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Abstract: Three design methods for wireless power transmission (WPT) systems using antenna arrays have been investigated. The three meth‑
ods, corresponding to three common application scenarios of WPT systems, are based on the method of maximum power transmission effi‑
ciency (MMPTE) between two antenna arrays. They are unconstrained MMPTE, weighted MMPTE, and constrained MMPTE. To demonstrate
the optimal design process with the three methods, a WPT system operating at 2.45 GHz is designed, simulated, and fabricated, in which the
transmitting (Tx) array, consisting of 36 microstrip patch elements, is configured as a square and the receiving (Rx) array, consisting of 5
patch elements, is configured as an L shape. The power transmission efficiency (PTE) is then maximized for the three application scenarios,
which yields the maximum possible PTEs and the optimized distributions of excitations for both Tx and Rx arrays. The feeding networks are
then built based on the optimized distributions of excitations. Simulations and experiments reveal that the unconstrained MMPTE, which cor‑
responds to the application scenario where no radiation pattern shaping is involved, yields the highest PTE. The next highest PTE belongs to
the weighted MMPTE, where the power levels at all the receiving elements are imposed to be equal. The constrained MMPTE has the lowest
PTE, corresponding to the scenario in which the radiated power pattern is assumed to be flat along with the Rx array.
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1 Introduction

The wireless power transmission (WPT) can be traced
back to the experiment demonstrated by Nicola
TESLA using Hertz’s theory of radio wave transmis‑
sion[1]. During the last decades, the application of

WPT technology has been extended to various fields such as
the solar power satellite, microwave hyperthermia, implant‑
able devices and electric vehicles[2–3]. The WPT systems are
usually divided into two categories. One is to use the magnetic
induction, for example, two closely spaced coils respectively
used as transmitting (Tx) and receiving (Rx); the other is to
use two antennas located in the near‑ or far‑field region of
each other[4–8].
Many efforts have been devoted to enhancing the power

transmission efficiency (PTE) for WPT systems and various de‑
sign criteria have been proposed. Very recently, LI et al. pro‑
posed several methods for the design of antenna arrays for a
microwave WPT system[9–10]. In Ref. [9], a clustering method
named the k‑means algorithm was adopted to determine the
optimal subarray configuration which yields the maximum
beam collection efficiency (BCE). GOWDA et al. demon‑

strated a WPT system using two patch antenna arrays[11]. The
excitations of the Tx array are assumed to be equal in ampli‑
tude and their phases are properly controlled in order to focus
the field at the target plane. The Rx array is designed with di‑
mensions slightly larger than the area of −3 dB region in order
to intercept the incident fields while the feeding network for
the Rx array is designed with a uniform distribution for both
amplitudes and phases. In fact, most previous publications
have focused on improving the PTE by adjusting the excita‑
tions of the Tx array and ignoring the design of Rx feeding net‑
works. The Rx array is usually connected to a feeding network
with a uniform distribution of excitations and the received
power is collected at the feeding point[12]. Metamaterial, sub‑
strate integrated waveguide, and spatial light modulators have
also been used in near field multi‑target focusing and shaping
in complex media[13–15]. Algorithms have also been investi‑
gated for near-field applications, such as time reversal, phase
conjunction, the steepest descent method, Bayesian compres‑
sive sensing, and convex optimization[16–18].
Most previous design methods for WPT systems have been

demonstrated to be effective. In order to evaluate these meth‑
ods, a performance index is needed to characterize the WPT
systems. Examining all the wireless systems for either informa‑
tion or power transmission, their design has the ultimate goalThis project is supported by the National Natural Science Foundation of

