GHz), and UMTS (2500-2690 MHz), which
has a wide bandwidth, but the whole antenna has eleven layers in total, and its profile is
high. In [5], a wideband array for wireless communication systems was proposed, wherein
the proposed array was fed by using a sequential rotation technique, and each patch
element was excited by a square ring slot, and the gain and beam width can be changed
by adjusting the antenna size. In [6], a massive MIMO antenna using a stacked antenna
technique was proposed with an MIMO array operating at 3.7 GHz, with a novel array
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configuration consisting of 18 subarrays. Each subarray is made by four elements, and a
wideband and low profile was achieved. In [7], a high isolation dual-polarized antenna was
presented. The antenna consists of two E-shaped patches which are arranged orthogonally.
Furthermore, it was fed by two separate probes, which realize a port isolation larger
than 30 dB. In [8], a wideband, dual-polarized and high-isolation antenna was proposed.
The antenna exhibited a high matching level and obtained broadband and high-isolation
properties. In [9], a wideband stacked patch antenna with differentially fed and tuned
slot excitations was proposed. In [10], wideband and dual-polarized slot-coupled antenna
was studied by using two orthogonal U-shaped feed lines to excite the cross slot, and by
adjusting the width and stacked patches, the wideband and high-isolation properties were
obtained. In [11], a dual-polarized and low-cost array was proposed. The antenna realized
one polarization by using slot-coupled feed, and the other polarization was achieved by
feeding it with slotted ground. In [12], a dual-polarized array operating at 4.5 to 5.8 GHz
was proposed. The ultra-high, inter-port isolation was obtained by using self-interference
suppression structure.

Through the study of the above academic achievements, we designed a novel dual-
polarized stacked patch antenna operating at around 5.8 GHz, which is suitable for wireless
communication and microwave power transfer. Stacked patch structure and orthogonally
feed were applied to achieve wideband impedance matching and high isolation. The
proposed antenna has a small size of 60 mm x 60 mm, with an average gain of 8.5 dBi,
which is suitable for wireless communication and far-field wireless power transfer.

2. Antenna Design
2.1. Single Polarized Antenna Design

The presented antenna with seven stacked layers is shown in Figures 1 and 2. Layers
1, 3, 5, and 7 are metal layers, and layers 2, 4, and 6 are dielectric substrate layers. Layer 1
is the feed network layer, and an E-shaped feed structure was used; two branches of the
E-shaped structure divide the energy to two paths to motivate the top two rectangular
slots, generating a single polarization excitation. Layer 3 is the ground plane layer, with a
measurement of 60 mm x 60 mm, and four rectangular slots are etched in order to transfer
the energy to the top coupling strips. The four rectangular slots are arranged symmetrically
on the ground plane. Layer 5 is the coupling strips layer, and the four coupling strips
are arranged symmetrically between the dielectric Layer 4 and dielectric Layer 6. Each
coupling strip is orthogonal to its bottom rectangular slots. Layer 7 is the radiation patch
layer, in which four patches are arranged symmetrically. The power coming from the
E-shaped structure is divided into two equal signals, which are coupled to the rectangular
slots on the ground plane and then coupled to the top two coupling strips. Finally, the
adjacent radiation patches are motivated by the coupling strips.

The dielectric substrate material of Layer 2 is Rogers RT6010 (¢; = 9.6), and the
dielectric substrate material of Layers 4 and 6 is Rogers 5880 (e, = 2.2). The thickness of
Layers 2, 4, and 6 is H; = 0.635 mm, Hp = 1.524 mm, H; = 0.762 mm, respectively. There
are several structure parameters that can affect the antenna performance. The proposed
antenna was simulated by using the electromagnetic simulation tool CST Studio Suite
software and fed by using a discrete port. Figure 3 shows the simulated S;; when tuning
parameter Ly It can be seen that the width of the radiation patch affects the resonance
frequency depth. The center resonance frequency moved from 5.98 GHz to 5.68 GHz when
tuning Ly, from 10.8 mm to 12.4 mm with a step increment of 0.8 mm. Figure 4 exhibits
the simulated S1; when tuning parameter Lg;;,. It is obvious that the center resonance
frequency moved from 5.62 GHz to 6.12 GHz when tuning L, from 10.8 mm to 12.4 mm
with an increment of 0.8 mm. Figure 5 shows the simulated S1; of the proposed antenna
with tuning parameter L,. Note that when L, increased from 3.5 mm to 4.5 mm, the center
resonance frequency moved from 5.75 GHz to 6.06 GHz. The final parameters of the
proposed antenna are listed as follows: Hy = 0.635 mm, H, = 1.524 mm, H3 = 0.762 mm,



Electronics 2021, 10, 2988

30f12

Lpgten = 11.6 mm, Lot = 10 mm, Wgjor = 1.2 mm, Ly = 11 mm, Wy =1 mm, d = 9.5 mm,
s=4.75mm, L1 =13.75 mm, L, =4 mm, [3=5.5 mm, L4 = 6.15 mm.
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Figure 1. Configuration of the proposed antenna with one port. (a) Side view of the proposed
antenna with one port. (b) Top view of the proposed antenna with one port.

