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Abstract-This paper presents the design guidance of a wireless 

power modulator (WPM) for wireless power transfer (WPT) 

systems with multiple receivers. The WPM is implemented by an 

inductive-dominant relay resonator to alter the transimpedances 

among the receivers through the processes of enhancing, 

decoupling or weakening the magnetic flux in the receivers. The 

proposed WPM can manage the power flow of WPT systems 

without any control and communication devices, which improve 

the reliability and cost-efficiency. A 20 W WPT system with two 

LED loads is set up to demonstrate the effectiveness of the 

proposed WPM in regulating the power flow. The WPT system 

operates at 100 kHz. 

Index Terms—Wireless power modulator (WPM), wireless 

power transfer (WPT), power flow, transimpedance. 

I. INTRODUCTION

The concept of power decoupling (PD) technique is not new. 

It has been widely adopted in microwave applications at Giga-

Hertz operations to reduce coupling between outputs ports or 

antennas [1]. A common example is the power divider pioneered 

by Ernest J. Wilkinson in 1960 [2]. A Wilkinson power divider 

can decouple multiple output ports while maintaining a matched 

condition on all these ports so that waves can only propagate 

between the input and output port with reduced or no 

interference to other output ports. 

However, existing PD techniques that have been adopted in 

microwave applications are unsuitable for WPT applications 

with charging power in the range from typically 5 W for mobile 

phones to 50 kW for electric vehicles (even though it was 

suggested for WPT at 5.8 GHz for very-low-power (milli-watt) 

applications in [3]). There are three major reasons: 

1. These Giga-Hertz methods are based upon wave propagation

principle involving impedance matching with the power

source, and this do not fit into the transmission frequency

range of 85 kHz to 13.56 MHz currently specified in WPT

standards such as Qi, A4WP, and SAE [4-6]. The relatively

low frequency operations in these standards do not exhibit

wave properties in the energy transfer.

2. The need to match impedance with the power source in

microwave PD techniques implies that the maximum power

transfer theorem is used. It has been clearly pointed out in [7]

that such approach will lose at least half of the input power

in the source resistance, making it unsuitable for WPT of

substantial power as the system energy efficiency will never 

exceed 50%.  

3. The switching speed of modern power electronics cannot

achieve Giga-Hertz operation. This means that there is no

low-cost solution for developing medium-power or high-

power Giga-Hertz operation for WPT applications.

To bridge the research gap, a new wireless power modulator 

(WPM) is proposed in this paper. Unlike the conventional power 

decoupler being designed for signal processing, the proposed 

WPM is designed for power regulations. Therefore, a 

conventional power decoupler designer may concern about the 

intensity of signals (i.e., SI unit is dB), whereas a WPM designer 

only consider the system power (i.e., SI unit is W). Besides, the 

WPM is more than a power decoupler. It can be adopted to 

enhance (or weaken) the output power by enhancing (or 

weakening) the magnetic flux of inductive coils. 

In this paper, the WPM is implemented by an inductive-

dominant resonator that can alter the transimpedances among the 

receivers. A systematic design guidance for the proposed WPM 

is provided. Experiments are conducted on a 20 W and 100 kHz 

WPT system with two LED loads and one WPM to verify the 

effectiveness of the design method. It is noted that the non-

radiative WPT systems obey the same law of physics. Therefore, 

the proposed WPM should be available for WPT systems with 

multiple receivers operating in the frequency range of 85 kHz to 

13.56 MHz, which is not within the wave propagation domain. 

Compared to the conventional power regulation schemes using 

control and communication devices for WPT systems with 

multiple receivers operating within the frequency range of 85 

kHz and 13.56 MHz (which have been investigated over the last 

decade [8-19]), the WPM takes the advantages of higher 

reliability and lower costs from two perspectives: 

1. It is well-known that the most popular peer-to-peer

technology, i.e., Bluetooth and Near-Field Communication

(NFC), may suffer from communication delays and packet

loss. Besides, their transmitting and receiving devices need

additional charge. However, the WPM is communication-

free.

2. The micro-controller units (MCUs) used in the conventional

power regulation strategies are more expensive than a

passive LC resonator used as the WPM, particularly for a

WPT system at the Industrial Scientific Medical (ISM) band

(e.g., 6.78 MHz and 13.56 MHz).
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II. MODEL OF A SINGLE-TRANSMITTER-MULTIPLE-RECEIVER 

WPT SYSTEM WITH WPM 

Fig. 1 shows the circuit diagram of a single-transmitter-

multiple-receiver WPT system with multiple WPM. Both the 

transmitter and receivers of the WPT system adopt series-series 

(SS)-compensations. The WPM coils are implemented using 

simple LC resonant circuits. 
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Fig. 1. Circuit diagram of a single-transmitter-multiple-receiver WPT system 

with multiple WPMs. 

