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Abstract—Magnetic resonance coupling working at megahertz
(MHz) is widely considered a promising technology for the mid-
range transfer of a medium amount of power. It is known that
the soft-switching based Class E rectifiers are suitable for high-
frequency rectification, and thus potentially improve the overall
efficiency of MHz wireless power transfer (WPT) systems. This
paper reports new results on optimized parameter design of a
MHz WPT system based on the analytical derivation of a Class
E current-driven rectifier. The input impedance of the Class E
rectifier is accurately derived, for the first time, considering the
on-resistance of the diode and the equivalent series resistance
of the filter inductor. This derived input impedance is then
used to develop and guide design procedures that determine
the optimal parameters of the rectifier, coupling coils, and a
Class E PA in an example 6.78-MHz WPT system. Furthermore,
the efficiencies of these three components and the overall WPT
system are also analytically derived for design and evaluation
purposes. In the final experiments, the analytical results are found
to well match the experimental results. With loosely coupled coils
(mutual inductance coefficient k=0.1327), the experimental 6.78-
MHz WPT system can achieve 84% efficiency at a power level
of 20 Watts.

Index Terms—Wireless power transfer, magnetic resonance
coupling, Class E rectifier, parameter design.

I. INTRODUCTION

Wireless power transfer (WPT) is now attracting consid-
erable attention both from academia and industry largely
due to the need to charge various electronic devices, e.g.,
cellphones, laptop computers, tablets, medical implant devices.
It is desired by the end-users to access to both information and
electrical power through air. For high-power applications such
as charging of robots and electric vehicles, WPT provides a
convenient and safe non-contacting charging, and brings new
possibilities for energy and power management. The techno-
logical options for WPT (such as inductive coupling, magnetic
coupling, microwave and laser radiation) have different power
level, working frequency, transfer distance, size and forming
factors, etc [1]–[5]. Among these technologies, the magnetic
resonance coupling working at megahertz (MHz) is being
widely considered a promising candidate for the mid-range
transfer of a medium amount of power [5], [6]. It is because
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generally a higher operating frequency (such as 6.78 and 13.56
MHz) is desirable for a more compact and lighter WPT system
with a longer transfer distance. Lots of research has been
done on the design and optimization of WPT systems both at
component and system levels, including the improvements on
coupling coils [7]–[11], power amplifier (PA) [12]–[15], and
load control [16]–[18]. Meanwhile, there are few discussions
on the analysis of the rectifier and its interactive relationship
with other components (such as the coupling coils and PA) in
a WPT system, especially when the operating frequency is at
MHz. So far, most WPT systems use the hard-switching based
rectifiers, e.g. the full-bridge rectifiers. In order to reduce the
switching loss at MHz, the soft-switching techniques can be
applied to rectifiers working at high frequencies. It is known
that Class E rectifiers are one of the most promising candidates
for the high-frequency rectification due to their capability
of zero-voltage switching (ZVS), low voltage-slope (dv/dt)
switching, zero-current switching (ZCS), and low current-
slope (di/dt) switching of the rectifying element [19], [20].

The Class E rectifier was first proposed for high-frequency
DC-DC converter applications in 1988 [21]. Various Class E
topologies were later developed, such as voltage-driven [22],
[23], current-driven [24]–[26], and full-wave ones [27]. Re-
cently researchers have started to apply the Class E rectifiers in
WPT systems. [28] discussed, for the first time, the application
of the Class E rectifier in a 800-kHz WPT system. [29]
presented a state-space based analysis of a Class E2 converter,
i.e., a Class E PA and a Class E rectifier, for a 200-kHz
WPT systems. In [30] a Class E2 DC-DC converter was
designed and implemented for an application in 200-kHz WPT.
Meanwhile, there are few reported studies on applying the
Class E rectifiers to MHz WPT systems. Initial discussions can
be found in [31], [32], where the simulation-based analysis
and the real implementation of the Class E rectifiers were
introduced.