China under Grant No. 61971231.
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to maximize the PTE between the Tx and Rx antennas. For
this reason, the PTE is made for a performance index to evalu‑
ate all the wireless systems. In fact, the PTE may be used as a
performance index for all antenna designs. One can make use
of the PTE as an objective function to be optimized to design
various antenna arrays and WPT systems, and such an optimi‑
zation process has been referred to as the method of maximum
power transmission efficiency (MMPTE) [19–35]. For example, a
WPT system using a 6×6 patch array as the Tx array and a 4×4
patch array as the Rx array was investigated in Ref. [24], where
both the Tx and Rx arrays are optimally designed in terms of
MMPTE. The measured PTE reaches 39.4% for a separation
distance of 40 cm, which is much higher than a similar design
reported in Ref. [11]. Recently, the MMPTE has further been
applied to the design of antenna arrays to achieve a flat‑top
beam in both near‑ and far‑field regions by introducing a con‑
straint to MMPTE so that the power distribution along with the
Rx elements is the same. In this case, one needs to solve a
quadratically constrained quadratic program (QCQP) problem.
By linearizing the QCQP, an analytical solution to the optimal
distribution of excitations can be obtained. Based on this pro‑
cedure, a radio frequency identification (RFID) bookshelf
reader antenna array and an RFID antenna array used to track
the servers placed in a metal cabinet have been pro‑
posed[34–35]. Both antenna arrays can generate a wide and flat
electric field intensity distribution in the near‑field region and
a complicated environment, with a fluctuation of less than 3
dB across the whole shelf, which is much better than previ‑
ously reported results. A method for adjusting the distribution
of the end‑fire gains in the far‑field region of the bidirectional
antenna array has also been proposed by introducing a weight‑
ing diagonal matrix into the MMPTE[31], where higher gain
could be achieved with a smaller array size compared with
other similar designs.
Therefore, there have been three different formulations of

MMPTE, developed for the design of various antenna arrays.
In this paper, the above three formulations will be applied to
the design of WPT systems which correspond to three different
practical scenarios. The MMPTE, free of weighting coeffi‑
cients or constraints, will be referred to as unconstrained
MMPTE and can be applied to the scenario where the power is
transmitted between two antenna arrays without pattern shap‑
ing. The MMPTE with a weighting matrix will be referred to as
the weighted MMPTE and is suitable for the application where
the power levels are required to be different among the receiv‑
ing elements. The MMPTE with constraints will be referred to
as constrained MMPTE and can be applied to the scenario
where the radiation pattern must be flat along the receiving an‑
tenna elements, e. g., several closely spaced identical elec‑
tronic devices are wirelessly powered. For ease of comparison,
the three methods will be applied to the design of the same
WPT system operating at 2.45 GHz, in which the Tx array con‑
sists of 36 patch elements and is configured as a square, and

the Rx array consists of 5 patch elements and is configured as
an L shape. The Tx and Rx arrays are separated by a distance
of 15 cm. The three methods yield three feeding schemes for
both Tx and Rx arrays, corresponding to three different appli‑
cation scenarios.
The paper is organized as follows. Section 2 introduces the

general power transmission formula between two antennas.
Section 3 discusses the three different formulations of
MMPTE, which are dedicated to the design of WPT systems.
Section 4 describes the design of the aforementioned WPT sys‑
tem, including the selection of antenna elements, the array
configurations, the determination of the optimal distribution of
excitations, and the design of feeding networks. Section 5 dem‑
onstrates the simulation and experimental results, including
the near‑field patterns and the realized PTEs for the three dif‑
ferent designs. Some conclusions are drawn in Section 6.
2 General Power Transmission Formula for
Two Antennas
Consider a power transmission system consisting of anten‑

nas 1 and 2. Let Si (i = 1, 2) denote the closed surface that en‑closes antenna i only. When antenna 1 is transmitting and an‑
tenna 2 is receiving, the PTE, defined by the ratio of the
power received by antenna 2 to the transmitting power of an‑
tenna 1[19–20], is given by

PTE =

|

|

|

|
||
|

||

|

|

|
||
|

| ∫
S1 or S2

(E1 × H2 - E2 × H1 ) ⋅ undS
2

4Re ∫
S1

(E1 × H̄1 ) ⋅ undSRe ∫
S2

(E2 × H̄2 ) ⋅ undS , (1)
where un is unit outward normal to the surface, and E i and H idenote the fields generated by antenna i when antenna
j ( j ≠ i ) is receiving. The PTE reaches the maximum if the fol‑
lowing conjugate matching condition, E1 = Ē2 and H1 = -H̄2,is satisfied, on a closed surface that encloses either antenna 1
or 2. For a WPT system consisting of two planar apertures of
regular shapes, the optimization of Eq. (1) yields an eigen‑
value equation that can be solved analytically. The eigenvec‑
tors of the eigenvalue equation are the optimized aperture
field distributions while the corresponding eigenvalues give
the PTE[36–39]. For two circular apertures of radius R1 and R2separated by a distance D, a key parameter in the design of
the WPT system is (the ratio of two areas)
C = R1R2λD , (2)

where λ is the wavelength. It shows that the PTE increases
and approaches 100% as C goes up. Given the requirements
of PTE, the transmission distance D, and the operating fre‑
quency, one can use Eq. (2) to determine the minimum aper‑
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ture sizes to meet the requirements.
The optimized aperture field distribution after optimizing

