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I. BACKGROUND AND HISTORY

At present, mobile energy storage technology (mainly batteries), is still far from satisfactory. For instance, the

specific energy of gasoline (∼12,432Wh/kg) is hundreds of times that of a mass-market battery (20-200Wh/kg) [1].

Quite unlike the computational power predicted by Moore’s law, the improvement in battery energy density is much

slower, basically following a linear trend [2]. In addition to the energy density, battery reliability, weight and cost

are also major impediments to the widespread use of electronic devices (e.g., cellphones, wearable devices, medical

implants) and electric vehicles [3]–[5]. Charging in a wireless manner is especially expected to significantly enhance

the convenience and frequency of charging, and thus potentially be able to

• prolong battery cycle life;

• allow smaller embedded batteries;

• enable easier battery management;

• achieve non-contacting safer charging.

The wireless charging, or wireless power transfer (WPT), provides an important and viable solution without requiring

dramatic advances in today’s battery technology.

The idea of wireless transfer of electrical energy has been actually known for a long time. Nikola Tesla proposed

a “world system” for “the transmission of electrical energy without wires” in 1904 [6]. So far, multiple WPT

technologies have been developed and verified, such as inductive coupling, capacitive coupling, microwave and

laser radiation. Microwave and laser radiation use far field to wirelessly transfer electric power over meters, or

even hundreds of meters [7], [8]. Efforts are required to design a proper antenna array to shape the radiation

beam to ensure a high efficiency power transmission. This focused beam usually needs a large size antenna array.

High power microwave/laser power sources are also expensive. On the other hand, both inductive coupling and

capacitive coupling use near field. The capacitive coupling can transfer power through high-frequency electric fields

with negligible eddy-current loss [9]. Meanwhile, its transfer distance and power density are usually lower than
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Fig. 1. Examples of power transfer via inductive coupling. a) Electric transformer. b) Resonating coils.

those of the WPT through the inductive coupling [10]. As shown in Fig. 1 (a), an electrical transformer is a prime

example of the power transfer through the inductive coupling. Unlike the transformer, the two coils in Fig. 1

(b) are specially designed with the same resonance frequency, which improves the power transfer distance [11].

Most of commercialized WPT systems use the near-field magnetic resonance coupling and operate in kHz band,

such as at several hundreds kHz (typically low and medium-power charging) and 85 kHz (typically high-power

charging) [12]–[16]. It is largely because of the availability of the state-of-art power electronic devices for kHz

electric power conversion and easiness to design and analyze the circuits at kHz [17]–[19]. On the other hand, the

kHz operation requires large-size coils and ferrite materials to achieve a sufficient power transfer distance [20],

[21]. It may not be always favorable, especially in terms of the spatial freedom, efficiency, cost, and reliability.

Note that the ferrite materials also have other practical benefits in real applications, such as providing better copper

utilization and shielding of other electronics.

WPT operating at a higher frequency, such as 6.78 MHz, is now being widely considered as a promising

candidate technology for the mid-range transfer of a medium amount of power [22]. Physically, higher operating

frequencies improve the spatial freedom of power transfer, and also enable developing more compact and lighter

WPT systems [23]. In principle, the MHz WPT does not necessarily require ferrite materials for the power

transfer, which facilitates a lightweight design. Meanwhile, the ferrite materials may be needed for the shielding

purposes. Thanks to the improved spatial freedom, MHz WPT is particularly effective to charge multiple receivers

(e.g., cellphones, smartwatches, and earbuds) at the same time, namely multiple-receiver WPT systems. In such

cases, the receiving devices can have very different sizes, positions and orientations, load characteristics, power

requirements, etc. The 6.78 MHz is the lowest frequency in the globally recognized ISM (industrial, scientific, and

medical) bands. It is the only frequency currently recommended by ITU-R (International Telecommunication Union

Radiocommunication Sector) for consumer device WPT because it has minimal or non-existent impact to other

licensed bands [24]. For other higher operating frequencies at the ISM bands, such as 13.56 MHz or 27.12 MHz,

they further improves spatial freedom, but increases switching loss and driving loss, and presents challenges for

circuit design (e.g., PCB layout and component selection) and coupling coil design (e.g., low self-resistance).
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Fig. 2. An equivalent circuit model of a WPT system using the magnetic resonance coupling.