Therefore, this paper is devoted to a detailed discussion on
the MHz high-frequency rectification using a Class E rectifier.
The analytical derivation of a Class E current-driven rectifier
is given that provides guidance on the optimized parameter de-
sign of a 6.78-MHz WPT system. The current-driven topology
is chosen because this topology can be used both in parallel-
series (PS) and series-series (SS) WPT systems. The topology
of the Class E current-driven rectifier used in this paper
was first proposed in [24] for high-frequency applications. In
the reference the circuit analysis was given assuming ideal
devices, i.e., ideal diode and filter inductor. Based on the
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topology in [24], this paper extends its new application to
MHz WPT. First an accurate input impedance of the Class
E current-driven rectifier is analytically derived considering
the on-resistance of the rectifying diode and the equivalent
series resistance (ESR) of the filter inductor. Since the nonzero
input reactance of the rectifier will detune the coupling coils
from resonance, based on the derived input impedance design
procedures are developed to further optimize the parameters
of the 6.78-MHz WPT system including its rectifier, coupling
coils, and Class E PA. Besides, analytical expressions for the
component and system level efficiencies are also given, which
again can guide and evaluate the design of the MHz WPT
systems. In the final experiments, with loosely coupled coils
(mutual inductance coefficient k = 0.1327) the example 6.78-
MHz WPT system can still achieve a high efficiency greater
than 80% over a wide range of DC loads.

This paper is organized as follows. Section II gives the
circuit and performance analysis of the Class E current-driven
rectifier, and analytically derives its input impedance. Based on
this input impedance, section III develops procedures to design
the optimal parameters for the Class E rectifier, coupling coils,
and a Class E PA in a 6.78-MHz WPT system. The efficiencies
of these three components and the overall WPT system are also
analytically derived. Then section IV validates the analytical
results by experiments using the example 6.78-MHz WPT
system. Finally, section V draws the conclusions.

II. ANALYTICAL DERIVATION OF CLASS E RECTIFIER

As mentioned in the introduction, the reactance of a rectifier
will detune the coupling coils from resonance. This may lower
the efficiency and power transfer capability of an overall WPT
system. In order to further optimize the parameter design of
the system considering the influence of the rectifier, the input
impedance of the Class E current-driven rectifier is analytically
derived as follows.

A. Circuit Analysis

Fig. 1(a) shows the circuit of the Class E current-driven
rectifier. It consists of a diode Dr, a parallel capacitor Cr, a
filter capacitor Co, a filter inductor Lr, and a DC load RL. The
idealized current and voltage waveforms of the rectifier are
given in Fig. 2 that explain its principle of operation [24]. Here
irec is the input current, Io is the output DC current, iDr is
the current through the diode, iCr

is the current in the parallel
capacitor, vDr is the diode voltage, and D is the duty cycle of
the diode. As shown in Fig. 1 and Fig. 2, irec is a sinusoidal
current, and the current through the filter inductor Lr equals
to the DC output current Io. Thus the parallel combination of
Dr and Cr is driven by a current of Io + irec. This current
determines the waveforms of iDr , iCr , and vDr .

In order to analytically discuss the parameter design of the
rectifier and derive its input impedance, common assumptions
are usually given as follows [24][see Fig. 2]:

1) The rectifier is driven by a sinusoidal current source;
2) The forward voltage drop of the diode Dr is neglected;
3) The current through the filter inductor Lr is constant

and equal to the output DC current Io;

Lr Co RLDrCurrent
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Fig. 1. The Class E current-driven rectifier. (a) Circuit model. (b) Equivalent
circuit model when the diode is off. (c) Equivalent circuit model when the
diode is on.

Fig. 2. Idealized current and voltage waveforms.

4) The output ripple voltage is sufficiently small, and thus
the output voltage Vo is constant.