Eq. (1) is a continuous function with a spherical phase distri‑
bution and a Gaussian‑like amplitude distribution. Physically
this implies that the Tx and Rx antennas must focus on each
other, which is only possible when the Tx and Rx antennas are
in the Fresnel region of each other.
3 MMPTE for Design of WPT Systems Us⁃
ing Antenna Arrays
In practice, it is challenging to achieve a continuous aper‑

ture field distribution with a single antenna aperture. One pos‑
sible strategy for addressing the challenge is to approximate
the continuous aperture field distribution using an antenna ar‑
ray. The aperture is first discretized into a number of ele‑
ments, each of which is then replaced by an antenna element.
The aperture field may be discretized so that its value over
each element is considered a constant and is then used to feed
the corresponding antenna element. Such an approach is, how‑
ever, problematic since the mutual coupling among the an‑
tenna elements may cause severe distortion in the radiated
field.
Instead of realizing a continuous aperture field distribution

via an antenna array, one can directly consider the power
transmission between two antenna arrays. The theory of
MMPTE between two antenna arrays was first proposed by one
of the authors in Ref. [19] in 2010, and has evolved into a pow‑
erful and universal method for the design of various antenna
arrays during the last decade[20–35]. The basic idea behind the
MMPTE relies on the recognition that all wireless systems for
both information and power transmission have to be optimally
designed in the sense that the PTE between Tx and Rx has to
be maximized (or minimized if no coupling is allowed between
Tx and Rx). Therefore, by properly introducing a test receiving
antenna array, the optimal design of antenna arrays reduces to
the optimal design of WPT systems, and the best possible an‑
tenna performance is thus guaranteed.
A WPT system consists of m Tx antenna elements and n Rx

antenna elements, which forms an (m+n) -port network en‑
closed by the small dotted rectangle in Fig. 1, and it can be
characterized by the scattering parameters as follows
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where the subscript t and r respectively stand for Tx and Rx, and
[ at ] = [ a1,a2,...,am ]T,
[ ar ] = [ am + 1,am + 2,...,am + n ]T,
[ bt ] = [ b1,b2,...,bm ]T,
[ br ] = [ bm + 1,bm + 2,...,bm + n ]T, (4)

respectively denote the normalized incident and reflected
waves for the Tx array and the Rx array. The PTE, denoted by
T, between Tx and Rx arrays is defined as the ratio of the total
power delivered to the Rx array to the input power into the Tx
array. Assuming that both the Tx and Rx arrays are well
matched (a general discussion for a non‑matched system can
be found in Ref. [21]), we have[19–21]:
T = [ at ]

H [ A ] [ at ]
[ at ]H [ at ] , (5)

where [ A ] = [ Srt ]
H[ Srt ] is a matrix determined by the scatter‑

ing parameters of the whole system and the superscript H de‑
notes the Hermitian operation.
3.1 Unconstrained MMPTE
When the PTE defined by Eq. (5) is required to be station‑

ary, an eigenvalue equation can be obtained as follows[19–20]
[ A ] [ at ] = T [ at ] , (6)

where the largest eigenvalue gives the maximum PTE, and the
corresponding eigenvector [ at ] gives the optimal distributionof excitations for the Tx array. Once the optimal distribution of
excitations for the Tx array is known, the optimal distribution
of excitations for the Rx array is then given by

[ br ] = [ Srt ] [ at ] . (7)
The above procedure does not involve any constraint and is

therefore referred to as unconstrained MMPTE (UMMPTE).
With one test receiving antenna placed in the direction where
the radiation intensity needs to be maximized or minimized,
the UMMPTE can be used to design focused antennas[22–26],
smart antennas[27–30], and end‑fire antennas[31].
It can be shown that the optimized distribution of excita‑

tions obtained from Eq. (6) becomes uniformly distributed in

▲Figure 1. Equivalent network
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both amplitude and phase if the Tx and Rx arrays are in the
far‑field region of each other. In order to avoid this trivial
case, one must properly select the aperture size for both Tx
and Rx arrays so that they are in the Fresnel region of each
other.
3.2 Weighted MMPTE
The second formulation of the MMPTE introduces a