Based on the circuit diagram in Fig. 1, the equivalent circuit 

of the single-transmitter-multiple-receiver WPT system with 

multiple WPMs can be depicted as shown in Fig. 2.  
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Fig. 2. Equivalent circuit of a single-transmitter-multiple-receiver WPT system 

with multiple WPMs. 

The induced voltages of the transmitter coil (i.e., vi), receiver 

coils (i.e., vo), and WPM (i.e., vr) can be expressed as 

[

𝑣𝑖⃗⃗⃗  

𝒗𝒐⃗⃗⃗⃗ 

𝒗𝒓⃗⃗⃗⃗ 

] = −𝑗𝜔 [

0 𝑴𝒊𝒐 𝑴𝒊𝒓

−𝑴𝒐𝒊 𝑴𝒐𝒐 𝑴𝒐𝒓

−𝑴𝒓𝒊 𝑴𝒓𝒐 𝑴𝒓𝒓

] [

𝑖𝑖⃗⃗ 

𝒊𝒐⃗⃗  ⃗

𝒊𝒓⃗⃗⃗  

]            (1)

where ω is the operating angular frequency; r indicates the 

number of WPM coils, e.g., r1 indicates the first WPM coil and 

r2 indicates the second WPM coil; oi indicates the number of 

receivers, e.g., o1 indicates the first receiver and o2 indicates the 

second receiver; 𝑣𝑖⃗⃗⃗   is the voltage across the transmitter coil;

𝒗𝒓⃗⃗⃗⃗ = [
𝑣𝑟1⃗⃗⃗⃗⃗⃗ 
⋮

𝑣𝑟𝑛⃗⃗⃗⃗⃗⃗ 
] are the voltages across the WPM coils; 𝒗𝒐⃗⃗⃗⃗ = [

𝑣𝑜1⃗⃗ ⃗⃗⃗⃗ 
⋮

𝑣𝑜𝑚⃗⃗ ⃗⃗ ⃗⃗  ⃗
]

are the voltages across the receiver coils; 𝑖𝑖⃗⃗  is the transmitter

current; 𝒊𝒓⃗⃗⃗  = [
𝑖𝑟1⃗⃗ ⃗⃗  
⋮

𝑖𝑟𝑛⃗⃗⃗⃗  ⃗
]  are the currents of the WPM coils; 𝒊𝒐⃗⃗  ⃗ =

[
𝑖𝑜1⃗⃗⃗⃗  ⃗
⋮

𝑖𝑜𝑚⃗⃗ ⃗⃗ ⃗⃗  
] are the receiver currents; 𝑴𝒊𝒐 = [𝑀𝑖𝑜1 … 𝑀𝑖𝑜𝑚] are

the mutual inductances between the transmitter and receiver 

coils; 𝑴𝒊𝒓 = [𝑀𝑖𝑟1 … 𝑀𝑖𝑟𝑛]  are the mutual inductances

between the transmitter and WPM coils;  𝑴𝒐𝒐 =

[
0 … 𝑀𝑜𝑚1

⋮ ⋱ ⋮
𝑀𝑜1𝑚 … 0

]  are the mutual inductances between the 

receiver coils; 𝑴𝒐𝒓 = [
𝑀𝑜1𝑟1 … 𝑀𝑜1𝑟𝑛

⋮ ⋱ ⋮
𝑀𝑜𝑚𝑟1 … 𝑀𝑜𝑚𝑟𝑛

]  are the mutual

inductances between the receiver and WPM coils; 𝑴𝒓𝒓 =

[
0 … 𝑀𝑟𝑛1

⋮ ⋱ ⋮
𝑀𝑟1𝑛 … 0

]  are the mutual inductances between the 

WPM coils. Due to the exchange invariance of mutual 

inductance between the coils, 𝑴𝒓𝒊 = 𝑴𝒊𝒓
𝑻 , 𝑴𝒐𝒊 = 𝑴𝒊𝒐

𝑻  and

𝑴𝒓𝒐 = 𝑴𝒐𝒓
𝑻. Besides, the voltages and currents of the WPM

coils satisfy 

𝒗𝒓⃗⃗⃗⃗ = 𝒁𝒓𝒊𝒓⃗⃗⃗    (2) 

where 𝒁𝒓 = [
𝑍𝑟1 … 0
⋮ ⋱ ⋮
0 ⋯ 𝑍𝑟𝑛

]  is the diagonal matrix of the

impedances of the WPM. 

