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Space Matching for Highly Efficient Microwave
Wireless Power Transmission Systems: Theory,

Prototype, and Experiments
Ping Lu , Member, IEEE, Kama Huang, Senior Member, IEEE, Yang Yang , Member, IEEE,

Bing Zhang, Senior Member, IEEE, Fei Cheng , and Chaoyun Song, Member, IEEE

Abstract— Microwave wireless power transmission (MWPT)
via radio waves has been an important research topic of the
WPT systems, where the overall power transfer and conversion
efficiency is a key factor to evaluate the system performance.
The state-of-the-art work on MWPT has only taken the end-
to-end power transfer efficiency in free space or the power
conversion efficiency of the receiver (rectenna) into consideration
separately when optimizing the power transfer efficiency of the
overall system. To comprehensively consider the system-level
matching of the entire MWPT system, a novel space matching
concept, including aperture field matching, power matching,
and impedance matching, is proposed for optimizing the overall
power transfer efficiency. By using the space matching method in
this work, the optimal designs of the subsystem components such
as the transmitting antenna, receiving antenna, and rectifying
circuit can be separately obtained to avoid the complex systematic
optimization of the large-scale and complicated MWPT system,
therefore, significantly improving the overall power transfer
efficiency by 19.4% compared with the traditional methods, and
reducing the complexity in large-scale system-level design. This
work will have valuable implications in the system design of
MWPT applications.

Index Terms— Microwave wireless power transmission
(MWPT), power transfer and conversion efficiency (PTCE),
rectenna array, separate optimization, space matching concept.

I. INTRODUCTION

M ICROWAVE wireless power transmission (MWPT) sys-
tems, which deliver radio frequency (RF) power in free

space from transmitter (TX) to receiver (RX) without using
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wire, are becoming increasingly attractive in many application,
such as communication, medical treatment, and industrial
realms [1]–[3]. In a typical MWPT system, the overall power
transfer and conversion efficiency (PTCE) is defined using the
ratio of the output dc power across the load to the transmitted
power of the transmitting antenna. More specifically, the PTCE
containing the power transmission efficiency in free space and
the RF–dc conversion efficiency of the rectenna, is typically
used to evaluate the performance of the traditional MWPT
system. For a wired circuit, only the impedance matching
between the source and load will need to be considered where
the load impedance and the source impedance should achieve
a conjugate matching condition for the maximum power deliv-
ery [5]. Due to the nonlinearity of the rectifier and the radio
wave propagation in space, the matching between the TX and
RX in the MWPT system becomes more complicated than that
of a wired circuit. To improve the PTCE, the space matching
of the whole MWPT system should be fully considered.

In terms of the power transmission efficiency in free
space, some theories to maximize the power transmission
were proposed by several groups [7]–[9]. The transmission
efficiency between the TX and RX with the same or different
apertures was surveyed. Besides, the procedure to design a
highly efficient MWPT system at arbitrary distance from the
microwave generator to the receiving aperture was given in [7].
However, in these designs, the ideal apertures (e.g., no aperture
efficiency drop) were assumed for TX and RX rather than the
actual antennas. Especially, in MWPT system, the RX is not
simply formed using an antenna array, and it is connected to
the nonlinear rectifying circuit to form the rectenna array.

Some methods to improve PTCE of the MWPT system
were proposed. One is to optimize the aperture field dis-
tribution for improving the transmission efficiency in free
space [10]–[13]. To achieve high transmission efficiency in
free space, the isosceles trapezoidal distribution (ITD) of array
excitation was investigated to achieve the maximum beam col-
lection efficiency [10], [11]. Besides, some transmitting anten-
nas with abnormal propagation property, such as supergain
antennas and nondiffractive antennas, were reported to realize
efficient power transmission [14], [15]. However, the RX
with the nonlinear rectifiers is not considered in the aperture
optimization of the TX. To enhance the RF–dc conversion
efficiency of the rectenna, a flat beam pattern emitted by the
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transmitting antenna was demonstrated to ensure the nearly
same RF power output to each rectenna element. However,
the investigation to the transmission efficiency of the flat-beam
TX is ignored [16].

Furthermore, another research direction is to improve the
conversion efficiency of the rectenna. Many highly efficient
rectennas were proposed [17]–[19]. Considering the nonlinear
rectifier diode, the rectenna can achieve an optimized conver-
sion efficiency at a certain frequency range with a specific
input power range, and the conversion efficiency decreases
rapidly out of these optimum working conditions. To the best
of the authors’ knowledge, the transmission efficiency and the
conversion efficiency have not been simultaneously considered
to design the MWPT system, and only a small part of the
MWPT system has the optimized PTCE.

In this article, a design procedure, i.e., the space matching
concept is proposed to achieve high PTCE in the entire MWPT
system. The space matching concept contains the aperture
field matching, power matching, and impedance matching. The
aperture field matching is implemented to determine the aper-
ture field distributions of the transmitting antenna and receiv-
ing antenna. The power matching and the impedance matching
are used to design a high-efficient rectenna (including the
receiving antenna and the rectifying circuit). Due to the space
matching concept, the overall MWPT system could be consid-
ered from the top-level system to the bottom-level device for
guiding the high PTCE design. The spacing matching design
procedure can be used to optimize the TX and RX design
separately for maximum PTCE to avoid the large-scale entire
MWPT system design simulation. Compared with traditional
design, i.e., each part design without the consideration of the
matching in the entire MWPT system, the PTCE in spacing
matching method can be increased significantly.

The rest of this article is organized as follows. Section II
gives a quick review of the MWPT system, and the efficiency
of the MWPT system in each part is presented. Section III
focuses on the space matching theory, including the aperture
field matching, power matching, and impedance matching.
Based on the space matching, a high-efficient MWPT system
is designed in Section IV. The performance of the proposed
MWPT system is shown in Section V. Also, the comparison of
PTCE between this work and other partial matching methods
is made. Conclusion is presented in Section VI.

II. MWPT SYSTEM

The MWPT system consists of three parts, as displayed
in Fig. 1.

1) Microwave power generator, which is used to convert
dc power into the RF power. The dc–RF conversion
efficiency is η1.

2) Transmitting antenna. The RF power produced by the
microwave generator is effectively radiated into free
space. η2 is the efficiency of the transmitting antenna,
and η3 is the transmission efficiency in the free space
between TX and RX with the ideal apertures, i.e., the
ratio of the TX power to the RF power received by
receiving antenna.

Fig. 1. Frame diagram of MWPT system.

3) Rectenna contains receiving antenna and rectifying cir-
cuit. The RF power in free space can be received, and
then converted into dc power. η4 is the intercepted
efficiency of the RX, which is the ratio of the RF
power received by receiving antenna to that input to the
rectifying circuit. η5 is the RF–dc conversion efficiency
obtained by rectifying circuit.

The overall dc–dc efficiency ηdd of the entire MWPT system
can be expressed by

ηdd = η1 · η2 · η3 · η4 · η5. (1)

The dc–RF conversion efficiency is mainly determined by
the performance of the microwave generator, and the process
of dc–RF conversion is relatively independent of the latter
two processes. In this article, the power transfer–conversion
efficiency ηtc of the MWPT system containing the latter two
processes can be written by

ηtc = η2 · η3 · η4 · η5 (2)

and the transmission efficiency ηtr between the transmitting
antenna and the receiving antenna is

ηtr = η2 · η3 · η4. (3)

In recent years, high conversion efficiency has been
achieved by many high-performance rectennas, but ηtc of the
MWPT system is still low. The experiment found that for the
point-to-point MWPT system, the transmission efficiency in
near field can reach 74% and the RF–dc conversion efficiency
of rectenna array can achieve 51%. Since most of RF power
is reflected by the physical surface of the receiving antenna,
the power input to the rectifying circuit is only 39%, causing
the low ηtc of 14.8% [20].

III. SPACE MATCHING THEORY

To achieve high PTCE, the space matching concept com-
posed of aperture field matching, power matching, and
impedance matching is proposed, and the matching of the
entire MWPT system is considered thoroughly. Assume that
the proposed MWPT system is under the condition of the line
of sight (LOS).

The aperture field matching is used to design the optimum
aperture distributions of TX and RX to achieve high trans-
mission efficiency, and the power matching is about to get
the input power of the rectifying circuit matched with the
best operation power range of a rectifying diode for high
RF–dc conversion efficiency. Also, the impedance matching
is important to realize the efficient power delivery between
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Fig. 2. Frame diagram of space transmission system. Circular apertures are
illustrated.

the receiving antenna and rectifying circuit for minimal power
reflection at the optimized input power level.