Suppose the input current irec is

irec = Im sin(ωt+ ϕrec), (1)

where Im is the amplitude, ϕrec is the initial phase, and ω
is the target operating frequency. When the diode is off (0 <
ωt ≤ 2π(1 −D)), the rectifier can be represented using the
circuit model shown in Fig. 1(b). rLr is the ESR of Lr. Thus
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the current through the capacitor Cr is

iCr = irec + Io = Im sin(ωt+ ϕrec) + Io. (2)

As shown in Fig. 2, since iCr equals to zero when ωt = 0,
Io can be determined as

Io = −Im sinϕrec. (3)

Hence
iCr = Im[sin(ωt+ ϕrec)− sinϕrec]. (4)

Using (4) the voltage across the diode Dr can be derived as

vDr,off
=

1

ωCr

∫ ωt

0

iCrdωt

=
Im
ωCr

[cosϕrec − cos(ωt+ ϕrec)− ωt sinϕrec].

(5)

When ωt = 2π(1−D), vDr,off
reaches zero. Then

cosϕrec−cos[2π(1−D)+ϕrec]−2π(1−D) sinϕrec = 0, (6)

and thus the relationship between ϕrec and D is obtained as

tanϕrec =
1− cos 2πD

sin 2πD + 2π(1−D)
. (7)

Similarly the equivalent model of the rectifier is shown in
Fig. 1(c) when the diode is on (2π(1−D) < ωt ≤ 2π). rDr

is the on-resistance of diode. The current in the diode is

iDr = irec + Io = Im sin(ωt+ ϕrec) + Io. (8)

Since the current that flows through the diode and the capacitor
is shorted out, vDr,on can be represented as

vDr,on = [Im sin(ωt+ ϕrec) + Io]rDr . (9)

Based on vDr,off
and vDr,on , the average voltage across the

diode is calculated as

vDr,avg =
1

2π

(∫ 2π(1−D)

0

vDr,off
dωt+

∫ 2π

2π(1−D)

vDr,ondωt

)
.

(10)
Thus substituting (5) and (9) into (10) gives

vDr,avg = − Im
2πωCr

{2π(1−D) cosϕrec − sin(ϕrec − 2πD)

+ [1− 2π2(1−D)2] sinϕrec} −
ImrDr

2π
[(1− cos2πD)cosϕrec

+ (2πD − sin 2πD)sinϕrec].
(11)

According to Fig. 1(b) and Fig. 1(c), the following relation-
ship exists among the voltages,

vDr,avg + Vo + VLr = 0, (12)

where Vo is the DC output voltage and VLr is the DC voltage
drop on Lr. Vo and VLr can be given as

Vo = IoRL, (13)

VLr = IorLr , (14)

where Io is the DC output current. Substituting (11), (13), and
(14) into (12) yields the solution for Cr,

Cr =
1 + [sin 2πD+2π(1−D)]2

1−cos 2πD − 2π2(1−D)
2 − cos 2πD

2πω(RL + rLr + rDr )
.

(15)
As shown in the above equation, the duty cycle of diode, D,

is determined by Cr and RL. Under a specific RL, D can be
properly designed with Cr, i.e., the capacitance of the parallel
capacitor. The design of the parameters including D and Cr

will be discussed in the following section.

B. Input Impedance

Since the input current irec is sinusoidal, it is sufficient to
determine the input impedance of the Class E current-drive
rectifier only at the operating frequency. As shown in Fig. 3,
the input impedance of the rectifier, Zrec, can be represented
as a series combination of the input resistance Rrec and the
input reactance Xrec. Both of Rrec and Xrec are defined at
the operating frequency.

Rrec

irec +

-

+ -vXrec

Zrec

vRrec

jXrec

+

-

vrec,ω

Fig. 3. Circuit model for deriving the input impedance of the Class E current-
driven rectifier.

Then
Zrec = Rrec + jXrec. (16)

According to KVL and Fig. 1, the input voltage of the rectifier
vrec is

vrec = vDr + Vo, (17)

where

vDr =

{
vDr,off

when 0 < ωt ≤ 2π(1−D)
vDr,on when 2π(1−D) < ωt ≤ 2π.