Based on (1) and (2), the voltages across the receiver coils 

can be derived by eliminating the electric variables of the WPM 

coils, i.e., 𝒗𝒓⃗⃗⃗⃗  and 𝒊𝒓⃗⃗⃗  ,
𝒗𝒐⃗⃗⃗⃗ = 𝑗𝜔(𝑴𝒐𝒊𝑖𝑖⃗⃗ − 𝑴𝒐𝒐𝒊𝒐⃗⃗⃗  ) + 𝜔2𝑴𝒐𝒓(𝒁𝒓 + 𝑗𝜔𝑴𝒓𝒓)

−1(𝑴𝒓𝒊𝑖𝑖⃗⃗ − 𝑴𝒓𝒐𝒊𝒐⃗⃗⃗  )  (3) 

By only considering the mutual couplings among the receivers 

and WPM (i.e., 𝑖𝑖⃗⃗ = 0), the transimpedances of 𝒗𝒐⃗⃗⃗⃗  over 𝒊𝒐⃗⃗  ⃗ (i.e.,

Zoo) can be further derived based on (3) as 

𝒁𝒐𝒐 = −𝑗𝜔𝑴𝒐𝒐 − 𝜔2𝑴𝒐𝒓(𝒁𝒓 + 𝑗𝜔𝑴𝒓𝒓)
−1𝑴𝒓𝒐    (4)

Note that Zoo can be modulated via the proper design of the 

impedances and positions of the WPM. 

III. DESIGN GUIDELINES FOR WPM

To simplify the analysis without loss of generality, an SS-

compensated WPT system with one transmitter, two receivers 

and one WPM is studied for the WPM designs. The placements 

of the coils are depicted in Fig. 3. The transmitter coil and WPM 

coil are placed on the straight center line in a co-axial manner. 

The two receiver coils are placed separately on the two sides of 

the central axis. The distances from the original point (i.e., O) to 

the transmitter, receiver, and WPM coils are labelled as d1, d2, 

d3, and d4, respectively. Therefore, d4>0 indicate that the WPM 

coil is placed at the right side of the receiver coils, and vice versa. 

The receiver coils are not only magnetically coupled to the 

transmitter with the mutual inductances of 𝑀𝑖𝑜1 and 𝑀𝑖𝑜2, but

are also mutually coupled with the mutual inductances of 𝑀𝑜1𝑜2

and 𝑀𝑜2𝑜1  (i.e., 𝑀𝑜1𝑜2 = 𝑀𝑜2𝑜1 ). The WPM coil, which is

designed with an inductive-dominant impedance, is placed 

between the two receiver coils. The mutual inductances between 

the WPM coil and receive coils are 𝑀𝑟𝑜1 and 𝑀𝑟𝑜2. The mutual

inductance between the transmitter and WPM coils are 

negligible (i.e., 𝑀𝑖𝑟 ≈ 0).
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Fig. 3. Placements of the coils of the single-transmitter-two-receiver WPT 
system with a WPM. 

 

Assume the impedance of the WPM is 

 𝑍𝑟 = 𝑗𝜔𝐿𝑟 +
1

𝑗𝜔𝐶𝑟
                          (5) 

where Cr is the compensated capacitance. The impedance of the 

WPM can also be written as 𝑍𝑟 =
1

𝜔𝐶𝑟
(
𝜔2

𝜔𝑟
2 − 1) 𝑗 . Here, the 

resonant frequency of the WPM (i.e., ωr) is smaller than the 

operating frequency (i.e., ωr<ω), such that the impedance is 

inductive when the WPT system operates at the frequency of ω. 
Then, the transimpedances of the induced voltage on the receiver 

coil 1 by the receiver coil 2 and WPM coil (i.e., 𝑣𝑜1_𝑜2⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝑣𝑜1_𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗) 
over 𝑖𝑜2⃗⃗⃗⃗  ⃗, and the induced voltage on the receiver coil 2 by the 

receiver coil 1 and WPM coil (i.e., 𝑣𝑜2_𝑜1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝑣𝑜2_𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗) over 𝑖𝑜1⃗⃗⃗⃗  ⃗ can 

be derived based on (4) and (5) as 

 𝑍𝑜1𝑜2
=

𝑣𝑜1_𝑜2⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  +𝑣𝑜1_𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝑖𝑜2⃗⃗ ⃗⃗ ⃗⃗  
= −𝑗𝜔𝑀𝑜1𝑜2

