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Abstract  —  In this paper, power transfer efficiency of a multi 

input multi output wireless power transfer (MIMO-WPT) 
system is enhanced by the optimal load impedance. The optimal 
current and the optimal load impedance of the MIMO-WPT 

system are obtained from Z-parameters of the system. It is 
demonstrated that power transfer efficiency of the MIMO-WPT 
system with the optimal load impedance outperforms that with 

50 Ω load impedance. 

Index Terms — Impedance parameters, MIMO-WPT, 

Optimal load impedance, Rayleigh quotient, Scattering 

parameters. 

I.  INTRODUCTION 

Recently, the maximum power transfer efficiency of the 

MIMO-WPT system has been studied [1]-[3]. Wiedmann and 

Weber have discussed the maximum power transfer 

efficiency of the MIMO-WPT system using a theory of 

Rayleigh quotient [1]. Yuan et al., has formulated a 

generalized Rayleigh quotient problem of the MIMO-WPT 

system [2][3]. According to the generalized Rayleigh 

quotient problem formulated in [2], the optimal current and 

load impedance of the MIMO-WPT system for maximizing 

the power transfer efficiency have been explicitly obtained. 

On the other hand, Wen et al., has also studied the maximum 

power transfer efficiency of the MIMO-WPT system based 

on a theory of Rayleigh quotient [4]-[6]. Their works are 

similar to those of the former two groups but discussion on 

the optimum load impedance for the MIMO-WPT system is 

absent. Studies on the design method of impedance matching 

circuits for WPT systems [7][8] have already been reported 

and impact of impedance matching on efficiency of the WPT 

systems has been demonstrated in these studies.  

In this paper, power transfer efficiency of the MIMO-WPT 

system with the optimal load impedance is clarified. The 

optimal load impedance is obtained from the theory of the 

Rayleigh quotient proposed in [2]. It is demonstrated that the 

maximum power transfer efficiency of the MIMO-WPT 

system with the optimal load impedance outperforms that 

with the 50 Ω resistance. 

II. THE MAXIMUM POWER TRANSMISSION EFFICIENCY OF 

MIMO-WPT SYSTEM 

Let us consider a MIMO-WPT system with 𝑀 elements of 

transmitting antennas and 𝑁 elements of receiving antennas. 

The MIMO-WPT system is represented by 𝑀 + 𝑁  ports 

networks using impedance parameters. Input/Output powers 

of the network can be obtained using the impedance 

parameters as follows. 
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where, 𝑃𝑖𝑛  is the input power and 𝑃𝑜𝑢𝑡  is the output power of 

the network. The power transfer efficiency of the MIMO-

WPT system can be defined in the same manner with 

reference [2] as follows. 
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where, superscript H means complex conjugate transpose of 

a matrix. (3) is in the form of a generalized Rayleigh quotient. 

According to (3), the maximum power transfer efficiency of 

MIMO-WPT system can be obtained as the maximum 

eigenvalue of (3). An eigenvector corresponding to the 

maximum eigenvalue is the optimal current vector [𝐼]. Owing 

to the optimal current, the optimal load is obtained as follows. 
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where, 𝐼𝑟 𝑖
𝑜𝑝𝑡

 is the optimal current at the 𝑖 th receiving antenna 

port and 𝑉𝑟 𝑖
𝑜𝑝𝑡

 is the resultant voltage at the 𝑖  th receiving 

antenna port obtained from the product of impedance 

parameters and the optimal current. 

 



III. NUMERICAL ANALYSIS RESULTS 

Effect of the optimal load impedance on the power transfer 

efficiency of the MIMO-WPT system is clarified here. Fig. 1 

shows a MIMO-WPT system. A planar array of 4 × 4 dipole 

antennas is a transmitting antenna. Three dipole antennas are 

receiving antenna and are positioned at S(𝑥1, 𝑦1, 𝑧1) =
(−𝑠 − 𝑑cos(𝜋/6)/√2,−𝑠 − 𝑑cos(𝜋/6)/ √2, 𝑑sin(𝜋/6) ),
S(𝑥2, 𝑦2, 𝑧2) = (𝑠 + 𝑑cos(𝜋/6) , 0, 𝑧1) and 𝑆(𝑥3, 𝑦3, 𝑧3) =
(𝑥1, −𝑦1, 𝑧1) where 𝑠 is the array spacing of the transmitting 

array antennas.  The scattering and impedance parameters of 

the MIMO-WPT antenna are obtained using the commercial 

simulator software FEKO [9]. All the dipole antennas are 

half-wavelength dipole antennas, and the array spacing 𝑠 of 

the transmitting array antennas is 0.65𝜆0. 

  

 

Fig. 1. Numerical Analysis Model 16×3MIMO-WPT 

The maximum power transfer efficiencies of the MIMO-

WPT system with difference load impedance are shown in 

Fig. 2. In order to demonstrate the performance of the propose 

method clearly, boundaries among reactive near-field region, 

Fresnel region and far-field region are shown in Fig. 2. It is 

found that the maximum power transfer efficiency of the 

MIMO-WPT system with the optimal load impedance 

outperforms that with the 50 Ω load. The difference between 

the efficiencies comes from difference of the load impedance. 