(18)

The fundamental component of the input voltage, vrec,ω , can
be expressed as

vrec,ω = vRrec + vXrec

= Vm,Rrec sin(ωt+ ϕrec) + Vm,Xrec cos(ωt+ ϕrec),
(19)

where Vm,Rrec and Vm,Xrec are the amplitudes of vRrec

and vXrec
, respectively. First Vm,Xrec

is solved through the
trigonometric Fourier series for real-valued signals,

Vm,Xrec =
1

π

[∫ 2π(1−D)

0

cos(ωt+ ϕrec)vDr,off
dωt

+

∫ 2π

2π(1−D)

cos(ωt+ ϕrec)vDr,ondωt

+

∫ 2π

0

Vo cos(ωt+ ϕrec)dωt

]
= −Im

π

[
a+ b

ωCr
+ rDr (c+ d)

]
, (20)
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where

a = π(1−D)[1 + 2 sinϕrec sin(ϕrec − 2πD)], (21)

b = sin 2πD +
1

4
[sin(2ϕrec − 4πD)− sin 2ϕrec], (22)

c =
1

2
− cos 2ϕrec

4
− cos(2ϕrec − 4πD)

4
, (23)

d = − sinϕrec sin(ϕrec − 2πD). (24)

Therefore, Xrec is

Xrec =
Vm,Xrec

Im
= − 1

π

[
a+ b

ωCr
+ rDr (c+ d)

]
. (25)

Meanwhile, Rrec can be calculated based on the law of
conservation of energy. The following relationship exists,

Prec = Po + PLr + PDr , (26)

where Prec is the input power of the rectifier, Po is its output
power, PLr is the power loss on the filter inductor Lr, and
PDr is the power loss on the diode, Dr. According to Fig. 3,
Prec is

Prec =
Im

2

2
Rrec. (27)

Since the current through Lr and RL is the DC current Io, Po

and PLr can be calculated as

Po = Io
2RL, (28)

PLr = Io
2rLr , (29)

respectively, Because the power loss on the diode only occurs
at its on-state, PDr is derived as

PDr =
1

2π

∫ 2π

2π(1−D)

i2DrrDrdωt = eI2mrDr , (30)

where

e =
1

2
+ sin2ϕrec +

1

π
sinϕrec cos(ϕrec − 2πD)

+
1

8π
sin(2ϕrec − 4πD)− 9

8π
sin2ϕrec. (31)

Substituting (27)–(30) and (3) into (26) gives

Rrec = 2sin2ϕrec(RL + rLr ) + 2erDr . (32)

Then the efficiency of the Class E current-driven rectifier can
be calculated as

ηrec =
Po

Prec
=

Po

Po + PLr + PDr

=
RL

RL + rLr +
erDr

sin2ϕrec

,

(33)
and the power factor of the rectifier is

PFrec =
Rrec√

Rrec
2 +Xrec

2
. (34)

C. Performances

Here the performance analysis of the Class E current-driven
rectifier is provided using its parasitic parameters in the follow-
ing final experimental system (rLr = 0.2 Ω and rDr = 1.4 Ω).
The analysis includes the power output capability Cp, the ratio
of the diode peak voltage to output voltage VDr,P /Vo, the ratio
of the diode peak current to output current IDr,P /Io, the ratio
of output voltage to the RMS of input voltage Vo/Vrec,rms, the
ratio of output current to the RMS of input current Io/Irec,rms,
diode voltage and current waveforms, input impedance, and
finally the input voltage harmonics.