−
𝜔2𝑀𝑟𝑜1𝑀𝑟𝑜2

𝑗𝜔𝐿𝑟+
1

𝑗𝜔𝐶𝑟

      (6) 

 𝑍𝑜2𝑜1
=

𝑣𝑜2_𝑜1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  +𝑣𝑜2_𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝑖𝑜1⃗⃗ ⃗⃗ ⃗⃗  
= −𝑗𝜔𝑀𝑜2𝑜1

−
𝜔2𝑀𝑟𝑜1𝑀𝑟𝑜2

𝑗𝜔𝐿𝑟+
1

𝑗𝜔𝐶𝑟

        (7) 

According to (6) and (7), the transimpedances 𝑍𝑜1𝑜2
 and 𝑍𝑜2𝑜1

 

are equal, which satisfy 

−𝑗𝑍𝑜1𝑜2
(or − 𝑗𝑍𝑜2𝑜1

) < 0 when  𝑀𝑟𝑜1
𝑀𝑟𝑜2

< 𝑀𝑜1𝑜2
𝐿𝑟 (1 −

𝜔𝑟
2

𝜔2
)  (8.1) 

−𝑗𝑍𝑜1𝑜2
(or − 𝑗𝑍𝑜2𝑜1

) = 0 when  𝑀𝑟𝑜1
𝑀𝑟𝑜2

= 𝑀𝑜1𝑜2
𝐿𝑟 (1 −

𝜔𝑟
2

𝜔2
)  (8.2) 

−𝑗𝑍𝑜1𝑜2
(or − 𝑗𝑍𝑜2𝑜1

) > 0 when  𝑀𝑟𝑜1
𝑀𝑟𝑜2

> 𝑀𝑜1𝑜2
𝐿𝑟 (1 −

𝜔𝑟
2

𝜔2
)   (8.3) 

• Without the WPM (as shown in Fig. 4(a)), the magnetic flux 

density of the receiver coils (i.e., 𝐵𝑂
⃗⃗⃗⃗  ⃗ ) can weaken the 

magnetic flux density of the transmitter coil (i.e., 𝐵𝑖
⃗⃗  ⃗).  

• When the WPM is placed at the position-1 (as shown in Fig. 

4(b)), the mutual inductances between the receiver coils and 

WPM coil satisfy 𝑀𝑟𝑂1
𝑀𝑟𝑂2

< 𝑀𝑂1𝑂2
𝐿𝑟 (1 −

𝜔𝑟
2

𝜔2) . 𝐵𝑂
⃗⃗⃗⃗  ⃗  is 

weakened by the magnetic flux density of the WPM coil (i.e., 

𝐵𝑟
⃗⃗⃗⃗ ) but it still dominates. Consequently, the resultant 

magnetic flux density 𝐵𝑂
⃗⃗⃗⃗  ⃗ + 𝐵𝑟

⃗⃗⃗⃗  weakens 𝐵𝑖
⃗⃗  ⃗ . Therefore, 

−𝑗𝑍𝑂1𝑂2
(or − 𝑗𝑍𝑂2𝑂1

) < 0  indicates the weakening of 

resultant magnetic flux density 𝐵𝑂
⃗⃗⃗⃗  ⃗ + 𝐵𝑟

⃗⃗⃗⃗  on 𝐵𝑖
⃗⃗  ⃗. Compared to 

the weakening of 𝐵𝑂
⃗⃗⃗⃗  ⃗  on 𝐵𝑖

⃗⃗  ⃗  without the WPM, the 

weakening of resultant magnetic flux density 𝐵𝑂
⃗⃗⃗⃗  ⃗ + 𝐵𝑟

⃗⃗⃗⃗  on 𝐵𝑖
⃗⃗  ⃗ 

is mitigated.  

• When the WPM is moved from the position-1 to position-2 

(as shown in Fig. 4(c)), the mutual inductances between the 

receiver coils and WPM coil increase and satisfy 

𝑀𝑟𝑂1
𝑀𝑟𝑂2

= 𝑀𝑂1𝑂2
𝐿𝑟 (1 −

𝜔𝑟
2

𝜔2) . 𝐵𝑂
⃗⃗⃗⃗  ⃗  is nullified by 𝐵𝑟

⃗⃗⃗⃗ . 