A. Aperture Field Matching

To achieve high transmission efficiency in free space η3,
the aperture field distribution, including the amplitude and the
phase of aperture field, between the TX and RX should be
matched.

In 1954, the electromagnetic (EM) reaction between the two
apertures �a, a�� is formulated by Rumsey [21], that is,

�a, a�� =
∫

V

[
�

E tr
(
a�) · d

�

J(a) − �

H tr
(
a�) · d

�

K (a)
]

(4)

where �Etr(a�) and
�

H tr(a�) are the electric field and the mag-

netic field on the TX aperture, respectively.
�

J (a) and
�

K (a)
are the current density distribution and the magnetic current
density distribution on the RX, respectively. V is the volume
of the TX.

Both TX and RX are radiating RF power. The power
transmission efficiency η3 in free space between the two ideal
apertures (not real-world antennas) can be deduced [7]

η3 =
∣∣�a, a��∣∣2

16Pa� Pa
(5)

where Pa� and Pa are the radiation power of the TX and the
RX.

The power transmission in free space between the two
apertures in the MWPT system is shown in Fig. 2, where the
TX A� with the radius of R1 and the RX A with the radius of
R2 are the distance of R0 apart. P � is the center of the TX,
and P is an arbitrary point on the RX. The distance between
the point P � and P is r , and the main beams of the TX and
RX are well aligned. For convenience, �Etr(a�) is supposed to
be the electric field in the y-direction. For the electric field in
other direction, the similar conclusion can be made. Hence,
the vector expression becomes scalar one.

The transmission efficiency in free space η3 can be written
by

η3 =
∣∣∫

A fa(x, y)dxdy
∣∣2

∣∣∣∫A� fa�
(
x �, y �) e− j kR

R dx �dy �
∣∣∣2

λ2
∫

A | fa(x, y)|2dxdy
∫

A� | fa�(x �, y �)|2dx �dy � (6)

where fa�(x �, y �) and fa(x , y) are the scalar functions of
the electric field distributions on the TX and RX apertures,
respectively. λ is the wavelength in free space. According
to the distance between the RX and TX, the transmission

efficiency between the transmitting antenna and receiving
antenna ηtr can be divided into the following cases.

1) When the TX and RX are located at the far field (R0 >
8R2

1/λ), ηtr follows the rule of Friis equation. That is,

ηtr = η2 · η3 · η4 = Ga� Gaλ
2

(4μ R0)
2 (7)

where the gain of the transmitting antenna Ga� and the
receiving antenna Ga are [8]

Ga� = Da�η2 = 4μ
∣∣∫

A� fa�
(
x �, y �)dx �dy �∣∣2

λ2
∫

A� | fa�(x �, y �)|2dx �dy � η2 (8)

Ga = Daη4 = 4μ
∣∣∫

A fa(x, y)dxdy
∣∣2

λ2
∫

A | fa(x, y)|2dxdy
η4 (9)

where Da� is the directivity of the transmitting antenna,
and Da is the directivity of the receiving antenna.

2) When the transmitting antenna and receiving antenna
are located at the near field (R0 < 8R2

1 /λ), some
approximations should be taken as follows:

R ≤
√

(R1 + R2)2 + R2
0 ≈ R0

k R ≈ k R0 + k
[
x2+y2+(

x �)2+(
y �)2 − 2

(
xx �+yy �)]/(2R0).

(10)

The transmission efficiency in free space η3 is (11), as shown
at the bottom of the next page. Transform the Cartesian
coordinates to polar coordinates, and (11) becomes [8] (12),
as shown at the bottom of the next page. For convenience of
calculations, make the following transformations:√

k

R0
r2 = ν2

√
k

R0
r1 = ν1. (13)

Hence,

fa�(r1, ϕ1)e
− jkr2

1 /2R0 = f (ν1, ϕ1) (14)

fa(r2, ϕ2)e
− jkr2

2 /2R0 = g(ν2, ϕ2). (15)

By substituting (13)–(15) into (12), we get

η3 =
∣∣∫

A g(ν2, ϕ2)F(ν2, ϕ2)dν2dϕ2

∣∣2∫
A� | f (ν1, ϕ1)|2dν1dϕ1

∫
A |g(ν2, ϕ2)|2dν2dϕ2

=
∣∣∫

A f (ν1, ϕ1)G(ν1, ϕ1)dν1dϕ1

∣∣2∫
A� | f (ν1, ϕ1)|2dν1dϕ1

∫
A |g(ν2, ϕ2)|2dν2dϕ2

(16)

where F(ν2, ϕ2) and G(ν1, ϕ1) are the Fourier transform of
f (ν1, ϕ1) and g(ν2, ϕ2), which are written by

G(ν1, ϕ1) = 1

2μ

∫
A

g(ν2, ϕ2)e
jν2ν1 cos(ϕ−ϕ1)dν2dϕ2

F(ν2, ϕ2) = 1

2μ

∫
A�

f (ν1, ϕ1)e
jν2ν1 cos(ϕ2−ϕ1)dν1dϕ1. (17)

Then, the transmission efficiency between the transmitting
antenna and receiving antenna ηtr can be expressed by

ηtr = η2 · η3 · η4

=
∣∣∫

A g(ν2, ϕ2)F(ν2, ϕ2)dν2dϕ2

∣∣2∫
A� | f (ν1, ϕ1)|2dν1dϕ1

∫
A |g(ν2, ϕ2)|2dν2dϕ2

· ηa� · ηa

(18)
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where η2 and η4 represent the antenna radiation efficiency
of the transmitting antenna ηa� and that of the receiving
antenna ηa.

Cauchy–Schwarz’s inequality yields immediately, i.e.,

ηtr ≤ η1 and ηtr ≤ η2 (19)

where

η1 =
∫

A |F(ν2, ϕ2)|2dν2dϕ2∫
A� | f (ν1, ϕ1)|2dν1dϕ1

, η2 =
∫

A� |G(ν1, ϕ1)|2dν1dϕ1∫
A |g(ν2, ϕ2)|2dν2dϕ2

.

By using the Cauchy–Schwarz inequality, when the field
aperture field distributions of the RX and TX are of conjugated
matching, we have [8]

g(ν2, ϕ2) = c4 · F∗(ν2, ϕ2) (c4 is a constant)

or

f (ν1, ϕ1) = c5 · G∗(ν1, ϕ1) (c5 is a constant). (20)

The maximum transmission efficiency can be found.
For maximum transmission efficiency, the antennas in the

far field can be characterized through the far-field radia-
tion pattern of antennas, i.e., antenna gain and half-power
beamwidth. The transmission efficiency can be acquired based
on Friis equation, which is the traditional design method of
the far-field point-to-point MWPT system, while at near field,
the aperture field distribution of antennas will need to be
considered.

B. Power Matching

The rectenna, which receives RF power and then converts
it into dc power, is used as an RX in the MWPT system.
The rectenna consists of a receiving antenna, an input filter,
a rectifier topology, an output filter, matching circuits, and a
load, as shown in Fig. 3.

To enhance the power receiving capability, the rectenna
array is used. Two rectenna array configurations, which are
dc combining and RF combining, are arranged in arrays to
enhance the output dc power. The dc combining configurations
rectify the received RF power of each receiving antenna
element prior to combining it at the dc output, while the
RF combining combines the RF power of each receiving
antenna element to a single rectifier. Compared with RF
combining, dc combining with no RF power dividers per-
forms higher conversion efficiency for a large-scale rectenna
array [22].

For a rectenna, the performance of the rectifying diode
largely determines its conversion efficiency. To achieve high

Fig. 3. Components of the rectenna. The rectifier topology with a nonlinear
diode is used to convert RF power received by the antenna into dc power.
The input filter is introduced to suppress the high-order harmonics, cooperated
with the output filter. The matching circuits consist of several microstrip lines
that are inserted between the receiving antenna and the rectifying circuit to
achieve good impedance matching for high conversion efficiency.