Figure 2 shows a general circuit model of a magnetic resonance based WPT system. Assuming resonance at the

same operating frequency ω in both transmitter and receiver,

jωLtx +
1

jωCtx
= 0 and jωLrx +

1

jωCrx
= 0, (1)

then the reflected impedance Zref , i.e., the loading effect of the receiver on the transmitter can be derived as [25]

Zref =
ω2M2

rrx + Zrec
, (2)

where L, C, r with different subscripts (tx and rx) represent the coil inductance, compensation capacitance, and

self-resistance of a corresponding coil; M is the coil mutual inductance, and Zrec is the equivalent impedance seen

by the receiving coil, namely the input impedance of the rectifier in most cases. Note that

M = k
√
LtxLrx, (3)

where k is the mutual inductance coefficient. To achieve high power transfer efficiency and capability, it is

straightforward that a reasonable large Zref is expected. With a higher operating frequency ω, a longer transfer

distance (i.e., a smaller M ) can be achieved when maintaining the same power transfer capability, namely the same

Zref . When the operating frequency ω is low (such as at kHz), small rrx and Zrec must be achieved for a longer

transfer distance, which is challenging in actual design. Meanwhile, with the same small M , increasing ω to the

MHz can significantly lower the difficulty in the design of the receiving side, and thus release additional design

freedom to further improve the power transfer distance and capability.

The main differences between the MHz and kHz WPT can be summarized as follows:

• The frequency band of kHz WPT covers from tens of kHz to hundreds of kHz, e.g., 20 kHz or 85 kHz for

EV charging, and 100–200 kHz for mobile device charging, while the frequency band of MHz WPT is within

the ISM band, such as at 6.78 MHz or 13.56 MHz, as mentioned above.

• The MHz WPT provides the improved spatial freedom for the power transfer, namely the longer transfer

distance and higher tolerance to the coil misalignment. This advantage is particularly useful to simultaneously

charge multiple different receiving devices in a flexible manner, i.e., multiple-receiver WPT systems.

• The kHz WPT usually requires the ferrite materials to enhance the coupling between transmitting and receiving
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coils. Meanwhile, in MHz WPT the ferrite materials are principally not required for the power transfer, which

facilitates compact and lightweight designs. The ferrite materials may be necessary to provide shielding of

other electronics in both the kHz and MHz WPT systems.

• Due to the high switching frequency, the MHz WPT faces the challenge of Electromagnetic Interference (EMI)

problem. Both conducted emission (<30 MHz) and radiated emission (>30 MHz) testing are required during

the EMI testing in MHz WPT application, while radiated emission test is not necessary in most kHz WPT

systems.

• The kHz WPT can achieve high efficiency under a medium or strong coupling due to its low conduction and

switching losses. Meanwhile, with loosely coupled coils the MHz WPT systems can achieve higher efficiency

than that of the kHz WPT. Their high operating frequencies help lower difficulty in designing the receiving

side and thus release additional design freedom when the magnetic coupling is weak.

• The coupling coils of the kHz WPT systems are usually built by Litz wires, which causes a higher cost than the

printed-circuit-board (PCB) coils used in the MHz WPT systems. Meanwhile, the high-frequency components

required in the MHz WPT systems, such as the switches and driving circuits, are more expensive than those

used in the kHz WPT systems. Generally, the circuit complexity and cost of the kHz and MHz WPT systems

are comparable.

• The high operating frequency of the MHz WPT increases the system design complexity. The load dependent

output characteristics of the single-switch power amplifiers (PAs), as explained in Section II, also add additional

complexity in the power/voltage regulation of the MHz WPT systems.

The unique technical challenges of the MHz WPT, due to its high-frequency operation, are then briefly as follows,

• More obvious influence of device parasitic parameters and thus non-negligible reactance [26];

• Potentially higher switching and conduction loss and thus lower system efficiency;

• More challenging Electromagnetic Interference (EMI) problem [27], [28];

• Robustness against varying operation conditions, such as uncertainties in the load and relative position of the

coils.

Thus, due to the high-frequency operation, circuit-level complexity and multiple objectives in real MHz WPT

systems, system-level analysis and design are especially important to achieve high performance (e.g., high-efficiency,

low-noise, and robust) of a final MHz WPT system. As discussed in the following sections, major power conversion
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Fig. 3. A general configuration of WPT systems.
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topologies are first reviewed and compared; then a systematic scheme is explained to model and design a complete

MHz WPT system, taking a Class E2 topology as an example [29]; the scheme is further extended to a multiple-

receiver MHz WPT system, in which robustness of operation is particulary addressed. The developed modeling and

design scheme is based on the impedance analysis of each component, from final load, rectifier, coupling coils, to

the PA. Therefore, this scheme, i.e., the design concept, is general for MHz WPT systems using other representative

circuit topologies. Finally, two actual user cases, namely a single-receiver system and a multiple-receiver system

that both operate at 6.78 MHz, are taken as the examples to demonstrate the implementation and results according

to the above design scheme.