Hence, −𝑗𝑍𝑂1𝑂2
(or − 𝑗𝑍𝑂2𝑂1

) = 0 indicates 𝐵𝑂
⃗⃗⃗⃗  ⃗ + 𝐵𝑟

⃗⃗⃗⃗ = 0. 

The magnetic coupling between the two receivers is 

eliminated by the WPM. 

• When the WPM is further moved from the position-2 to 

position-3 (as shown in Fig. 4(d)), the mutual inductances 

between the receiver coils and WPM coil further increase 

and satisfy 𝑀𝑟𝑂1
𝑀𝑟𝑂2

> 𝑀𝑂1𝑂2
𝐿𝑟 (1 −

𝜔𝑟
2

𝜔2) . 𝐵𝑟
⃗⃗⃗⃗  dominates 

𝐵𝑂
⃗⃗⃗⃗  ⃗. As a result, the resultant magnetic flux density 𝐵𝑂

⃗⃗⃗⃗  ⃗ + 𝐵𝑟
⃗⃗⃗⃗  

strengthens 𝐵𝑖
⃗⃗  ⃗. Thus, −𝑗𝑍𝑂1𝑂2

(or − 𝑗𝑍𝑂2𝑂1
) > 0 indicates 

the strengthening of resultant magnetic flux density 𝐵𝑂
⃗⃗⃗⃗  ⃗ + 𝐵𝑟

⃗⃗⃗⃗  

on 𝐵𝑖
⃗⃗  ⃗. Accordingly, the output power of the receivers can be 

enhanced. 

In general, the output power of the receivers can be modulated 

by changing the mutual inductances between the receiver coils 

and the WPM. 
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Fig. 4. Diagrams illustrating the magnetic flux density of the coils. 

 

Based on (8), the curves of −𝑗𝑍𝑂1𝑂2
(or − 𝑗𝑍𝑂2𝑂1

)  versus 

𝑀𝑟𝑂1
𝑀𝑟𝑂2

 for three WPMs with different resonant frequencies 

can be plotted as shown in Fig. 5. Three conclusions can be 

drawn from the diagram:  

• For the WPMs with different resonant frequencies, the term 

−𝑗𝑍𝑂1𝑂2
(or − 𝑗𝑍𝑂2𝑂1

) will be increased when the mutual 

inductances between the receiver coils and the WPM coil are 

increased.  

• For a WPM with a higher resonant frequency (i.e., 𝜔𝑟3 >
𝜔𝑟2 > 𝜔𝑟1), the power decoupling point (i.e.,𝑀𝑟𝑜1

𝑀𝑟𝑜2
=

𝑀𝑜1𝑜2
𝐿𝑟 (1 −

𝜔𝑟
2

𝜔2)) is closer from the original point (i.e., O). 

• Based on (6) and (7), for the WPM with a fixed impedance, 
𝜕(−𝑗𝑍𝑂1𝑂2)

𝜕(𝑀𝑟𝑂1𝑀𝑟𝑂2)
=

𝜕(−𝑗𝑍𝑂2𝑂1)

𝜕(𝑀𝑟𝑂1𝑀𝑟𝑂2)
=

𝜔3

𝐿𝑟(𝜔
2−𝜔𝑟

2)
        (9) 



Here, 
𝜔3

𝐿𝑟(𝜔
2−𝜔𝑟

2)
 indicate the slopes of the curves in Fig. 5. 

Apparently, the slope of the curve is greater for the WPM with 

a higher resonant frequency (i.e., 𝜔𝑟3 > 𝜔𝑟2 > 𝜔𝑟1 ). This 

indicates that the change of the output power is more prominent 

when the WPM with a higher resonant frequency is moved 

toward or away from the original point (i.e., O). 

Mro1Mro2

 jZo1o2

( jZo2o1)

O

ωr1

ωr2ωr3

 
Fig. 5. The curves of −𝑗𝑍𝑜1𝑜2

(or − 𝑗𝑍𝑜2𝑜1
) versus 𝑀𝑟𝑜1

𝑀𝑟𝑜2
. 

IV. EXPERIMENTAL VERIFICATIONS 

Experiments are conducted on a 20 W single-transmitter-

double-receiver WPT system with a WPM, as shown in Fig. 6. 