Fig. 4. Conversion efficiency of the rectifier diode η(Pdiode).

conversion efficiency, the rectifier diodes with small junc-
tion capacitance (C j) and small junction resistance (R j ) are
chosen. Different rectifier diodes have different best working
power areas. For example, for an extremely low input power
level (∼μW), the spin diodes can be adopted, and for low input
power level (∼mW), Schottky diodes are mostly used [23],
[24]. For high input power level (∼W), the transistor diodes
with high power capability can be selected [25], [26]. Since
all the rectifier diodes are the nonlinear devices (C j and
R j changes with input powers), the conversion efficiency
changes with different input powers, as displayed in Fig. 4,
where a maximum conversion efficiency can be achieved at
an optimum input power. The RF–dc conversion efficiency
η5 is a function of input power, which can be expressed
by

η5 = η(Pin) = η(Pdiode) · [
1 − |�(Pin, Pdiode)|2

]
(21)

where η(Pdiode) is the conversion efficiency of rectifier diode
itself under an optimized power at a certain frequency, and
� is the reflection coefficient. On the condition that the input
power of rectifying circuit Pin is equal to the optimized power
of rectifier diode Pdiode(Pin = Pdiode), the power matching can
be fulfilled for high conversion efficiency. Thus, an appropriate
rectifier diode would be chosen according to the intercepted
power of the antenna.

η3 =
∣∣∣∫A fa(x, y)dxdy

∫
A fa�(x, y)e− jk[x2+y2+(x)2+(y)2−2(xx�+yy2)]/2R0 dx �dy �

∣∣∣2

λ2 R2
0

∫
A| fa(x, y)|2dxdy

∫ | fa�(x, y)|2dx �dy � (11)

η3 =
∣∣∣∫A fa(r2, ϕ2)dr2dϕ2

∫
A fa(r1, ϕ1)e− jk[r2

1 +r2
2 −2r1r2 cos(q1−ϕ2)]/2R0 dr1dϕ1

∣∣∣
λ2 R2

0

∫ | fa(r2, ϕ2)|2dr2dϕ2
∫ | fa�(r1, ϕ1)|2dr1dϕ1

(12)
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C. Impedance Matching

When the rectifier diode reaches the optimum working
power, the impedance of the rectifying circuit may show
greatly different from the standard port impedance of 50 	.
In traditional rectenna designs, by using several matching
structures, both the antenna and the rectifying circuit are
designed to match with 50 	, separately. But those matching
networks would increase the insertion loss. To reduce the
insertion loss, the antenna and the rectifying circuit should be
co-designed. On the premise of power matching, the antenna
impedance and the rectifying circuit impedance should reach
the conjugate matching for high conversion efficiency, but not
necessarily matched to 50 	. Also, the RF–dc conversion
efficiency η5 can be expressed by

η5 = η(Pdiode) ·
[
1 − ∣∣�(

Z in, Z∗
s

)∣∣2
]∣∣∣

Pin=Pdiode

(22)

where Z in is the input impedance of the rectifying circuit, and
Zs is the output impedance of the antenna. For high RF–dc
conversion efficiency, the antenna impedance and rectifying
circuit impedance should achieve conjugate match Z in = Z∗

s
at an optimum input power.

D. Power Transfer and Conversion Efficiency

Based on the space matching concept, i.e., aperture field
matching, power matching, and impedance matching, ηtc of
the MWPT system is

ηtc =
∣∣∫

A g(ν2, ϕ2)F(ν2, ϕ2)dν2dϕ2

∣∣2∫
A� | f (ν1, ϕ1)|2dν1dϕ1

∫
A |g(ν2, ϕ2)|2dν2dϕ2

· ηa� · ηa · η(Pdiode) · [1 − |�(Pin, Pdiode)|2
]

·
[
1 − ∣∣�(

Z in, Z∗
s

)∣∣2
]

(23)

where Pin is the input power of rectifying circuit, which is
a function of the aperture field distribution of the receiving
antenna g(ν2, ϕ2). Equation (23) becomes

ηtc =
∣∣∫

A g(ν2, ϕ2)F(ν2, ϕ2)dν2dϕ2

∣∣2∫
A� | f (ν1, ϕ1)|2dν1dϕ1

∫
A |g(ν2, ϕ2)|2dν2dϕ2

· ηa · ηa� · η(Pdiode)

·
[

1 −
∣∣∣∣�

(∫
A

g2(ν2, ϕ2)dν2dϕ2/η0, N · Pdiode

)∣∣∣∣
2
]

·
[
1 − ∣∣�(

Z in, Z∗
s

)∣∣2
]

(24)

where η0 is the wave impedance in free space. N is the number
of the rectifying circuit, assuming the rectifying circuit is the
same in the rectenna array.

With the space matching concept, the field distribution of
TX and RX can be optimized for high transmission efficiency,
and the reflections caused by the impedance mismatch at
an optimum input power are minimum, and so high ηtc can
be achieved. Accordingly, the optimized aperture fields of
the receiving antenna and transmitting antenna can be used
to guide the antenna design [27], and the receiving antenna
elements would be arranged to achieve the best operating
power range for the rectifier. Then, the rectifying circuit with

Fig. 5. MWPT system model.

the matching stubs can be designed for conjugate impedance
matching.

IV. MWPT SYSTEM DESIGN EXAMPLE

To achieve high PTCE for high-power MWPT system,
massive TX and RX antenna arrays are necessary for high
power transmission capability. To reduce atmospheric loss and
beam diffraction, the TX and RX are co-located in the near
field to achieve high transmission efficiency. The proposed
design procedure with space matching theory can also be
extended to far-field MWPT system. In this work, the radiative
near-field MWPT system (0.62(D3/λ)1/2 < R0 < 2D2/λ,
where D = 2×R1) with high power transmission is taken as
example, as displayed in Fig. 5, where the transmitting antenna
with a circular aperture (the radius R1) is used to emit the RF
power, and then the rectenna array with a circular aperture (the
radius R2) is located R0 away from the TX. By using aperture
field matching method, the maximum distance of 28.33 cm in
the near field can be implemented for R1 = 4.28 cm and
f = 5.8 GHz. For high transmission efficiency in free space,
two circular apertures of the antennas and the distance between
the two antennas can be estimated by using the parameter τ ,
which is related to the transmission efficiency, as expressed
by [28]

τ =
√

SA · SA�

λR0
(25)

where R0 is the distance between the TX and the RX. SA and
SA� are the size of the TX and the RX, i.e., SA = μ R2

1 and
SA = μ R2

2 . For high transmission efficiency of 90% (τ =
1.6), the detailed parameters of the MWPT system are listed
in Table I. To further increase the power transfer distance (up
to far-field distance), the size of the TX and RX (antenna
effective aperture) or the operating frequency of the system
will need to be increased accordingly for maintaining high
transmission efficiency. For example, at the distance of 10 m,
the power transmission efficiency will decrease significantly
to 0.025% using the presently proposed TX/RX with a radius
of 4.28 cm/6.12 cm at the operating frequency of 5.8 GHz,
while the transmission efficiency could become 90% if we
enlarge the radius of TX/RX to 0.33 m/0.73 m at 5.8 GHz.
Hereinafter, we have provided Table II to show the relationship
of the aperture size against MWPT distance at given frequency
of 5.8 GHz for the fixed transmission efficiency of 90%.
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TABLE I

DETAILED PARAMETERS OF MWPT SYSTEM

TABLE II

APERTURE SIZE AGAINST MWPT DISTANCE

Considering that the power handling capability of the rec-
tifying circuit element is milliwatt level, an HSMS 282C
rectifier diode is chosen. The conversion efficiency of the
nonlinear diode with different input powers at 5.8 GHz for
a load of 2200 	 is shown in Fig. 4, where the highest
conversion efficiency η(Pdiode) of 85% can be achieved at
the optimum operation input power Pdiode of 150 mW. It is
assumed that the impedance of the antenna and rectifying
circuit should be well-matched for �(Z in, Z∗

s ) = 0.2, where
about 96% of power is transmitted and 4% is reflected. Since
the output dc power can be linearly increased by using multiple
rectennas at the RX, compared with a single receiving antenna,
using multiple antennas (antenna array) at the RX is beneficial
for obtaining a decent amount of dc output in the MWPT
system [29]. Thus, the receiving rectenna array with dc com-
bining is chosen for highly efficient large-scale array [22]. The
rectifying circuits with the number of N are connected to the
receiving antenna array. For the transmitting power Pt of 30 W,
the number of the rectifying circuit N = Ptηtr /Pdiode = 180
can be estimated for the transmission efficiency of 90% with
the antenna efficiency of 100%.