weighting matrix [W ] = diag (w1, w2,..., wn ) to achieve a pre‑scribed power distribution among the Rx elements in the
near‑ or far‑field region. In this case, the received power dis‑
tribution by the Rx elements is modified by the weighting ma‑
trix as follows
[ b′r ] = [W ] [ bm + 1,bm + 2,...,bm + n ]T =
[ w1bm + 1,w2bm + 2,...,wnbm + n ]T. (8)
Replacing [ br ] in Eq. (4) with [ b′r ] and following the sameprocedure as UMMPTE, we obtain the distribution of excita‑

tions for the Tx array, which will generate the desired power
distribution among the Rx elements as prescribed by the
weighting matrix [W ]. The above procedure is called weighted
MMPTE (WMMPTE). For example, the weighting matrix can
be properly selected so that the power levels at all the receiv‑
ing elements are identical.

| w1bm + 1 | = | w2bm + 2 | = ... = | wnbm + n |. (9)
The optimal distribution of excitations for the Rx array is

then given by
[ b′r ] = [W ] [ Srt ] [ at ] . (10)
By adjusting the weighting matrix [W], the radiation pattern

can also be shaped according to a prescribed manner. For ex‑
ample, the WMMPTE can be used to design multiple beam an‑
tennas[31].
3.3 Constrained MMPTE
A constraint can also be introduced to MMPTE to realize

the desired field pattern in the near‑ or far‑field region. In this
case, one needs to solve a QCQP problem. For example, in or‑
der to achieve a uniform electric field distribution along with
the Rx elements, the PTE can be maximized with the following
constraints

| bm + 1 | = | bm + 2 | = ... = | bm + n | , (11)
which guarantees that the radiated field from the Tx array is
equally distributed along with the Rx array elements. We also
introduce an n‑dimensional weighting diagonal matrix [W].
Then the following equivalent normalized quadratic optimiza‑
tion problem with linear constraints can be obtained:

max [ at ]H [ A ] [ at ] ,
s.t. [ Srt ] [ at ] = [W ] [ y ] , (12)

where [ y ] represents an n‑dimensional vector, the element
value of which is a constant. By using the method of Lagrange
multiplier, the optimized distribution of excitations can be ob‑
tained as follows[35]:
[ at ] = [ A ]-1 [ Srt ]H ( [ Srt ] [ A ]-1 [ Srt ]H )-1 [W ] [ y ] . (13)
The optimal distribution of excitations for the Rx array is

given by Eq. (7). The constrained MMPTE (CMMPTE) can be
used to shape radiation patterns in various complicated envi‑
ronments[34–35].
4 Design of WPT Systems
The UMMPTE, WMMPTE, and CMMPTE are naturally ap‑

plicable to the design of WPT systems, and they are all optimal
in a certain sense and correspond to three different application
scenarios of WPT systems as mentioned above. The three opti‑
mization methods will now be applied to the design of the same
WPT system so that a comparison can be easily made. As
shown in Fig. 2(a), the antenna element used for both Tx and
Rx arrays is a coaxial‑fed square patch. The reflection coeffi‑
cient of the patch element is shown in Fig. 2(b), and the an‑
tenna element is resonant at 2.45 GHz. As illustrated in
Fig. 3, the Tx array consists of 36 elements, equally
spaced with a separation of 0.5λ (λ is the wavelength of
2.45 GHz in free space) and arranged as a square shape
and built on a 3 mm‑thick FR4 substrate (relative permit‑
tivity of εr = 4.4 , and loss tangent of 0.02). The Rx ar‑ray consists of 5 elements, arranged as an L shape with a
separation distance of 1.25 λ and also built on a 3 mm‑thick
FR4. Here an L shape for Rx array is purposely selected so
that its elements are off the center line of the Tx array to
make the design more challenging. The separation between
the Tx and Rx arrays is 15 cm. After including the feeding
systems, the (36+5) -port power transmission system can be
considered a two‑port network enclosed by the large dotted
square in Fig. 1.
Once the WPT system is set up, the scattering parameters
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▲Figure 2. (a) Element of antenna arrays and (b) simulated and mea⁃
sured reflection coefficient of the Tx array
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for the (36+5)-port network can be obtained either by simula‑
tion or by measurement. In this paper, the simulation tool An‑
sys HFSS is used to determine the network parameters. For
ease of comparison, three application scenarios are consid‑
ered. The first scenario corresponds to UMMPTE, where no
pattern shaping is required on the Rx side. The second sce‑
nario corresponds to WMMPTE, where the received power lev‑
els at the Rx elements are constrained to be identical. The
third scenario corresponds to CMMPTE, where the radiated
field pattern along with the Rx array is constrained to be flat.
For WMMPTE and CMMPTE, a weighting matrix [W] is intro‑
duced and adjusted to ensure that the constraints are
achieved. For the WPT system shown in Fig. 3, the weights for
WMMPTE and CMMPTE are listed in Table 1.
The optimized distributions of excitations for the Rx and Tx