II. POWER CONVERSION TOPOLOGIES

Generally, a WPT system consists of three stages for dc-ac (power amplifier, namely PA), ac-ac (coupling coils),

and ac-dc (rectifier) power conversions, as shown in Fig. 3. For the coupling coils, i.e., ac-ac conversion, there are

mainly four basic topologies to compensate the coil inductance for resonance, i.e., series-series (SS), series-parallel

(SP), parallel-parallel (PP), and parallel-series (PS) compensations [see Fig. 4] [25], [30]. The SS compensation is

the most widely used in the MHz WPT because this topology is

• straightforward to achieve the full resonance of the coupling coils [refer to (1)];

• capable to provide a pure resistive load to the PA with any mutual inductance coefficient of the coupling coils

and final load, when the two coupling coils are both fully resonant [31];

• suitable for the following current-driven circuits, such as the current-driven Class E rectifiers.
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Fig. 4. Four basic compensation topologies. a) SS; b) SP; c) PS; d) PP.

For the dc-ac and ac-dc conversions, the full-bridge (i.e., voltage-mode Class D), Class E, and Class EF2 topologies

have been proposed for the MHz WPT, as shown in Fig. 5.

1) Full-bridge topology: The full-bridge PAs/rectifiers shown in Fig. 5(a) and (d) are popular in classical power

electronics due to its simplicity, low switch stress, and high robustness [32]. For practical WPT systems,
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Fig. 5. Power conversion topologies for MHz WPT. (a) Full-bridge PA; (b) Push-pull/single-switch Class E PAs; (c) Class EF2 PA; (d)
Full-bridge rectifier; (e) Full-wave Class E rectifier; (f) Class EF2 rectifier.

the robustness is important because the changes in relative position of the coupling coils and final load

usually occur. Meanwhile, because of its square-wave operation, the total harmonic distortion (THD) of the

output/input voltages are high in the full-bridge PAs/rectifiers [33]. This disadvantage significantly affects the

Electromagnetic Interference (EMI) performance of the MHz WPT systems. Besides, the required dead time

makes it challenging to drive the full-bridge PA when operating at MHz [34].

2) Class-E topology: The Class E PAs/rectifiers were proposed for high frequency applications [35], [36]. The

single-ended topology makes the Class E PA easier to drive at MHz. The Class E topology, either for PA

or rectifier, is a promising candidate for high switching frequencies, thanks to its simple topology and soft-

switching property, i.e., zero-voltage switching (ZVS) and zero-voltage-derivative switching (ZVDS) [37]. At

the same time, this topology is also known to be sensitive to its loading condition, which requires a system-

level design to improve the robustness of the entire WPT system [38]. Corresponding to the full-bridge

PA, Fig. 5(b) shows a push-pull Class E PA. The two gate driving signals are in 180◦ out of phase. This

push-pull topology can achieve a higher power level and lower harmonic contents than those of the classical

single-switch Class E PA [39], [40]. Due to the 180◦ out-of-phase driving, each of its branches provides half

waveform of the output voltage (Vout) and half output power (Pout). Thus, the below relationship exists,

Pout =
Vout

2

Rload
, P1 =

V1
2

R1
=
Vout

2

4R1
=

1

2
Pout ⇒ R1 =

1

2
Rload, (4)

where P1, V1 and R1 is the output power, output voltage, and equivalent load of a branch; Rload is the actual

load of the PA. Therefore, each branch sees only half of the load impedance, which improves the robustness

against the load variation. Similarly, a current-driven full-wave Class E rectifier is shown in Fig. 5(e) [41].



7

No. of 
switches

No. of RF 
inductors

Class E Push-pull PA

/Full-wave Rectifier

(D=0.5)

3.56 1.43 13.46 2
2 (PA)

0 (Rectifer)
2 Low

- Single-ended drive

- Low THD

- 50% duty cycle

Full bridge 

PA/Rectifier

(D=0.5)

1 1.57 41.6 4 0 0 High

- Low switch stress

- Fixed voltage ratio

- 50% duty cycle

Topology Vpeak/Vdc Ipeak/Idc
Voltage

THD (%)
No. of RF 

chokes
Robustness Features

Class EF2 

PA/Rectifier

(D=0.375)

2.31 3.26 45.38 1
2 (PA)

1 (Rectifer)
1 Medium

- Single-ended drive

- Low voltage stress

Table Ⅰ . Comparison of Power Conversion Topologies 

Thanks to the current-driven operation, this rectifier can be used in WPT systems with SS or PS compensation.

Inductors L1 and L2 are RF choke inductors, which are more compact and efficient than finite inductors. The

Class E rectifier provides a new degree of freedom in design, i.e., the capacitances of the shunt capacitors

C1 and C2, to

• tune the voltage ratio of input ac voltage to output dc voltage;

• design the rectifier input impedance;

• reduce the harmonic contents.