Based on (24), ηtc is related to the antenna aperture distri-
bution, and the optimized aperture field distribution should be
found for maximum ηtc.

A. Transmitting Antenna Design

The aperture field distribution (amplitude distribution and
phase distribution) of the transmitting antenna can be decom-
posed into the real part and the imaginary part, which can be
presented by [30]

f A�
(
x �, y �) = f A�r

(
x �, y �) + j f A�i

(
x �, y �) (26)

where the real part f A�r (x �, y �) and the imaginary part
f A�i (x �, y �) are described as the polynomial series of x � and
y �, which can be expressed by

f A�r
(
x �, y �) =

S∑
s=0

s∑
t=0

ast
(
x �)t(

y �)s−t
(27)

f A�i
(
x �, y �) =

P∑
p=0

p∑
q=0

bpq
(
x �)q(

y �)p−q
. (28)

Fig. 6. Aperture field distribution of the transmitting antenna. (a) Aperture
field profiles. (b) Simulated magnitude distribution map. (c) Simulated phase
distribution map.

Coefficients ast and bpq can be searched for the maximum
value of ηtc [29]. For transmitting the power of 30 W, the opti-
mum aperture field distribution of the transmitting antenna
can be found in Fig. 6. It can be seen that the electric field
profile on the transmitting aperture decreases with the radius
of antenna, and the maximum power is located at the antenna
boresight.

To achieve the desired aperture field distribution, the trans-
mitting antenna can be designed based on the radial line
slot array (RLSA), which is composed of the parallel plate
waveguide (PPW) with slot array on its top surface. By using
holographic algorithm method [31], the equivalent aperture
magnetic current distribution corresponding to the aperture
field distribution f A�(ν1) can be found

M0(ν1) = f A�(ν1)ν̂ (29)

where ν1 = (x �2 + y �2)1/2. Due to ϕ-invariance, the current
distribution is a function of ν1. Then, the current distribution
can be synthesized by placing and sizing the slots of the
RLSA [31], [32]. A variation in slot length mainly affects
the associated magnetic moment magnitude, but the phase
is almost unchanged. Similarly, a variation in slot position
mainly affects the associated magnetic moment phase, but the
magnitude remains almost the same. Such a quasi-orthogonally
property presents independent actions on the two variables
(i.e., the slot lengths and positions) to determine the slot layout
of RLSA. Hence, the position of the slots is arranged optimally
to achieve the matching between the phase distribution on
the RLSA aperture and the target one, while the length of
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the slots is controlled to ensure the target aperture magnitude
distribution.

The aperture field distribution of RLSA was simulated by
using HFSS as depicted in Fig. 6, where the aperture field
distribution generated by RLSA agrees well with the target
field distribution. It can be seen that the magnitude and phase
of the electric field change with the radius of the circular map.
The electric field magnitude decreases from the center, and the
phase has a strong fluctuation with the radius.

B. Receiving Antenna Design

According to (20), the field distribution on the rectenna
can be obtained, and accordingly the power density σ(ν2,
ϕ2) = g2(ν2, ϕ2)/η0 on the receiving antenna aperture can be
displayed in Fig. 7(a), where the power density is a function
of only the radial radius ν2 due to ϕ-invariance. It can be seen
that the power density at the center of the rectenna is largest.
As the distance from the antenna center increases, the power
density decreases.

Due to the nonlinear rectifier, the performance of the
rectifier would deteriorate at the power levels that are higher
or lower than the optimum input power Pdiode, as displayed
in Fig. 4. For high conversion efficiency of rectifying circuit,
the receiving antenna array should be reasonably arranged to
achieve Pdiode of 150 mW (21.76 dBm) in each rectifying
circuit unit. Different from the traditional rectenna array,
the nonuniform rectenna array consisting of the rectenna
elements/rectenna subarray with different sizes in different
zones is proposed, as displayed in Fig. 8. In each zone,
the receiving antennas composed of the rectangle subarray (the
rectangle patches with feeding microstrip lines) are printed on
the F4B substrate (relative permittivity εr = 2.65, thickness
h = 1 mm).

The rectenna subarray in each zone has the same size Si to
satisfy the input power Pdiode, as expressed by

σ(ν2) × Si = Pdiode (30)

where σ(ν2) is the power density on the rectenna array, which
is related to the radial radius ν2 [see Fig. 7(a)]. Since the size
of receiving antenna elements is much smaller than the large
rectenna array, the equal amplitude with in-phase distribution
is considered on the small rectenna patch. The rectenna array
can be divided into four zones (i = 1, 2, 3, 4). In the first
zone (0 ≤ ν2 < 1 cm), the receiving power density drops
to 50%. In the second zone (1 ≤ ν2 < 2.7 cm), the power
density is reduced from 50% to 25%. When the power density
decreases to 8%, the region (2.7 ≤ ν2 < 4 cm) is defined as
the third zone, and the rest is set as the fourth zone, where
in 5.3 ≤ ν2 < 6.12 cm, the power density is close to 0,
and no rectenna subarray is deployed. According to the power
density distribution of the receiving antenna [see Fig. 7(a)],
the arrangement of the rectenna including the number and the
size of the subarray in the four zones can be calculated by

2μ

∫ νi

νi−1

σ(ν2)ν2dν2 = Ni · Pdiode (31)

where νi−1 and νi are the lower boundary and the upper
boundary of Zone i , respectively. Ni is the number of the sub-

Fig. 7. Aperture distribution on the rectenna (R0 = 10 cm). (a) Theoretical
power density distribution. (b) Theoretical phase distribution. (c) Simulated
electric field magnitude distribution. (d) Simulated electric field phase distri-
bution.

TABLE III

RECTENNA ARRAY ARRANGEMENT

array in Zone i . Considering the rectifying circuit arrangement,
the subarray Si should be larger than the placement region of
the rectifying circuit. Since the receiving antenna is a circu-
lar aperture, the edge processing for the rectangle rectenna
subarray is implemented at the border of two zones. The
arrangement of the nonuniform rectenna is listed in Table III.
It can be seen that the nonuniform rectenna is realized, where
large subarray is arranged in the low power density area to
satisfy the optimum input power Pdiode [see (30)]. In the first
zone, where the power density is high, a small size of the
subarray is required to intercept the incoming wave power for
Pdiode. As the radial radius ν2 increases, the power density
decreases but the subarray size increases for more incoming
wave power. It is worth noting that in the second zone, where
the power density profile has a fairly flat region with almost
constant σ of 0.9 W/cm2, the number of the subarray is largest.
In the fourth zone, since the power density falls to nearly 0
W/cm2 in 5.3 ≤ ν < 6.12 cm, the subarray is distributed at
the rim of 5.3 cm.

By deploying power dividers with different phase-shifting
lines in each zone (see in Fig. 8), the desired phases can
be achieved for the target conjugated phase distribution. The
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Fig. 8. Nonuniform rectenna array.

TABLE IV

IMPEDANCE OF RECTIFYING CIRCUIT AND ANTENNA

IMPEDANCE IN FOUR ZONES

simulated field distribution is also shown in Fig. 7(c) and (d),
which basically agrees with the theoretical one [see Fig. 7(a)
and (b)]. It can be observed that the simulated electrical field
magnitude on the nonuniform RX reaches to its maximum
value in the center and decreases against the incremental of
the radius. But in 1–2.7 cm, the electrical field firstly increases,
and then reduces as the radius is increased further. Besides,
the phase of RX roughly increases from the negative to positive
with the radius.

C. Rectifying Circuit Design

The output impedances of the subarray in the four zones
are listed in Table IV, where the impedances are different
in each zone. Due to use of nonlinear elements (rectifier
diode), the impedance would change as a function of the input
power, in which the impedance at the optimum input power
Pdiode of 150 mW is (31.5 + j3.7) 	 (without matching
stub curve, see Fig. 9), which makes a deviation from the
antenna impedance, as displayed in Table IV. To achieve the
conjugate matching, some matching stubs are inserted between
the antenna and the rectifying circuit, as displayed in Fig. 10,
where the circuit is printed on the identical F4B substrate
of the receiving antenna (relative permittivity εr = 2.65,
thickness h = 1 mm). In the rectifying circuit, a 47-pF
series precapacitor protects the receiving antenna from the
reversely rectified dc current. In addition, the precapacitor
cooperating with the input matching network is also used
as the input filters of the rectifying circuit. A Schottky
HSMS-282C rectifier diode with a breakdown voltage Vbr

Fig. 9. Rectifying circuit impedance with different input power. (Take the
impedance with matching stubs in the fourth zone as an example.)