arrays in the three application scenarios can be obtained from
Eqs. (5)– (8), and are listed in Tables 2 and 3 respectively. It
can be seen from Table 2 that the optimized distribution of exci‑
tations for Rx arrays obtained from WMMPTE and CMMPTE
has a uniform amplitude distribution, and the phase distribution
for CMMPTE is also uniform. The three feeding networks for
the Rx arrays can be built from Table 2, and they are illustrated
in Fig. 4. Based on Table 3, the three feeding networks for Tx
arrays can be built and are illustrated in Fig. 5. All the feeding

▼Table 1. Weights for CMMPTE and WMMPTE
Parameter
CMMPTE
WMMPTE

w1
1.220 7
0.9

w2
0.9
0.1

w3
1.184
0.89

w4
0.838
1

w5
1.206
0.95

CMMPTE: constrained MMPTE WMMPTE: weighted MMPTE
▼Table 2. Optimized distribution of excitations for Rx arrays
Port Number
UMMPTE
WMMPTE
CMMPTE

37
0.14∠9
0.44∠−29
0.44∠0

38
0.58∠146
0.44∠−149
0.44∠0

39
0.38∠1
0.44∠14
0.44∠0

40
0.66∠144
0.44∠−140
0.44∠0

41
0.23∠0
0.44∠0
0.44∠0

CMMPTE: constrained MMPTE
Rx: receiving

UMMPTE: unconstrained MMPTE
WMMPTE: weighted MMPTE

▲Figure 3. Wireless power transmission (WPT) system

Transmitting array

Receiving array

15 cm

z

x
y

▲ Figure 4. Feeding networks for Rx arrays: (a) UMMPTE, (b)
WMMPTE and (c) CMMPTE

CMMPTE: constrained MMPTEUMMPTE: unconstrained MMPTE WMMPTE: weighted MMPTE
(a) (b) (c)

▼Table 3. Optimized distribution of the excitations for Tx arrays
Port Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

UMMPTE
0.10∠−2
0.13∠26
0.07∠81
0.04∠−127
0.06∠19
0.07∠128
0.16∠−66
0.15∠−60
0.04∠36
0.08∠168
0.08∠−83
0.07∠10
0.29∠−168
0.19∠−162
0.10∠−16
0.13∠62
0.09∠163
0.07∠−130
0.26∠157
0.08∠−142
0.23∠−61
0.11∠−30
0.05∠41
0.11∠89
0.18∠−34
0.20∠−46
0.11∠−144
0.21∠−161
0.15∠−55
0.16∠21
0.32∠−10
0.19∠−40
0.29∠166
0.31∠−170
0.20∠−64
0.17∠0

WMMPTE
0.22∠−37
0.19∠4
0.11∠78
0.10∠−137
0.04∠5
0.09∠147
0.24∠−23
0.19∠−7
0.12∠102
0.09∠−176
0.08∠−15
0.07∠41
0.15∠−167
0.14∠−166
0.04∠−1
0.07∠26
0.07∠148
0.10∠−118
0.28∠172
0.14∠−159
0.22∠−60
0.07∠−16
0.13∠125
0.12∠106
0.19∠2
0.19∠11
0.07∠−154
0.15∠−169
0.13∠10
0.21∠23
0.30∠13
0.20∠16
0.25∠179
0.19∠−162
0.24∠−4
0.24∠0