The full-wave/push-pull topologies especially have a superior EMI performance, i.e., low harmonic contents,

because the output (for the PA)/input (for the rectifier) current and voltage are both close to sinusoidal [33].

Meanwhile, the classical single-switch topologies are also useful because of their simplicity and compact-

ness [38].

3) Class-EF2 topology: The peak voltages across switches of the Class E topology are about 3 to 4 times of

the dc input/output voltage, namely high voltage stresses [37]. As shown in Fig. 5(c) and (f), the Class EF2

topology has been discussed to reduce the voltage stresses through adding L2C2 network [42]. This network

is tuned to match the second harmonic of the switching frequency. Thus, the switch drain voltage does not

contain the second-harmonic component because the harmonic at this order is ”shorted” by the series L2C2

network. This helps reduce the voltage stresses of the switches and improve the robustness. Meanwhile, the

ac inductor in the L2C2 network enlarges the size and induces additional power loss.

The above three topologies, the full-bridge, push-pull/full-wave Class E, and Class EF2 ones, are compared in

Table I, in terms of voltage stress (Vpeak/Vdc), current stress (Ipeak/Idc), total harmonic distortion (THD), components

count, and robustness. As a summary,

1) The full-bridge PA/rectifier achieve a low switch stress, but with higher harmonic contents. Its high-side

driving is also challenging, leading to additional driving loss and cost at MHz.

2) The Class E and EF2 PAs are both single-ended driven, which is easy to implement at high frequency. But
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they have higher switch stress than that of the full-bridge PA. As discussed in the below section, the switch

parasitic capacitance can be explicitly reflected during the design of the Class E/EF2 PAs/rectifiers instead of

being neglected when designing the full-bridge ones.

• The Class EF2 topology achieves a lower switch voltage stress than that of the Class E topology, thanks

to the additional series L2C2 network and operation with a duty cycle lower than 50%. Meanwhile, the

bulky ac inductor in the L2C2 network increases circuit size and power loss. The non 50% duty cycle

driving signal is also challenging to generate at high frequencies.

• Thanks to the sinusoidal current and voltage, the push-pull Class E PA and full-wave Class E rectifier

achieve lower THD than their full-bridge and Class EF2 counterparts. This is especially helpful for the

EMI performance of the MHz WPT systems.

III. SYSTEM-LEVEL MODELING AND DESIGN

As mentioned in Section I, the system-level modeling and design are especially important for the high-frequency

MHz WPT systems. In the following two subsections, a high-efficiency single-receiver system is first used as an

example to explain the impedance-based design procedures, which are reverse to the path of power transfer (i.e.,

from the final dc load on the receiving side to the PA on the transmitting side); then this design scheme is extended

to a multiple-receiver MHz WPT system, in which not only efficiency, but also robustness and power distribution

among the receivers need to be addressed.

A. Single-Receiver MHz WPT Systems

As shown in Fig. 3, a single-receiver system usually consists of a dc power source, a PA, two compensation

networks, coupling coils, a rectifier and a dc final load. Here the Class E2 topology, namely with Class E PA and

rectifier, is chosen as an example to facilitate the below explanation of the design procedures. Note that the basic

concepts of these procedures are general that can be extended to MHz WPT systems using other circuit topologies.
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Choose 

Compensation 
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Amplifier

5

1

Design 

Rectifer Input 

Impedance

3

Rrec
*Rrec
*

Fig. 6. The system-level design flow for MHz WPT systems.

The flow chart in Fig. 6 summarizes the procedures that implement the system-level modeling and design in a

step-by-step manner. Below the label Znet is the PA output impedance; Zrec is the rectifier input impedance; Z1

and Z2 are the input impedance and output impedance of the coupling coils; and Rdc is the input dc resistance of

the entire WPT system [refer to Fig. 3].
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1) Final dc load: The target final dc load, namely RL in Fig. 6, should be firstly determined. For instance,

lithium-ion batteries are today’s most popular loads, largely due to their high energy densities. A typical

charging profile of a lithium-ion battery usually consists of two modes, constant current (CC) mode and

constant voltage (CV) mode, which can be used to determine the varying range of the final dc load for the

system-level design [43]. Fig. 7 shows the charging profile and corresponding charging power and equivalent

load of an example lithium-ion battery pack. During the CC mode, charging current maintains constant and

battery voltage slowly increases, which leads to a relatively stable equivalent load and high charging power.

In the following CV mode, charging voltage maintains constant and charging current rapidly decreases. This

corresponds to a significant increase of the equivalent load and low charging power. Therefore, the load

variation range can be estimated in advance from the battery charging profile. Practically, optimizing the

charging performance is the most important. Thus the value of the target final dc load, when designing the

MHz WPT system, should be taken as the equivalent dc load during the CC mode, which is, for example,

30 Ω for a 18V/0.6A battery pack.
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Fig. 7. An example lithium-ion battery pack. (a) Charging current and voltage profiles; (b) Charging power and equivalent load.