Fig. 10. Rectifying circuit with matching stubs in the four zones and
conversion efficiency of the four rectifying circuits. (a = 42 mm, b = 16 mm).
(a) In the first zone (l1 = 3.2 mm, l2 = 7.1 mm, l3 = 16.6 mm, l4 = 12.8 mm,
w1 = 3.4 mm, w2 = 3 mm). (b) In the second zone (l1 = 3.8 mm,
l2 = 7.5 mm, l3 = 16.9 mm, l4 = 11.8 mm, w1 = 3.4 mm, w2 = 3 mm).
(c) In the third zone (l1 = 2.5 mm, l2 = 9.2 mm, l3 = 14.6 mm,
l4 = 12.5 mm, w1 = 3.2 mm, w2 = 2.8 mm). (d) In the fourth zone
(l1 = 9.5 mm, l2 = 9.2 mm, l3 = 14.4 mm, l4 = 12.8 mm, w1 = 5.5 mm,
w2 = 2.6 mm). (e) Conversion efficiency.

of 15 V, a built-in voltage Vbi of 0.34 V, a series resistance Rs

of 6 	, and a junction capacitance C j0 of 0.7 pF is inserted
in series to the circuit. A 100-pF bypass capacitor and a
load resistor of 2200 	 are used, which acted as the output
dc filter. It not only smoothens the output voltage but also
suppresses the high-order harmonics in cooperation with the
precapacitor. Furthermore, two matching circuits, including an
input matching and an output matching circuits, are inserted
between the antenna and the rectifying circuit, to achieve good
impedance matching between the antenna in each zone and the
corresponding rectifying circuit. The input matching circuit
contains some microstrip stubs, and the dc output matching
circuit consists of a stepped-impedance matching microstrip
line and a 1/4λ microstrip line. To achieve good matching
(transform Z0 to Zl3), the impedance can be expressed as [33]

Z(z) = Z0eαz, 0 < z < l3 (32)
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where at z = 0, z(0) = Z0, at z = l3, z(L) = Zl3 = Z0eαl3,
and α is the exponential constant.

The length of the tapered line is determined by minimizing
the reflection coefficient, |�(L)| ≤ 0.1.

The magnitude of �(L) can be expressed by

|�(L)| = 1

2

∣∣∣∣ln Zl3

Z0

∣∣∣∣ sin βL

βL
. (33)

In this design, Z0 = 56 	 and ZL = 38 	 are used in the
first zone as an example, and βL has to be greater than 0.6μ
to have |�(L)| less than 0.1. Therefore, L is determined to be
5/16λ for βL = 0.625μ at the frequency of 5.8 GHz. Then, the
appropriate width of the stepped-matching microstrip line (the
factor α) is optimized according to (32) for good impedance
matching [33]. Subsequently, a 1/4λ microwave line is used to
connect the stepped-impedance line and the load to suppress
the even-order harmonics [3].

The input impedances of rectifying circuit using matching
stubs for different zones are listed in Table IV. It can be
seen that due to the matching stubs, the imaginary part of
the impedance can be offset, and the input impedance of the
rectifying circuit in the four zones can be well conjugated to
the output impedance of receiving antenna. Considering the
fourth zone, the impedance with the matching stub becomes
(35.1 − j4.8) 	 at the optimum input power of 150 mW
(see Fig. 9), which is conjugated to the antenna impedance of
(34.5 + j4.2) 	. Also, the conversion efficiency with different
input power for the four rectifiers can be displayed in Fig. 10,
where the conversion efficiency increases with input power,
and it reaches the peak of 77.5%, 77.7%, 77.6%, and 77.4% in
the four zones at the input power of 150 mW, then decreases
with input power increasing further. Due to the nonuniform
rectenna array with matching stubs, good impedance matching
can be achieved, which enables the rectifier circuit to achieve
the average conversion efficiency of 77.6% in the four zones at
the basically same intercepted power of 150 mW, as displayed
in Fig. 11(a) (in red dashed line).

D. DC Combining of Rectenna Array

The output dc power of the proposed rectenna array is
combined in shunt (parallel connection). For simplicity and
easy analysis, the nonlinear equivalent circuit models are
replaced by using linear model of a single rectenna and
the proposed rectenna array is depicted in Fig. 12. The
output power of a single rectenna element can be expressed
as [34]

P0 = V 2
D0 RL0

(RD0 + RL0)
2 (34)

where VD0 and RD0 are the equivalent voltage and resistance of
the rectifying circuit, and RL0 is the load resistance of single
element. The relation of RD0 = RL0 is used for maximizing
the transferred power or efficiency.

In each zone, the distributed rectenna element is parallel-
connected, and then the rectenna elements within the four

Fig. 11. Conversion efficiency of rectifying circuit in the four zones. (a) With
distance from center. (b) Measured 2-D contour map.

Fig. 12. Linear equivalent-circuit models. (a) Single rectenna element.
(b) Nonuniform rectenna array. (c) DC combining configuration.

zones are connected in shunt to a resistor of RL2, as displayed
in Fig. 12(c). For the complete rectenna array, we have [34]

IP = I1 + I 2 + I3 + I 4

=
∑37

n=1 VD1n + ∑93
m=1 VD2m + ∑44

p=1 VD3p + ∑6
q=1 VD4q

RD0 + RL0

(35)

VP =
(∑37

n=1VD1n +∑93
m=1VD2m +∑44

p=1VD3p +∑6
q=1VD4q

)
RL0

(n + m + p + q)(RD0 + RL0)
(36)

PP = IPVp

=
(∑37

n=1VD1n+∑93
m=1VD2m +∑44

p=1VD3p+∑6
q=1VD4q

)2
RL0

(n + m + p + q)(RD0 + RL0)
2 .

(37)
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TABLE V

MEASURED DC POWER COMBINATION PERFORMANCE

In each zone, rectenna unit is identical, i.e., in the first
zone, RD11 = · · · = RD1n = RD1, in the second zone,
RD21 = · · · = RD2m = RD2, in the third zone, RD31 = · · · =
RD3p = RD3, and in the fourth zone, RD41 = · · · = RD4q =
RD4. The maximum efficiency can be achieved by choosing
RL2 = (n/RD1 + m/RD2 + p/RD3 + q/RD4)− 1, where n, m, p,
and q are the rectifier number in the first zone, in the second
zone, in the third zone, and in the fourth zone, respectively.
To simplify calculations, here we assume that each rectenna
element is identical to the four zones, as rectifier structure and
the input impedance of rectifier are more or less similar. The
relationship can be simplified as RL2 = RL0/(n + m + p + q)
for realizing the maximum efficiency.

The rectenna elements are parallel connected to a combined
resistor RL2 of RL2 = RL0/(n + m + p + q) = 12.2 	, which
consists of two resistors of 10 and 2.2 	 in series. Based
on (34)–(37), the dc power combining efficiency is calculated
by using the total output dc power divided by the sum of the
dc powers from the single rectenna element

ηdc = V 2
p /RL2

n P01 + m P02 + pP03 + q P04
. (38)

By measuring the output dc voltage (Vp) of the combined
resistor RL2 and the output dc power of a single rectenna
element (P01, P02, P03, and P04 are the output dc power in
the first zone, in the second zone, in the third zone, and
in the fourth zone, respectively, and the rectifying circuit is
the same in each zone), the dc power combining efficiency
is given in Table V, where the dc power combining effi-
ciency for the whole rectenna array is 92% (about 8% loss)
[19.3 W/(0.1163 × 37 + 0.1166 × 93 + 0.1164 × 44 +
0.1161 × 6) W].