CMMPTE
0.14∠49
0.07∠87
0.05∠−107
0.11∠−31
0.01∠−103
0.05∠−87
0.33∠120
0.29∠145
0.19∠−142
0.02∠−17
0.13∠131
0.01∠−170
0.16∠114
0.04∠164
0.07∠−68
0.16∠24
0.06∠−4
0.09∠−29
0.13∠101
0.15∠−68
0.11∠−138
0.07∠−79
0.19∠−138
0.04∠−138
0.25∠118
0.38∠154
0.14∠−165
0.05∠152
0.26∠146
0.09∠87
0.10∠38
0.26∠119
0.09∠103
0.14∠116
0.33∠121
0.16∠57

CMMPTE: constrained MMPTE
Tx: transmitting

UMMPTE: unconstrained MMPTE
WMMPTE: weighted MMPTE
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networks have been built by the transmission line theory. The
amplitude distribution of the feeding network is controlled by
the power dividers while the phase distribution is controlled
by the length of the feeding line. Note that one can ignore
those patch elements with very small amplitudes of excitations
during the design of the feeding networks. For example, the
patch elements 3, 4, 5, 6, 9, 12, 18, and 23 in UMMPTE are
insignificant and can thus be neglected. Since too many de‑
tails are involved, the dimensions of the feeding networks are
not labeled in Figs. 4 and 5.
In practice, the design of a WPT system must meet the PTE

requirement for a given transmission distance. The PTE de‑
pends on a number of factors, including the antenna elements,
element spacing, transmission distance, aperture size, sub‑
strate material, environment, and array configurations. The de‑
sign procedure of the WPT system using antenna arrays can
be summarized as follows.
1) Set up the WPT system. According to the PTE require‑

ment and transmission distance, one needs to determine the
aperture sizes of both Tx and Rx arrays so that they are in the
Fresnel region of each other. The antenna elements, the
inter‑element spacing, and array configurations can be deter‑
mined by the application scenarios.
2) Determine the scattering parameters. Once the WPT sys‑

tem is set up, one needs to determine the proper weighting co‑
efficients to achieve the desired radiation pattern. The scatter‑
ing parameters can be obtained by simulation or by measure‑
ment. It is noted that the scattering parameters contain all the
information about the WPT system, including mutual cou‑
plings, array configuration as well as environments.
3) Find the optimal distribution of excitations for the array

elements. The optimal distributions of excitations for Tx and
Rx arrays can be determined from Eqs. (5) – (8). For
UMMPTE, one needs to solve an eigenvalue equation; for
WMMPTE and CMMPTE, the optimal distribution can be ob‑

tained analytically.
4) Build the feeding networks. The feeding networks for

both Tx and Rx arrays can be built from the optimized dis‑
tribution of excitations using the transmission line theory.
The amplitude distribution is achieved by power dividers
and the phase distribution is controlled by the lengths of
the feeding lines.
5 Results and Discussions
The setup of the WPT system is shown in Fig. 6. Both the

Tx and Rx arrays are connected to a dedicated feeding net‑
work to realize the optimized distribution of excitations so
that the highest PTE can be reached under three different ap‑
plication scenarios. The input power to the Tx array is set to
30 dBm and is provided by a radio frequency (RF) amplifier
connected to a signal generator. The normalized field pat‑
terns generated by the three Tx arrays are respectively plot‑
ted in Figs. 7 (a), 7(b), and 7(c), and the numerical values of

(a) (b) (c)
CMMPTE: constrained MMPTE UMMPTE: unconstrained MMPTE WMMPTE: weighted MMPTE

▲Figure 5. Feeding networks for Tx arrays: (a) UMMPTE, (b) WMMPTE, and (c) CMMPTE

RF: radio frequency Rx: receiving Tx: transmitting
▲Figure 6. Setup of wireless power transmission (WPT) system

Input Input Input

Rx arrayTx array
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Spectrumanalyzer
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RF amplifier
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the received power at the spots where the test receiving an‑
tenna elements reside are listed in Table 4.
For UMMPTE, the received power is not evenly distributed

along with the receiving elements, and the received power
level at ports 38 and 40 is significantly higher than the rest,
which guarantees that the total power received by the
L‑shaped Rx array is maximized. For WMMPTE and
CMMPTE, the fluctuation of the received power distribution is
less than 1 dB along with the receiving elements. Note that the
received power obtained from CMMPTE is lower than that ob‑
tained from WMMPTE. The reason is that the former requires
that the radiated power pattern is flat along with the receiving
elements while the latter only requires that the received power
levels at the receiving elements are all equal.
The total measured losses of the three sets of feeding net‑