2) Coupling coil target load: The overall power transfer efficiency is largely influenced by the coupling coils.

A target load for the coupling coils, which maximizes the coil-to-coil efficiency, should be calculated to

guide the following design of the rectifier input impedance. Fig. 8 shows the circuit model of the coupling

coils. The coil-to-coil efficiency is jointly determined by the mutual inductance coefficient k, inductances and

equivalent series resistances (ESRs) of the transmitting coil and receiving coil, compensation capacitors, and

the load impedance seen by the receiving coil Zrec (i.e., the rectifier input impedance). For a high coil-to-coil

efficiency, the receiving side should be designed to achieve full resonance, and an optimal R∗rec can then be

analytically derived as [25]:

R∗rec =

√
rtxrrx2 + ω2k2LtxLrxrrx

rtx
(5)

Note that usually the parameters of the coupling coils, rtx, rrx, Ltx, and Lrx, are pre-determined in a target

application. In practice, coupling coils must be placed in the available space, and the transfer distance is
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mostly predefined for a specific application. Under the constraints of target mutual inductance coefficient k

and the load, the parameters of coupling coils, rtx, rrx, Ltx, and Lrx, can be achieved by optimizing the

shape, turns, trace width/spacing of the coupling coils and considering the required shielding. There are also

commercial coil designs recommended by standards organizations [44].

Fig. 8. Circuit model of the coupling coils.

3) Rectifier input impedance: For a Class E rectifier, such as the full-wave one in Fig. 5(e), the capacitances of

its parallel capacitors, C1 and C2, are the parameters to design the rectifier input impedance. For the sake of

simplicity and symmetric performance, C1 and C2 usually take the same capacitance, Cr here [33]. In terms

of design, an important advantage of the Class E topology is that the relationships among its parameters can

be analytical derived. As mentioned above,

a) the rectifier input resistance Rrec should be as equal as R∗rec to have a high coil-to-coil efficiency;

b) the desired duty cycle of the rectifier D∗ can be calculated based on the derived relationship between

Rrec and D [45], [46]. This duty cycle corresponds to a specific value of Cr;

c) this specific Cr then can be used to calculate the rectifier input reactance Xrec, which helps design the

compensation capacitor on the receiving side, Crx [refer to Eq. (6)].

Fig. 9 illustrates the design procedure of the example Class E full-wave rectifier, following the above three

steps, a)–c), starting from determining Rrec. Note that in order to reduce the harmonic contents caused by the

overlapping of the diode conduction, D should be smaller than 0.5, which may compromise the achievable

optimal Rrec.

4) Compensation capacitors: As mentioned in Section II, the SS compensation is widely applied in the WPT

systems. Unlike in the kHz WPT systems, where their rectifier input impedances are close to pure resistive,

the rectifier input reactances become non-negligible at multi-MHz [47]. As shown in Eq. (6), the design

of the compensation capacitors, Crx and Ctx, must reflect the nonnegligible rectifier input reactance Xrec,

especially in order to make the receiving coil fully resonant [45].

Crx =
1

ω (ωLrx +Xrec)
, Ctx =

1

ω2Ltx
. (6)

5) PA parameters: Due to the full resonance on both the transmitting side and receiving side, the PA load
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Fig. 9. Design procedure of the Class E rectifier (RL=30 Ω).

impedance Znet can be derived as [see Fig. 3]

Znet = Rnet = rtx+
ω2k2LtxLrx
rrx +Rrec

, (7)

which is pure resistive. It is known that based on Rnet, the parameters of a single-switch Class E PA can be

calculated to enable the ZVS operation of the PA, following the Raab’s equations [48][see Fig. 5(b)],

CS =
0.1836

ωRnet
, Xm1 = ωLm1 −

1

ωCm1
= 1.1525Rnet. (8)

Note that Lm1 should be determined by the loaded qualify factor Q, usually between 2 and 5 [49]. When

designing the push-pull Class E PA, a half Rnet of the PA can be used to determine the parameters CS1,2

and Cm1,2 to achieve the ZVS operation.