(a) (b)

Figure 2. (a) Top view of the proposed antenna with one port. (b) Back-side view of the proposed
antenna with one port.
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Figure 3. Simulation 517 under different values of Ly
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Figure 4. Simulation S1; under different values of Ly,
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Figure 5. Simulation S11 under different values of L.

2.2. Dual-Polarized Antenna Design

Due to the symmetric structure, it is easy to achieve dual polarization by arranging
another polarized port. As shown in Figure 6, the total layers and substrate materials are
the same as the single polarized antenna introduced in Section 2.1. As seen in Figure 6b,
the feeding network was reoptimized to achieve dual-polarized properties. For Port 1, a
Y-shaped microstrip feed line was used, and its two branches transferred power to the two
coupling strips via rectangular slots, resulting in one polarization. For Port 2, a C-shaped
microstrip feed line was used, and its two branches transferred power to the two coupling
strips via rectangular slots, resulting in another polarization. To facilitate the use of an SMA
connector, two short circuits to ground patches were set along to the corresponding feed
lines. The total size of the antenna is 60 mm x 60 mm. The total thickness of the antenna
is 2.94 mm, which is about 0.056 Ay, where Ay is the free space wavelength at 5.8 GHz. In
Figure 7, the final parameters of the proposed Y-shaped and C-shaped feed line are listed as
follows: L =14 mm, L, = 9.8 mm, L3= 9.5 mm, L4 = 6.15 mm, Lg = 6.15 mm, Lg = 6.15 mm,
a=9mm,b=8mm.

Figure 7 shows the simulation structure of the proposed antenna. Figure 8 shows
the S-parameters of the proposed dual-polarized antenna. As can be seen, the common

15111 < —10 dB bandwidth of the two ports was 8.6% at 5.6 GHz-6.1 GHz, which covers
the 5.8 GHz frequency band for wireless power transfer. The minimum isolation between
the two ports is 22 dB.

Figure 9 exhibits the simulation currents of the proposed dual-polarized antenna at
5.8 GHz. It is obvious that Port 1 generates stable and in-phase currents along the y-axis
on the top four radiation patches. However, Port 2 generates another stable and in-phase
currents along the x-axis on the top four radiation patches. Dual polarization (horizontal
and vertical) was achieved by Port 1 was excited and Port 2 was excited, respectively.
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Figure 6. Configuration of the proposed dual-polarized antenna. (a) Side view. (b) Top view.

(a) (b)

Figure 7. (a) Top view of the proposed dual-polarized antenna. (b) Back-side view of the proposed
dual-polarized antenna.
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Figure 8. Simulation S-parameters of the proposed dual-polarized antenna.
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Figure 9. Simulation surface currents at 5.8 GHz when (a) Port 1 is excited and (b) when Port 2
is excited.

3. Simulated and Measured Results

The proposed dual-polarized stacked patch antenna was fabricated by using multi-
layer PCB structures. The fabrication antenna and measured setup are shown in Figure 10.
The two ports of the antenna are connected with SMA connectors. The S-parameters were
measured in a laboratory with open space. Figure 11 shows the measured S-parameters of
the proposed antenna. One can see that the common measured |S;; | < —10 dB bandwidth
of the two ports was reached at 5.84 GHz-6.04 GHz. The minimum isolation between the
two ports is 25.2 dB. The measured results slightly deviate from the simulation ones due to
the issues caused by the manufacturing process and other unexpected influences in the
indoor testing environment.
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Figure 10. Photos of the proposed antenna and the measured setup. (a) Top view. (b) Back-side view.
(c) Test setup.

S-parameters (dB)

I I I
56 57 58 59 60 6.1 62
Frequency (GHz)

Figure 11. Measurement S-parameters of the proposed dual-polarized antenna.

Figure 12 shows the far-field test setup of the proposed antenna. Figures 13 and 14
exhibit the simulated and measured radiation patterns at 5.85 GHz. The simulation results
agree well with the measured ones. For Port 1, the measured 3 dB beamwidths of E-
plane and H-plane were near 71° and 63°, respectively. For Port 2, the measured 3 dB
beamwidths of E-plane and H-plane were near 72° and 65°, respectively. The cross-
polarization of the two ports at the boresight was greater than 20 dB. The measured gains
of the two polarizations were about 8.5 dBi. For Port 1, the simulated and measured
antenna efficiency at 5.85 GHz was 92.1% and 89.2%, respectively. For Port 2, the simulated
and measured antenna efficiency at 5.85 GHz was 91.6% and 88.6%, respectively. The
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decrease of the measured antenna efficiency may have resulted from the loss of cables and
manufacturing tolerance.