works (Tx combined with Rx) are 3.5 dB, 3.6 dB and 3.5 dB,
respectively. The measured transmission coefficients of the
two‑port system defined by the large dotted square in Fig. 1
are plotted in Fig. 8 and the values of | S21 | for the three appli‑
cation scenarios are − 10.1 dB, − 11.7 dB and − 13.1 dB at
2.45 GHz, respectively. The transmission coefficient S21 ofthe two‑port network can be used to calculate the power
transmission efficiency T of the WPT system including the
feeding networks through
T = 10 || S21 /10 × 100% . (14)
In terms of Eq. (14), the measured PTEs of the system are

found to be 21.8%, 14.8%, and 10.7% respectively. The simu‑
lation and measured PTEs are listed in Table 5, and they are
compared with the usual design with uniform distribution of
excitations for both Tx and Rx (i.e., without optimization). The
PTE of the latter is only 2.2% and is significantly lower than
the three optimized results. The highest PTE is given by
UMMPTE since it does not involve any constraints. The lowest
PTE is given by CMMPTE as it requires that the radiated en‑
ergy is equally distributed along the whole path of the

▼Table 5. Comparison of PTEs
Methods
UMMPTE
WMMPTE
CMMPTE

Uniform distribution

Simulated PTE/%
22.4
15.1
11.4
2.5

Measured PTE/%
21.8
14.8
10.7
2.2

CMMPTE: constrained MMPTE
PTE: power transmission efficiency

UMMPTE: unconstrained MMPTE
WMMPTE: weighted MMPTE

▼Table 4. Received power distributions at spots where the receiving an⁃
tennas are positioned
Port Number
UMMPTE
WMPTE
CMMPTE

37/dBm
7.2
14.7
13.5

38/dBm
17.8
14.9
13.4

39/dBm
14.9
14.6
13.5

40/dBm
19.6
14.8
13.2

41/dBm
11.3
14.4
12.8

CMMPTE: constrained MMPTE
UMMPTE: unconstrained MMPTE

WMMPTE: weighted MMPTE

CMMPTE: constrained MMPTEUMMPTE: unconstrained MMPTE WMMPTE: weighted MMPTE

▲Figure 8. Measured | S21 | of the wireless power transmission (WPT) system

▲Figure 7. Simulated electric field patterns from (a) unconstrained MMPTE (UMMPTE), (b) weighted MMPTE (WMMPTE), and (c) constrained
MMPTE (CMMPTE)
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L‑shape, while WMMPTE only requires that the radiated en‑
ergy is equally distributed at the locations where the Rx ele‑
ments are placed.
6 Conclusions
Three application scenarios for the WPT system have been

investigated by MMPTE, which respectively correspond to the
unconstrained MMPTE, the weighted MMPTE, and the con‑
strained MMPTE. The three application scenarios have been
implemented by the same WPT system, in which the Tx array
consists of 36 microstrip patch elements and is configured as
a square while the Rx array consists of 5 patch elements and
is configured as an L shape. The WPT system, operating at
2.45 GHz, is designed, simulated and prototyped. The first
scenario does not put any constraints on the radiated field pat‑
terns; the second scenario requires that the received power
levels at all Rx elements are equal; the third scenario requires
that radiated field pattern along the Rx array is flat. By maxi‑
mizing the PTE between the Tx and Rx arrays, the optimized
distributions of excitations for both Tx and Rx arrays are ob‑
tained analytically or by solving an eigenvalue equation.
Based on the optimized distribution of excitations, the feeding
networks for both Tx and Rx can be built by using the theory
of the transmission line. Simulation and experimental results
indicate that the first scenario, where no constraints are in‑
volved, yields the highest PTE. The last two scenarios are sel‑
dom studied in previous publications.
The three optimization methods proposed for the design of

WPT systems apply to any environment and any antenna ar‑
ray. The weighted MMPTE and the constrained MMPTE can
be used to achieve various field patterns or power distribu‑
tions on the Rx side of the WPT systems, and at the same time
to maintain the highest possible PTE.
It is noted that the MMPTE can be formulated in terms of

other circuit parameters such as the impedance parameters or
admittance parameters, and the discussions are the same as
for the scattering parameters[40].
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