The above five impedance-based procedures guide the design of the major components of high-efficiency MHz

WPT systems (from the rectifier to the coupling coils and then PA). Each component’s optimal parameters are

determined by desired loading conditions provided by other components, i.e., a system-level design. As a supple-

mentary discussion, for WPT systems employing the conventional full-bridge rectifier, the design procedures are

similar. It is well-known that in a kHz WPT system, the input impedance of the full bridge rectifier is close to pure

resistive, and it has a fixed relationship with the load [37],

Rrec =
8

π2
RL. (9)

However, when working at MHz, the influence of diode junction capacitors becomes obvious. This causes the rectifier

input impedance to no longer be pure resistive, and its reactance changes with load and diode selection [47]. Unlike

the Class E rectifier, which has Cr as its design parameter, the full-bridge rectifier lacks freedom to design its input

impedance. Thus it is difficult to match the coupling coil target load. Simulation can be performed to obtain the

values of Rrec and Xrec of the full-bridge rectifier, such as using Advanced Design System (ADS) from Keysight
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Technologies (i.e., Agilent previously) and Spice models of the diodes [50]. Again, the calculated Xrec is useful

to determine the compensation capacitor Crx.

B. Extension to Multiple-Receiver MHz WPT Systems

This subsection further extends the above design scheme into a multiple-receiver MHz WPT system. As mentioned

in Section I, a unique advantage to increase the operating frequency to several MHz is to improve the spatial freedom

of the power transfer, i.e., with a longer transfer distance and a higher tolerance against the coil misalignment. This

is especially important for the multiple-receiver WPT systems. In such systems, receivers may have different sizes,

positions and orientations, power requirements, and loading characteristics, such as when simultaneously charging a

cellphone, smart watch, and ear buds. The possible cross coupling (i.e., non-zero mutual inductances) between the

receivers is particularly challenging because it significantly influences the efficiency and power distribution among

the receivers [51], [52].
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Fig. 10. A typical multiple-receiver WPT system. (a) Circuit model; (b) Equivalent circuit model.

Existing solutions include multiple operating frequencies for different receivers [53]–[55], time division schemes [56],

game theory-based active control [57], [58], etc. Note that the narrow industrial-scientific-medical (ISM) band

imposes limitation on choosing the available operating frequencies. A fixed frequency, such as 6.78 MHz, is

usually preferred, in terms of actual applicability. Implementation of the active control also requires dedicated

hardware (such as dc-dc converters) and communication between the transmitting and receiving sides. Instead, here

the performance of a multiple-receiver MHz WPT system is optimized through the parameter design to achieve high

efficiency and maintain desired power distribution among the receivers. The robustness against the cross coupling

is particularly reflected and enhanced during the parameter design [59].

Fig. 10(a) shows the circuit model of a typical multiple-receiver WPT system. The single transmitting coil and

n receiving coils are represented by their inductances Ltx and Lrx,i (i ∈ [1, n]), and ESRs rtx and rrx,i. Both the

transmitting coil and receiving coils are compensated by series-connected capacitors, Ctx and Crx,i’s. Here Mt1—

Mtn are the mutual inductances between the transmitting coil and i-th receiving coil; Mij , where i, j ∈ [1, n], is

the mutual inductance between the i-th and the j-th receiving coils. The transmitting coil is assumed to be driven
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by a sinusoidal current source, itx. RECi and RL,i are the rectifier and dc load of the i-th receiver. The equivalent

circuit model of the multiple-receiver WPT system is given in Fig. 10(b). The coupling effects on the receiving

side including the cross coupling are represented by the induced voltage sources, and the rectifier input impedances

are Zrec,i’s. Again, the coupling coils achieve an optimal power transfer efficiency when all the receiving coils are

fully resonant. Theoretically, the compensation capacitors Crx,i of the receiving coils can be determined as follows,

Crx,i =
1

ω

[
ωLrx,i +Xrec,i +

j=n,j 6=i∑
j=1

ωMijMtj(Rrec,i + rrx,i)

Mti(Rrec,j + rrx,j)

] , (10)

where Xrec,i is the i-th receiver’s input reactance. It can be seen that the optimal Crx,i depends on the cross coupling

between the receivers (i.e., Mij’s). However, in actual scenarios, it is almost unavoidable to have uncertainties in

the number of the receivers, their relative positions and orientations (i.e., changing Mij’s). A design scheme is

particularly expected to enhance the robustness of system performance, in terms of maintaining high efficiency and

target power distribution.

It would be ideal to achieve a multiple-receiver WPT system that always provides the required power to an

individual receiver. This amount of power should not be affected by the existence of other receivers and the cross

coupling, namely decoupled power transfer. Thus, the system design must take into account the uncertainties in the

number of receivers and cross coupling between them. As shown in Fig. 10, ideally if the PA always outputs a

constant ac current itx and the cross coupling is negligible, the received power of each receiver is solely determined

by its impedance seen on the transmitting side, i.e., its reflected impedance Zref,i in Fig. 10(b). To achieve this

decoupled power transfer, efforts are twofold,

1) Supporting circuit topology: This topology should be able to provide a constant PA output current and the

required design freedom;

2) Robust design methodology: To achieve the decoupled power distribution among the receivers, this method-

ology must explicitly address the robustness against the uncertainty in the cross coupling and also properly

determine the reflected impedances of the receivers.