V. PERFORMANCE OF MWPT SYSTEM

A. Theoretical Verification

Due to the proposed space matching concept, the TX/RX
and nonuniform rectenna array can be optimally designed.
To verify the correctness of the theory, ηtc can be obtained
through the electromagnetic (EM) systematic simulation using
HFSS and verified using the experimental measurement for

Fig. 13. Measurement setup.

which the entire MWPT system with the RLSA transmitting
antenna and nonuniform rectenna is modeled and fabricated.
In the measurement, the whole system was measured in
free space, and the measurement setup is shown in Fig. 13.
The power source (modeled WATTSINE) is used to generate
RF high power, which is magnified by a built-in amplifier.
Then, the amplified RF power is shunted by a Nadar 30-
dB directional coupler. One way feeds the power meter of
AV2433 to test the output that ensures the transmitting power
of 30 W, while another way feeds the transmitting antenna.
The proposed RLSA is used as transmitting antenna to transmit
the power of 30 W (45 dBm) in free space. The nonuniform
rectenna array is placed at the distance of L from the RLSA,
and the RF power is received by the nonuniform rectenna
array and converted into dc power in different zones. The
dc power of each rectenna element in parallel is electrically
connected to a resistor, on which the total voltage of the entire
system is measured by using the multimeter. The distance
between RLSA and the rectenna array is 10 cm (1.93λ0). The
measured aperture distributions of the transmitting antenna
and receiving antenna are displayed in Fig. 14, where the
power of transmitting/receiving antenna is mainly concentrated
in the center, and the power would be decreased along the
radial radius, which agrees with the theoretical and simulated
aperture distribution (see in Figs. 6 and 7). Also, the measured
phase distribution changes with radius, which basically agrees
with the simulated one. The measured phase distribution of
the TX has undulating change, while the measured phase
distribution of the nonuniform RX varies from negative to
positive as a function of the radius. The systematic simulated
and measured conversion efficiency of 75.8% and 74.3% can
be achieved by the rectenna array, as displayed in Fig. 11(a)
(in green solid line and in orange dotted line), which are a little
lower than the separate simulation with space matching theory
(77.6% in red dashed line). Also, the measured 2-D contour
map for the conversion efficiency of the rectifying circuit is
displayed in Fig. 11(b). The low conversion efficiency of the
systematic simulation and measurement may be caused by the
interaction of two actual antennas. Since the two antennas are
interacted, some power is reflected on the receiving antenna,
and the aperture field distribution is a little different from the
optimum distribution, leading to the decrease of conversion
efficiency.

ηtc obtained by the overall systematic simulation and mea-
surement is listed in Table VI. Also, the theoretical ηtc calcu-
lated from (24) and the separate simulation ηtc based on the
spacing matching method is listed in Table VI. It can be seen
that ηtc calculated by numerical simulation is higher than those
obtained by the EM simulations (overall systematic simulation
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Fig. 14. Measured electrical field distribution. (a) Amplitude distribution
of transmitting antenna. (b) Amplitude distribution of receiving antenna.
(c) Phase distribution of transmitting antenna. (d) Phase distribution of
receiving antenna.

TABLE VI

POWER TRANSFER–CONVERSION EFFICIENCY OF MWPT SYSTEM

and separate simulation) and measurement. It may be caused
by the actual impedance matching between the antenna and
rectifying circuit made by EM simulations and measurement,
which is worse than the numerical one (|�| = 0.2). Although
the ηtc discrepancy exists among the three simulations and
measurement, the proposed MWPT system by using space
matching method can be verified to achieve high ηtc, and
the design validates the correctness of the space matching
method.

By using the space matching method, the aperture field
distribution can be optimized to guide the design of TX and
rectenna array separately. The full-wave global optimization
of the complex and large-scale entire MWPT system can be
avoided.

B. Influence of Parameter Variations

The distance between antennas and the transmitted power
would affect the transfer–conversion efficiency in MWPT.
After investigation, the simulated and measured efficiencies
with different transmitted power and the distance between
the antennas are displayed in Fig. 15, where the power
transfer–conversion efficiency ηtr is sensitive to changes in

Fig. 15. Efficiency with different systematic parameters. (a) With distance
between the antennas when the transmitted power is 30 W. (b) With different
transmitted power when the distance between the antenna is 10 cm.

TABLE VII

COMPARISON OF POWER TRANSFER–CONVERSION

EFFICIENCY IN DIFFERENT MWPT SYSTEMS

transmitted power and the distance between the antennas.
It can be observed in Fig. 15(a) that when the transmitted
power is constant, the transmission efficiency is inversely
proportional to the distance between antennas, causing the
decrease of the transfer–conversion efficiency. Due to the
nonlinear rectifier, the conversion efficiency changes with dif-
ferent distances. Notably, the simulated transmission efficiency
is higher than the measurement at 5 cm, but the simulated
conversion efficiency is lower than the measurement, since the
received power in the measurement is closer to the optimum
of the rectifier.

As displayed in Fig. 15(b), when the TX power increases,
the transmission efficiency stays the same, since the size,
operation frequency, and distance between antennas remain
unchanged. However, the conversion efficiency will start to
decrease when the received power of the rectenna is not within
its optimum transmitting power of 30 W. Thus, the conversion
efficiency is the highest at 30 W; therefore, the transfer–
conversion efficiency is also the highest. The farther the
TX powers deviate from the optimum region, the lower the
transfer–conversion efficiency is. It is worth noting that when
the transmitted power is larger than the 30 W, the measured
conversion efficiency is higher than the simulated one, since
the measured input power is closer to the optimum, but the
simulated transmission efficiency is higher than the measured
one, causing a little higher simulated transfer–conversion
efficiency.

C. Different MWPT System Comparison

The comparison of ηtc in different MWPT systems with
different aperture distributions and the nonuniform/uniform
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rectenna is listed in Table VII, where in Case 1(2), the TX
with equal amplitude and in-phase aperture field distribution
and the uniform (nonuniform) rectenna array are implemented.
In Case 3, the aperture field of the TX is optimized, and the
uniform rectenna array is adopted. From Table VII, it can
be seen that, after using the space matching method, ηtc in
this work is the highest in the four cases. In this design,
the transmission efficiency and the conversion efficiency are
86.4% and 74.3%, respectively. In Case 1 (traditional MWPT
system), without the consideration of the matching in each
part of MWPT system, the transmission efficiency and con-
version efficiency are the lowest, which are 82.3% and 54.7%,
respectively. Accordingly, ηtc decreases sharply, and it only
44.8% in Case 1. In Case 2, the transmission efficiency and
conversion efficiency are 84.9% and 70.9%, respectively. Since
the rectenna elements are reasonably arranged in accordance
with the power density of the RX, more power is intercepted
by the rectenna array to achieve the optimum input power of
the rectifying circuit, and so the conversion efficiency can be
greatly improved, compared with the uniform rectenna cases
(Cases 1 and 3). For the optimized aperture field distribution
(Case 3), the transmission efficiency and conversion efficiency
are 87.5% and 58.3%, respectively. In Case 3, the aperture field
distribution is optimized, and so the transmission efficiency
is improved. However, the obtained ηtc in Case 3 is a little
lower than that in Case 2. That is because although the
optimal aperture field distribution has a higher transmission
efficiency (Case 3), its conversion efficiency is lower than that
of the nonuniform rectenna array (Case 2). Hence, to achieve
high ηtc, the aperture field distribution would be optimized
to achieve aperture field matching for high transmission effi-
ciency, and the rectenna should be nonuniformly deployed in
line with the power distribution of receiving antenna to achieve
power matching. Also, the conjugate impedance matching
between the receiving antenna and rectifying circuit should be
achieved for high conversion efficiency. The three parts of the
space matching, i.e., aperture field matching, power matching,
and impedance matching, are indispensable for high-efficient
MWPT system. Compared with other methods for high system
performance [35], [36], the system-level matching is associ-
ated by using space matching method, and various factors, i.e.,
impedance, power, and filed, are comprehensively considered,
rather than only impedance [35] or radiation pattern [36].

D. Discussion

In the real environments, the path loss in free space exists,
such as atmospheric absorption and scatter [9]. The path loss
can be simply estimated using

L loss(d B) = 32.45 + 20 lg f + 20 lg R0 (39)

where f is the operation frequency (unit: MHz) and R0 is
the transmission distance (unit: km). According to the above
equation, the power received by the RX would decrease by
L (dB), and the transmission efficiency becomes

η�
tr = ηtrηl = ηtr10−L/10 (40)

where ηl is the efficiency caused by path loss. When the
transmission environment deteriorates, such as atmospheric

turbulence and non-line-of-sight (NLOS), the transmission
efficiency would decrease further. In addition, for multipath
and complex propagation environments, wireless channel mod-
els and channel estimations can be used here to replace the
path loss formulas, therefore, matching the transfer efficiency
to the realistic conditions [37].