The optimal load at each receiving antenna is shown in Fig. 

3. In far field region, the optimal load converges to the 

conjugate complex number of the impedance of half-

wavelength dipole antenna and satisfies the impedance 

matching condition. On the other hand, in the near field 

region, the optimal load is not coincident with 50 Ω load 

because of the effect of mutual coupling between antennas. 

Therefore, it can be said that the maximum power transfer 

efficiency of the MIMO-WPT system is enhanced when the 

receiving antenna is terminated by the optimal load 

impedance.  

 

 

 

Fig. 2. Simulated Power Transfer Efficiency 16×3MIMO-WPT.  

Fig. 3.  Simulated Optimal Load at Receiving Antenna. 

IV. CONCLUSION 

In this paper, power transfer efficiency of the MIMO-WPT 

system with the optimal load impedance has been clarified. 

The optimal load impedance was obtained from the theory of 

the Rayleigh quotient. It has been demonstrated that the 

maximum power transfer efficiency of the MIMO-WPT 

system with the optimal load impedance outperforms that 

with the 50 Ω resistance. 

ACKNOWLEDGEMENT 

This work was financially supported by JSPS 
KAKENHI Grant Number 18K13736 and 18K04116. 
Part of this work was carried out under the Cooperative 
Research Project Program of the Research Institute of 
Electrical Communication, Tohoku University. 

x Transmitting antenna

y

z

s

s

d

d d

Rx: Receiving antenna

  

0.5𝜆0

 0.5𝜆0

S(𝑥1, 𝑦1, 𝑧1)

S(𝑥2, 𝑦2, 𝑧2)

S(𝑥3, 𝑦3, 𝑧3)

Rx1

Rx2

Rx3

O
p
ti
la

m
 L

o
a
d

 a
t 

R
e

c
e

iv
in

g
 A

n
te

n
n

a
 [


]
Resistance

Reactance

: Rx1

: Rx2

: Rx3

2.84 15.2

 d / 0

0.1 1 10 100
-200

-150

-100

-50

0

50

100

150

200

 d / 0

P
o
w

e
r 

T
ra

n
s
fe

r 
E

ff
ic

ie
n

c
y 

[%
]

Optimal Load

50 

Termination Load at Receiving 
Antenna Ports

 Optimal Load
 50 

0.1 1 10 100
10-4

10-3

10-2

10-1

100

101

102

Reactive 

near-field region

Fresnel 

region

Far-field

region



REFERENCES 

[1] K. Wiedmann and T. Weber, “Optimizing the wireless power 
transfer over MIMO Channels,” Advances in Radio Science, 
vol. 15, pp. 181-187, Sept. 2017.  

[2] Q. Yuan and T. Aoki, “Practical applications of universal 
approach for calculating maximum transfer efficiency of 
MIMO-WPT system,” Wireless Power Transfer, Cambridge 
Core, vol. 7, pp. 86-94, March 2020.  

[3] T. Aoki, H. Satake, Q. Yuan, K. Konno and Q. Chen, 
“Boundary between Near-Field Region and Far-Field Region 
Obtained from Power Transfer Efficiency of Antenna,” IEICE 
Transactions on Communications, vol. J103-B, no. 11, pp. 551-
558, Nov. 2020. 

[4] X. Cai and W. Geyi, “An Optimization Method for the 
Synthesis of Flat-Top Radiation Patterns in the Near- and Far-
Field Regions,” IEEE Transactions on Antennas and 
Propagation, vol. 67, no. 2, pp. 980-987, Feb. 2019. 

[5] X. Cai, X. Gu and W. Geyi, “Optimal Design of Antenna 
Arrays Focused on Multiple Targets,” IEEE Transactions on 
Antennas and Propagation, vol. 68, no. 6, pp. 4593-4603, June. 
2020.  

[6] W. Geyi, “The Method of Maximum Power Transmission 
Efficiency for the Design of Antenna Arrays,” IEEE Open  
Journal of Antennas and Propagation, vol. 2, pp. 412-430, 
March 2021. 

[7]  S. Suzuki, Q. Yuan and Q. Chen, “Impedance matching 
approach of L-section circuit with ohmic loss in reactive 
components,” Wireless Power Transfer, vol. 5, no. 1, pp. 64-
74, Feb. 2018. 

[8] S. Jeong, T. Lin and M. Tentzeris, “A Real-Time Range-
Adaptive Impedance Matching Utilizing a Machine Learning 
Strategy Based on Neural Networks for Wireless Power 
Transfer Systems," IEEE Transactions on Microwave Theory 
and Techniques, vol. 67, no. 12, pp. 5340-5347, Dec. 2019. 

[9] FEKO, Altair Engineering Inc., [online] Available: 
https://www.altair.com/feko/. 