As shown in the following Fig. 13(a), the Class E2 topology is again a suitable candidate as the supporting

circuit topology. An impedance transformation network (ITN) is added after the classical Class E PA and designed

to largely maintain a constant PA output current despite the uncertainties in the number of the receivers and cross

coupling, namely a current-mode Class E PA [38]. The parallel capacitors of the Class E rectifiers, Cr,i’s, rightly

provide a degree of freedom to design the reflected impedances of the receivers [45]. In real applications, the wireless

charging area is usually limited, such as over a charging mat. Thus the variation range of the cross coupling is

predictable according to the maximum/minimum possible distances between the receiving coils. The robust design

problem can then be formulated as follows.

• Constant parameters p (usually pre-determined in an initial design):

p = [ω, Ltx, rtx, p1, p2, . . . pn]1×(3+4n) and pi = [kti, Lrx,i, rrx,i, RL,i]1×4. (11)
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The above constant parameters include the operating frequency (ω), coil inductances and ESRs (Ltx, Lrx,i, rtx, rrx,i),

mutual inductance coefficients between transmitting coil and receiving coils (kti), and loads of receivers (RL,i).

Note that kti and Mti have a relationship defined in (3), and n is the maximum number of receivers.

• Design variables x:

x = [|Itx|, Cr,1, Cr,2, . . . Cr,n]1×(1+n), (12)

where |Itx| is the magnitude of the PA’s constant ac output current; again, Cr,i’s are the capacitances of the

rectifier parallel capacitors.

• Objective function and constraints:

max
x

ηnomcoil2load (x) ,

s.t. χ (x) ≤ χmax,

γ (x) ≤ γmax,

klow ≤ k ≤ kupp,

(13)

where
χ (x) = max

x

∣∣∣ηcoil2load,m(x,k)−ηcoil2load,m(x,k=0)
ηcoil2load,m(x,k=0)

∣∣∣ , (14)

γ (x) = max
x

∣∣∣∣PRL,i,m(x,k)−P∗
RL,i

P∗
RL,i

∣∣∣∣ , (15)

k =
[
k12, k13, . . . kij , . . . k(n−1)n

]
1×C2

n
. (16)

The purpose of the above objective function in (13) is to maximize the total system efficiency from the

transmitting coil to the final loads (ηnomcoil2load) under a nominal condition, i.e., the condition with negligible

cross coupling. The first and second constraints are defined to restrict the maximum deteriorations of the

efficiency (χ (x)) and power distribution (γ (x)) described in (14)(15), respectively, when the cross coupling

changes within the range defined by kupp and klow, namely the last constraint (16). The vector k represents

an array of the mutual inductance coefficients between any two receiving coils (i.e., the cross coupling). In

(14)(15), ηcoil2load,m and PRL,i,m are the system efficiency and load power of the i-th receiver under a specific

combination of receivers m (2n − 1 combinations in total). The detailed derivations of efficiency from the

transmitting coil to final loads and the load powers can be found in [59]. This nonlinear robust design problem

can then be solved, such as through the genetic algorithm (GA) [60], [61].

Therefore, the optimal rectifier parallel capacitors Cr,i’s can be obtained via the above robust design. After this

robust design, the similar procedures, i.e., 3) – 5) in Section III-A, can be applied to determine the other parameters

of the multiple-receiver MHz WPT system. The rectifier input impedances under the nominal condition can be

calculated based on the optimal Cr,i; then the compensation capacitors of the coupling coils are determined to

enable full resonance on the both receiving side and transmitting side [refer to (6)]; the PA load impedance Znet in

(7) varies with different combinations and positions of the receivers, namely the changing k in (16). Its variation

range can then be used to design the ITN that transforms the impedance seen by the classical single-switch Class
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Table Ⅱ. Parameters of Experimental MHz WPT System

*

E PA to achieve high-efficiency operation and the constant output current, namely a current-mode Class E PA [38].

Thus the classical Class E PA itself can be simply designed based on its nominal load R∗net [refer to (8)].

IV. USER CASES

Two actual user cases, namely a single-receiver system and a multiple-receiver system that both operate at 6.78

MHz, are taken as the examples to demonstrate the implementation and results according to the above design

procedures in Section III. The experimental single-receiver system in Fig. 11 consists of two coils with a dimension

of 10× 10 cm2 and a distance of 3.3 cm (k=0.18). The final dc-dc system efficiency is 87%, but without the need

of ferrite materials. Meanwhile, the multiple-receiver system in Fig. 13(a) contains maximum three receiving coils

with a diameter of 7.2 cm. The diameter of the transmitting coil is 20 cm, and the transfer distance is 2.2 cm. The

experimental results show that the designed multiple-receiver system can maintain stable power distribution and

high efficiency despite variations in number and positions of the receiving coils.