The input DC voltage of the WPT system is 3.3 V. The WPT 

system operates at 100 kHz. A class-D power amplifier is used 

to drive the transmitter coil. The TMS32F28335 digital signal 

processor (DSP) from Texas Instrument (TI) is used as the 

controller for the class-D power amplifier. All the transmitter 

coil, receiver coils, and the WPM coil are wounded by Litz wires. 

The specifications of the coils are given in Table I. The rated 

power of the two LED loads is 3.6 W. 

DC Power 

Supply

Transmitter Coil

Receiver Coil 2

Receiver Coil 1
WPM Coil

Compensated 

Capacitors

LED

 

 
Fig. 6. Photograph of the experimental setup. 

 

TABLE I. MAIN SPECIFICAITONS OF THE COILS 

Description Symbol Value 

Diameter of the transmitter coil Di 20 cm 

Number of turns of the transmitter coil Ni 11 

Diameter of the receiver coil 1 Do1 20 cm 

Number of turns of the receiver coil 1 No1 11 

Diameter of the receiver coil 2 Do2 20 cm 

Number of turns of the receiver coil 2 No2 11 

Diameter of the WPM coil Dr 20 cm 

Number of turns of the WPM coil Nr 11 

Inductance of the transmitter coil Li 49.261 μH 

Compensated capacitance of the transmitter coil Ci  53 nF 

ESR of the transmitter coil Ri 0.177 Ω 

Inductance of the receiver coil 1 Lo1 49.262 μH 

Compensated capacitance of the receiver coil 1 Co1  52.7 nF 

ESR of the receiver coil 1 Ro1 0.214 Ω 

Inductance of the receiver coil 2 Lo2 49.254 μH 

Compensated capacitance of the receiver coil 2 Co2  52.7 nF 

ESR of the receiver coil 2 Ro2 0.159 Ω 

Inductance of the WPM coil Lr 48.087 μH 

ESR of the WPM coil Rr 0.169 Ω 

 

Initially, the WPT system operates at the nominal condition 

(i.e., d1=25 cm, d2=d3=13 cm, and the WPM resonant frequency 

is 95 kHz), while the WPM is moved from d4=16 cm to d4=4 

cm. The corresponding magnetic flux of the coils at the 

positions of d4=16 cm and d4=4 cm is similar to the case in Fig. 

4(b), while it is similar to the case in Fig. 4(d) at the position of 

d4=9.4 cm. According to the analysis, the output power of the 

LED loads at the position of d4=9.4 cm is larger than the power 

at the positions of d4=16 cm and d4=4 cm. Fig. 7 show the 

experimental results of the nominal WPT system with the WPM 

at the positions of d4=4 cm, d4=9.4 cm, and d4=16 cm, 

respectively. Compared to the brightness of the LED loads in 

Figs. 7(a) and (c), the brightness of the LED loads in Fig. 7(b) 

are much higher, which validates the analysis in Fig. 5. 

 
(a) d4=4 cm 

 
(b) d4=9.4 cm 

 
(c) d4=16 cm 

Fig. 7. Experimental results of the nominal WPT system with the WPM coil at 
different positions. 



Then, the WPT system is operated with fixed positions of all 

the coils (i.e., d1=25 cm, d2=d3=13 cm, and d4=9.4 cm), while 

the resonant frequency of the WPM is changed from 90 kHz, to 

95 kHz, and then to 99 kHz. Fig. 8 shows the experimental 

results of the WPT system with the WPM at the resonant 

frequency of 90 kHz, 95 kHz, and 99 kHz, respectively. Clearly, 

the brightness of the two LED loads increases when the 

resonant frequency of the WPM increases, which verifies the 

analysis in Fig. 5. 

 
(a) fr=90 kHz 

 

 
(b) fr=95 kHz 

 
(c) fr=99 kHz 

Fig. 8. Experimental results of the WPT system with the WPM coil at different 

resonant frequencies. 

V. CONCLUSIONS  

A general power modulation principle for single-transmitter-

multiple-receiver wireless power transfer (WPT) systems is 

proposed in this paper. It is shown that inductive-dominant relay 

resonators can be used as wireless power modulators (WPMs) 

for WPT systems with multiple receivers. Based on the principle, 

a design method of the WPM for a 20 W single-transmitter-two-

receiver WPT system is presented. Experimental results verify 

that the designed WPM can regulate the output power of the 

system via the modulation of the magnetic coupling between the 

receiver coils. 
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