VI. CONCLUSION

In this article, the space matching theory, including the aper-
ture field matching, power matching, and impedance matching
has been proposed to increase PTCE of the MWPT system.
The aperture field matching has been used to achieve high
transmission efficiency. Due to the aperture field matching,
the aperture field distributions of transmitting and receiv-
ing antennas can be optimized to guide the real-world
antenna/antenna array designs for the MWPT system. For high
conversion efficiency, the input power of the rectenna should
be matched to the optimum working power of the rectifier
diode (i.e., power matching), and the appropriate rectifier diode
can be selected to operate well in the nonlinear operating
condition, while the rectenna array is nonuniformly arranged.
Also, at the optimum input power, the antenna impedance and
that of rectifying circuit can realize the conjugate matching
for high conversion efficiency, and the output dc power is
maximized.

Due to the space matching method, the MWPT system can
be divided into three parts, i.e., the transmitting antenna, the
receiving antenna, and the rectifying circuit, and these parts
can be separately optimized for high ηtc, but the matching
between these parts is comprehensively considered. Compared
with traditional methods without the consideration of the
matching in each part of MWPT system and other partial
matching methods, the MWPT system with space matching
method can achieve the highest ηtc. Simulated and measured
results have verified that the space matching method can be
used to guide the high-efficient MWPT system design. The
parts of MWPT system including the transmitting antenna,
the receiving antenna, and the rectifying circuit can be opti-
mized separately, and the systematic optimization for the
large-scale and complicated MWPT system can be signifi-
cantly simplified.

REFERENCES

[1] Y. Huang, N. Shinohara, and T. Mitani, “Impedance matching in wireless
power transfer,” IEEE Trans. Microw. Theory Techn., vol. 65, no. 2,
pp. 582–590, Feb. 2013.

[2] J. Kim, D.-H. Kim, and Y.-J. Park, “Analysis of capacitive impedance
matching networks for simultaneous wireless power transfer to multiple
devices,” IEEE Trans. Ind. Electron., vol. 62, no. 5, pp. 2807–2813,
May 2015.

[3] C. Liu, F. Tan, H. Zhang, and Q. He, “A novel single-diode microwave
rectifier with a series band-stop structure,” IEEE Trans. Microw. Theory
Techn., vol. 65, no. 2, pp. 600–606, Feb. 2017.

[4] K. Niotaki, A. Georgiadis, A. Collado, and J. S. Vardakas, “Dual-band
resistance compression networks for improved rectifier performance,”
IEEE Trans. Microw. Theory Techn., vol. 62, no. 12, pp. 3512–3521,
Dec. 2014.

[5] N. Shinohara, “Power without wires,” IEEE Microw. Mag., vol. 12, no. 7,
pp. S64–S73, Dec. 2011.

[6] J. Rahola, “Power waves and conjugate matching,” IEEE Trans. Circuits
Syst. II, Exp. Briefs, vol. 55, no. 1, pp. 92–96, Jan. 2008.

[7] G. Borgiotti, “Maximum power transfer between two planar apertures
in the fresnel zone,” IEEE Trans. Antennas Propag., vol. AP-14, no. 2,
pp. 158–163, Mar. 1966.

Authorized licensed use limited to: Heriot-Watt University. Downloaded on February 26,2021 at 10:22:29 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

LU et al.: SPACE MATCHING FOR HIGHLY EFFICIENT MWPT SYSTEMS: THEORY, PROTOTYPE, AND EXPERIMENTS 13

[8] A. Kay, “Near-field gain of aperture antennas,” IRE Trans. Antennas
Propag., vol. 8, no. 6, pp. 586–593, Nov. 1960.

[9] G. Goubau and F. Schwering, “Free space beam transmission,” in
Microwave Power Engineering, vol. 1, E. C. Okress, Ed. New York,
NY, USA: Academic, 1968, pp. 241–255.

[10] A. K. M. Baki et al., “New and improved method of beam forming with
reduced side lobe levels for microwave power transmission,” in Proc.
IEEE Int. Conf. Electr. Comput. Eng., Dec. 2008, pp. 773–777.

[11] X. Li, B. Duan, J. Zhou, L. Song, and Y. Zhang, “Planar array synthesis
for optimal microwave power transmission with multiple constraints,”
IEEE Antennas Wireless Propag. Lett., vol. 16, pp. 70–73, 2017.

[12] S. A. Schelkunoff, “A mathematical theory of linear arrays,” Bell Syst.
Tech. J., vol. 22, no. 1, pp. 80–107, Jan. 1943.

[13] C. L. Dolph, “A current distribution for broadside arrays which optimizes
the relationship between beam width and side-lobe level,” Proc. IRE,
vol. 34, no. 6, pp. 335–348, Jun. 1946.

[14] I. P. Ivrissimtzis, M. J. Lancaster, and M. Alford, “Supergain printed
arrays of closely spaced dipoles made of thick film high-Tc superconduc-
tors,” IEEE Proc. Microw., Antennas Propag., vol. 142, no. 1, pp. 26–34,
Feb. 1995.

[15] J. Durnin, J. J. Miceli, Jr., and J. H. Eberly, “Diffraction-free beams,”
Phys. Rev. Lett., vol. 58, no. 15, pp. 1499–1501, Apr. 1987.

[16] N. Shinohara and N. Kamiyoshikawa, “Study of flat beam in near-field
for beam-type wireless power transfer via microwaves,” in Proc. 11th
Eur. Conf. Antennas Propag. (EUCAP), Mar. 2017, pp. 780–782.

[17] H. Sun, Z. Zhong, and Y.-X. Guo, “An adaptive reconfigurable rectifier
for wireless power transmission,” IEEE Microw. Wireless Compon. Lett.,
vol. 23, no. 9, pp. 492–494, Sep. 2013.

[18] Y.-J. Ren, M. F. Farooqui, and K. Chang, “A compact dual-frequency
rectifying antenna with high-orders harmonic-rejection,” IEEE Trans.
Antennas Propag., vol. 55, no. 7, pp. 2110–2113, Jul. 2007.

[19] P. Lu, X.-S. Yang, J.-L. Li, and B.-Z. Wang, “Polarization reconfigurable
broadband rectenna with tunable matching network for microwave
power transmission,” IEEE Trans. Antennas Propag., vol. 64, no. 3,
pp. 1136–1141, Mar. 2016.

[20] N. Shimokura, N. Kaya, M. Shinohara, and H. Matsumoto, “Point-
to-point microwave power transmission experiment,” Electr. Eng. Jpn.,
vol. 120, no. 1, pp. 33–39, Jul. 1997.

[21] V. H. Rumsey, “Reaction concept in electromagnetic theory,” Phys. Rev.,
vol. 95, no. 6, p. 1705, Sep. 1954.

[22] U. Olgun, C.-C. Chen, and J. L. Volakis, “Investigation of rectenna
array configurations for enhanced RF power harvesting,” IEEE Antennas
Wireless Propag. Lett., vol. 10, pp. 262–265, 2011.

[23] A. Douyere, J. D. L. S. Luk, and F. Alicalapa, “High efficiency
microwave rectenna circuit: Modelling and design,” Electron. Lett.,
vol. 44, no. 24, pp. 1409–1410, Nov. 2008.

[24] Z. Harouni, L. Cirio, L. Osman, A. Gharsallah, and O. Picon, “A dual
circularly polarized 2.45-GHz rectenna for wireless power transmission,”
IEEE Antennas Wireless Propag. Lett., vol. 10, pp. 306–309, 2011.

[25] Y.-H. Suh and K. Chang, “A novel low-cost high-conversion-efficiency
microwave power detector using GaAs FET,” Microw. Opt. Technol.
Lett., vol. 44, no. 1, pp. 29–31, Jan. 2005.

[26] K. Kuroda, R. Ishikawa, and K. Honjo, “Parasitic compensation design
technique for a C-band GaN HEMT class-F amplifier,” IEEE Trans.
Microw. Theory Techn., vol. 58, no. 11, pp. 2741–2750, Nov. 2010.

[27] N. Wang et al., “Aperture field rebuilding in antenna time domain
planar near field measurement,” in Proc. Int. Conf. Microw. Millim. Wave
Technol., Apr. 2008, pp. 1–4.

[28] W. C. Brown, “The technology and application of free-space power
transmission by microwave beam,” Proc. IEEE, vol. 62, no. 1, pp. 11–25,
Jan. 1974.