A. A Single-Receiver MHz WPT System

The 6.78 MHz single-receiver system in Fig. 11 employs the single-switch Class E PA and the full-wave Class

E rectifier, i.e., a Class E2 system. This MHz WPT system is optimally designed according to the system level

design procedures explained in Section III-A. As a comparison, a similar system is designed but using a full-bridge

rectifier and the assumed pure resistive input impedance of the rectifier in (9). This conventional design is popular

when designing kHz WPT systems. The parameters of the two designs are listed in Table II. Note that Cr and CS1

absorb parasitic capacitances of the rectifying diodes and PA switch. The rectifier input powers of the two systems

are both around 10 W.

Experimental results are given in Fig. 12(a)-(c). Applying the design procedures explained in Section III-A, a

well-designed full-wave Class E rectifier demonstrates superior performance, in terms of both efficiency and EMI

suppression. Especially thanks to the design freedom provided by the Class E rectifier topology, the coil-to-coil

efficiency and rectifier efficiency can be improved at the same time, which helps to achieve a high dc-to-dc system
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Fig. 11. Experimental setup of a single-receiver WPT system.

efficiency of 87%. Compared to the full-bridge rectifier, the input voltage THD of the full-wave Class E rectifier

is largely reduced by 64.9%. The EMI performance of the rectifier is particularly important because the rectifier is

usually located inside a receiving device, such as a cellphone.

B. A Multiple-Receiver MHz WPT System

The experimental setup of the three-receiver WPT system in Fig. 13(a) employs a current-mode Class E PA,

which combines the single-switch Class E PA and ITN, and three receivers using half-wave Class E rectifiers. The

circuit parameters are determined according to robust design described in Section III-B. The target load powers of

the three receivers are 10 W (PRL,1), 8 W (PRL,2), and 6 W (PRL,3), respectively. As shown in Fig. 14, the three

receivers are first placed with 120◦ angular position difference. After each 100 s, one of the receivers is removed,

and returned later to the same position. It can be seen that the received power of each receiver remains almost

constant whenever other receivers join or quit the charging, i.e., decoupled power distribution. The dash lines in
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Fig. 12. Experimental results of the single-receiver WPT system. (a) Efficiency breakdown; (b) THD of input voltage of the full-wave Class E
rectifier (10 W rectifier input power); (c) THD of input voltage of the full-bridge rectifier (10 W rectifier input power).
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(a)

Half-wave

(b)

Fig. 13. A scalable multiple-receiver WPT system. (a) Experimental setup; (b) Circuit configuration.

Fig. 14 show the results using the conventional design, in which the influence of the cross coupling is neglected

and the ITN is not included. This design obviously fails to decouple the power distribution among the receivers.

Fig. 15 shows the experimental results under varying cross coupling. First, the two receivers, RX1 and RX2, are

placed with θ12=180◦ position difference, i.e., a two-receiver system. Then RX1 is moved along with the dashed

circle illustrated in Fig. 13(a). The delivered load powers, PRL,1 and PRL,2, are measured versus the changing

θ12, namely the changing cross coupling. As shown in Fig. 15(a), with the above robust design, the target power

distribution is well maintained over a wide range of θ12 from 180◦ to 100◦. A high system efficiency ηsys (above

77%) and transmitting coil to load efficiency ηcoil2load are also observed [see Fig. 15(b)]. The results of the

conventional design (dash lines) are co-listed in Fig. 15 for reference purposes.

V. CONCLUSIONS

Increasing the operating frequency to several MHz (such as 6.78 MHz) is particularly useful for improving

the spatial freedom of the WPT and releasing additional design freedom. Meanwhile, because of the more obvious

influence of the device parasitic parameters when operating at MHz, the system-level modeling and design are critical

Fig. 14. Load powers with a changing combination of receivers.
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(a) (b)

Fig. 15. Experimental results with varying cross coupling. (a) Load powers; (b) Efficiencies.

to improving the efficiency, EMI performance, and robustness of a final WPT system. This article begins with the

typical power conversion circuit topologies and extends to the modeling and parameter design of a high-performance

Class E2 6.78 MHz WPT system. It also explains a robust design scheme dedicating to a multiple-receiver WPT

system. The changing cross coupling between the receivers is explicitly reflected in the formulation of the design

problem. Using the Class E rectifiers and the current-model Class E PA as supporting circuits, their parameters are

optimized in a manner to maintain high system efficiency and target power distribution, when the cross coupling

between the receivers varies within a certain range. As described in this article, developing high-performance MHz

WPT systems will inevitably be a comprehensive effort involving interdisciplinary knowledge in device, circuitry,

modeling, design and control.
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