10 S
5
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Figure 13. Simulated and measured radiation patterns at 5.85 GHz when Port 1 is excited.
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Figure 14. Simulated and measured radiation patterns at 5.85 GHz when Port 2 is excited.

4. Rectifying Circuit Design

To validate the actual radiation property of the proposed dual-polarized stacked patch
antenna, a pair of identical rectifying circuits were designed to perform the microwave
power transfer experiment. Figure 15 shows the configuration of the proposed rectifying
circuit, printed on a grounded R04350B substrate with a thickness of 1 mm and dielectric
constant of 3.48. Three HSMS 286C series Schottky diodes were placed parallel to each other
to construct a six-stage rectifier. A Il-typed matching network (L1, L, C7) was used to adjust
the input impedance, and the six pre-capacitors (C;~Cs) did not only suppress the high-
order harmonics but also blocked the reverse direct currents. At the end of the rectifying
circuit, an output filter was applied to suppress the high-order harmonics. The final
parameters of the rectifying circuit are listed as follows: C; = 50 pF, C, = 50 pF, C3 = 50 pF,
C4 =100 pE C5 =100 pF, Cs =100 pF, C7 =50 pF, L1 =nH, L, =nH, Rjq = 1000 Q. Figure 16
shows the fabricated rectifying circuit.

Matching network Out filter
- 67_ _| _____ B
Input —H -
L- L. | # Cs # C # C:

ssee esee

HSMS 2860 F %] %] [F%]

Ll 11l

ese ess ess
Grounding

Figure 15. Configuration of the proposed rectifying circuit.
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Figure 16. Fabricated rectifying circuit.
The conversion efficiency, 11, can be expressed by
7 =V?/(Pin X Rp) @

where R, is the load resistance, V is the output DC voltage of the load resistance, and
Py, is the input power of the rectifying circuit. The simulation was carried out using
electromagnetic simulation tool ADS software. As can be seen from Figure 17, for Port 1,
when the input power Pj, was 14.2 dBi, the maximum simulated conversion efficiency
was 70.2% at 5.85 GHz; for Port 2, when the input power P, was 13.5 dBi, the maximum
simulated conversion efficiency was 71.1%. The rectifying circuit was fabricated as shown
in Figure 16, and a pair of rectifying circuits were connected to the two ports of the proposed
dual-polarized antenna, acting as a dual-polarized rectenna system. In the test, a 10 dBi
standard gain horn antenna was used for transmitting power. The distance between the
horn and the rectenna is 1 m. The load resistance Ry was set to be 500 (), and a multimeter
was used to test the output DC voltage. The measured rectenna efficiencies are also shown
in Figure 17. It can be seen that, for Port 1, when the input power P;, was 14.2 dBi,
the maximum measured conversion efficiency was 63.5% at 5.85 GHz; for Port 2, when
the input power Pj, was 13.5 dBi, the maximum measured conversion efficiency was
62.7%. The measured efficiencies were lower than the simulated ones. The discrepancy
between the simulated and measured results may be caused by: (a) the actual loss of the
cables, connectors, and circuit manufacturing; or (b) the real working environment of the
components such as HSMS 286C diodes is different from the ideal simulation environment.

80

70

60

50 1

40 -

30

20

—&— Sim.Port 1
—&— Sim.Port 2
—A— Mea.Port 1

Conversion Efficiency (%)

i —w— Mea.Port 2
10 T T T T T
5 10 15 20 25
Pin (dBm)

Figure 17. Simulated and measured conversion efficiency at 5.85 GHz.
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5. Conclusions

A dual-polarized high-gain stacked patch antenna for wireless power transfer was
proposed. The stacked antenna consists of four rectangular apertures which are etched on
the ground plane and four identical cross-placed coupling strips that are set on the upper
layer of the ground plane, which are used to excite the top-layer patches. Each rectangular
aperture transfers the input power to the corresponding coupling strip above it, and then
each coupling strip excites the two adjacent patches simultaneously. The presented stacked
patch antenna was designed as a completely symmetric structure except for the feeding
network, resulting in a simple structure and low profile. The simulation results of the
proposed antenna, operating at around 5.8 GHz, show that it has an average gain of 8.5 dBi
and an isolation of 25.2 dB. The measured antenna efficiency of the two polarized ports at
5.85 GHz was 89.2% and 88.6%, respectively. Finally, the maximum measured conversion
efficiency of the two polarized rectenna was 63.5% and 62.7%, respectively.
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