[29] S. Shen and B. Clerckx, “Beamforming optimization for MIMO wire-
less power transfer with nonlinear energy harvesting: RF combining
versus DC combining,” IEEE Trans. Wireless Commun., vol. 20, no. 1,
pp. 199–213, Jan. 2021.

[30] S. Wan and K. Huang, “Methods for improving the transmission-
conversion efficiency from transmitting antenna to rectenna array in
microwave power transmission,” IEEE Antennas Wireless Propag. Lett.,
vol. 17, no. 4, pp. 538–542, Apr. 2018.

[31] J. L. Gómez-Tornero, D. Blanco, E. Rajo-Iglesias, and N. Llombart,
“Holographic surface leaky-wave lenses with circularly-polarized
focused near-fields—Part I: Concept, design, and analysis theory,” IEEE
Trans. Antennas Propag., vol. 61, no. 7, pp. 3475–3485, Jul. 2013.

[32] M. Ettorre et al., “On the near-field shaping and focusing capability of
a radial line slot array,” IEEE Trans. Antennas Propag., vol. 62, no. 4,
pp. 1991–1999, Apr. 2014.

[33] P. Wu et al., “Compact high-efficiency broadband rectifier with multi-
stage-transmission-line matching,” IEEE Trans. Circuits Syst. II, Exp.
Briefs, vol. 66, no. 8, pp. 1316–1320, Aug. 2019.

[34] Y.-J. Ren and K. Chang, “5.8-GHz circularly polarized dual-diode
rectenna and rectenna array for microwave power transmission,” IEEE
Trans. Microw. Theory Techn., vol. 54, no. 4, pp. 1495–1502, Jun. 2006.

[35] S. Shen and R. D. Murch, “Impedance matching for compact multiple
antenna systems in random RF fields,” IEEE Trans. Antennas Propag.,
vol. 64, no. 2, pp. 820–825, Feb. 2016.

[36] R. G. Ayestaran, G. Leon, M. R. Pino, and P. Nepa, “Wireless power
transfer through simultaneous near-field focusing and far-field synthe-
sis,” IEEE Trans. Antennas Propag., vol. 67, no. 8, pp. 5623–5633,
Aug. 2019.

[37] S. Shen, J. Kim, C. Song, and B. Clerckx, “Wireless power trans-
fer with distributed antennas: System design, prototype, and experi-
ments,” IEEE Trans. Ind. Electron., early access, Nov. 16, 2020, doi:
10.1109/TIE.2020.3036238.

Ping Lu (Member, IEEE) received the B.S. degree
in electrical engineering and automation from South-
west Jiaotong University, Chengdu, China, in 2012,
and the Ph.D. degree in radio physics from the
University of Electronic Science and Technology,
Chengdu, in 2018.

From 2015 to 2017, she was a Joint Ph.D. Stu-
dent Scholar with the Laboratoire Ampé re, École
Centrale de Lyon, INSA de Lyon, Université Claude
Bernard de Lyon, Villeurbanne, France. She is cur-
rently an Assistant Professor with the School of

Electronics and Information Engineering, Sichuan University, Chengdu. Her
current research interests include rectenna, nondiffraction beams, and wireless
power transmission.

Kama Huang (Senior Member, IEEE) was born in
Chongqing, China, in 1964. He received the M.S.
and Ph.D. degrees in microwave theory and tech-
nology from the University of Electronic Science
and Technology, Chengdu, China, in 1988 and 1991,
respectively.

In 1996, 1997, 1999, and 2001, he was a Vis-
iting Scientist with the Scientific Research Center
Vidhuk, Kyiv, Ukraine, the Institute of Biophysics
CNR, Genoa, Italy, Technical University Vienna,
Vienna, Austria, and Clemson University, Clemson,

SC, USA, where he cooperated with the scientists to study the interaction
between electromagnetic fields and complex media in biological structure and
reaction systems. Since 1994, he has been a Professor with the Department of
Radio and Electronics, Sichuan University, Chengdu, where he has been the
Director since 1997. He has authored or coauthored more than 100 articles. His
current research interests include microwave chemistry and electromagnetic
theory.

Dr. Huang was a recipient of several research awards from the Chinese
Government.

Yang Yang (Member, IEEE) received the Ph.D.
degree in radiophysics from Sichuan University,
Chengdu, China, in 2010.

From 2008 to 2010, he was a Visiting Fel-
low with Clemson University, Clemson, SC, USA.
He joined the Oak Ridge National Laboratory, Oak
Ridge, TN, USA, in 2010, as a Visiting Scholar.
He is currently an Associate Professor with the
College of Electronics and Information Engineering,
Sichuan University. His current research interests
include microwave chemistry and the applications
of microwave energy.

Authorized licensed use limited to: Heriot-Watt University. Downloaded on February 26,2021 at 10:22:29 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/TIE.2020.3036238


This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

14 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Bing Zhang (Senior Member, IEEE) was born
in Taiyuan, China. He received the B.E. degree
from the Civil Aviation University of China,
Tianjin, China, in 2004, the M.E. degree from
Shanxi University, Taiyuan, in 2008, and the Ph.D.
degree from Nanyang Technological University, Sin-
gapore, in 2012, all in electrical and electronic
engineering.

He joined the University of Nice Sophia Antipolis,
Nice, France, in May 2012, as a Visiting Scholar,
and Telecom Bretagne, Brest, France, in Novem-

ber 2014 and April 2015, as a Visiting Scientist. He was a Post-Doctoral
Researcher with the Microwave Electronics Laboratory, Department of
Microtechnology and Nanoscience, Chalmers University of Technology,
Gothenburg, Sweden, from November 2011 to October 2015. He was a
Research Fellow with the Department of Electrical and Computer Engineering,
National University of Singapore, Singapore, from 2016 to 2017. He has been
a Full Professor with the College of Electronics and Information Engineering,
Sichuan University, Chengdu, China, since 2017. His research interests include
design and co-design of RF passive and active devices, millimeter-wave
(mmWave) and THz antennas, packaging of mmWave and THz devices,
antenna-in-package, 3-D printing technologies for mmWave and THz appli-
cations, and wireless power transfer.

Fei Cheng received the B.S. degree from Xid-
ian University, Xi’an, China, in 2009, and the
Ph.D. degree from the University of Electronic Sci-
ence and Technology of China, Chengdu, China,
in 2015.

From 2013 to 2015, he was a Visiting Ph.D.
Student with the University of Birmingham,
Birmingham, U.K. From 2015 to 2017, he was a
Microwave Engineer with Chengdu Jiuzou Dfine
Technology Company Ltd., Chengdu. In July 2017,
he joined Sichuan University, Chengdu, as an Assis-

tant Professor. His main research interests are microwave wireless power
transmission and microwave components such as rectifier, filter, and antenna.

Chaoyun Song (Member, IEEE) received the
B.Eng., M.Sc. (Hons.), and Ph.D. degrees in electri-
cal engineering and electronics from the University
of Liverpool (UoL), Liverpool, U.K., in 2012, 2013,
and 2017, respectively.

He was a Postdoctoral Research Associate with
UoL, from 2017 to 2020. He is currently an
Assistant Professor with the School of Engineering
and Physical Sciences (EPS), Heriot-Watt Univer-
sity, Edinburgh, U.K. He has published more than
70 articles (including 30 IEEE Transactions) in peer-

reviewed journals and conference proceedings. He holds five U.S., European,
and U.K. patents. His current research interests include liquid antennas,
material science, wireless energy harvesting, rectifying antennas (rectennas),
wireless power transfer, metamaterials and metasurface, and smart sensors for
the Internet of Things.

Dr. Song was a recipient of many international awards such as the winner of
the IET Present Around the World Competition in 2016, the EW Bright-Sparks
Award for Top 30 U.K. electronic engineers under age 30 in 2018, and
the BAE Systems Chairman’s Award in 2017 for the innovation of the
next-generation global navigation satellite system antennas. He received the
Highly Commended Award from the prestigious IET innovation awards over
three categories—“Energy and Power,” “Emerging Technologies,” and “Young
Innovators” in 2018. He is a regular reviewer for more than 20 international
journals including Nature Communications and seven IEEE TRANSACTIONS

and a Guest Editor of Wireless Communications and Mobile Computing.

Authorized licensed use limited to: Heriot-Watt University. Downloaded on February 26,2021 at 10:22:29 UTC from IEEE Xplore.  Restrictions apply. 