For the Class E rectifier, the power output capability Cp is
defined as follows,

Cp =
Po

IDr,P

∣∣VDr,P

∣∣ = IoVo

IDr,P

∣∣VDr,P

∣∣ , (35)

where VDr,P and IDr,P are the diode peak voltage and
current, respectively. According to [22] [24], the peak value
of iDr occurs at ωt = 2π(1 − D) when D < 0.28. IDr,P
when D ≥ 0.28 can be calculated by differentiating the diode
current in (8). Thus

IDr,P =

{
Io(1− 1

sinϕrec
) D ≥ 0.28

Io

[
1− sin(ϕrec−2πD)

sinϕrec

]
D < 0.28

.

(36)
Similarly, VDr,P is obtained by differentiating the diode
voltage in (18),

VDr,P = | Vo

ωCrRL
{arcsin(sinϕrec)− cotϕrec

− ϕrec +
cos[arcsin(sinϕrec)]

sinϕrec
}|. (37)

Using (35)–(37), Cp, IDr,P /Io, and VDr,P /Vo of the recti-
fier are calculated and plotted in Fig. 4 under various duty
cycle D, where ϕrec is calculated from (7). For compar-
ison purposes, the figure also includes Cp, IDr,P /Io, and
VDr,P /Vo of the Class E voltage-driven rectifier that has been
applied in a 800-kHz WPT system [28]. As shown in the
figure, the Class E current-driven rectifier discussed in this
paper has similar power output capacity, diode current and
voltage stresses (i.e., IDr,P /Io, and VDr,P /Vo) with the Class
E voltage-driven rectifier. As mentioned in the introduction,
the Class E voltage-driven rectifier can not be driven in PS
and SS WPT systems; while the Class E current-driven rectifier
can be used in both topologies. These two types of Class E
rectifier can cover various topologies of WPT systems.

In order to investigate the performance of the rectifier under
a varying load, various parameters are calculated and shown
in Fig. 5 by sweeping RL form 10 Ω to 100 Ω. Here the
value of Cr is fixed, 237 pF, and Im = 1 A. Fig. 5(a) shows
that the duty cycle of the diode becomes smaller for higher
load RL and 50% duty cycle occurs when RL = 30Ω. In
Fig. 5(b)–(d), it can be seen that an increasing RL leads to
higher diode peak voltage but lower VDr,P /Vo (i.e., diode
voltage stress); while the diode peak current becomes lower
and IDr,P /Io (i.e., diode current stress) increases. Fig. 5(e)
gives the ratio of the output voltage to the RMS of input
voltage and the ratio of the output current to the RMS of input
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Fig. 4. Comparison with the Class E voltage-driven rectifier in [28]. (a) Cp. (b) IDr,P
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Fig. 5. Calculated values of various parameters with a varying RL. (a) Duty cycle. (b) Waveforms of diode voltage. (c) Waveforms of diode current. (d)
VDr,P

/Vo and IDr,P
/Io. (e) Vo/Vrec,rms and Io/Irec,rms. (f) Input impedance.

current, which are calculated from (38) and (39), respectively.
Vo/Vrec,rms increases and Io/Irec,rms decreases when RL

becomes larger. Fig. 5(f) shows that both |Xrec| and Rrec

increase with RL. Since Xrec is negative, Zrec here is a
capacitive impedance. Note with fixed Cr and RL, there is
a one-to-one relationship between D and ω [24]. Thus Fig. 4
and Fig. 5(e) (D varies with RL) also indicate the influence of
the operating frequencies on the diode voltage/current stresses,
and the ratio of the output voltage/current to the RMS of the
input voltage/current.

Vo

Vrec,rms
=

Vo√
1
2π

2π∫
0

v2recdωt

. (38)

Io
Irec,rms

=

√
2Io
Im

. (39)

Finally, according to the trigonometric Fourier series for-
mula, the N th-order harmonic content of the rectifier input

voltage can be expressed as

Vm,n =
√

a2n + b2n, (40)

where an and bn are the Fourier coefficients,

an =
1

π
[

∫ 2π(1−D)

0

vDr,off
cos(nωt+ ϕrec)dωt

+

∫ 2π

2π(1−D)

vDr,on cos(nωt+ ϕrec)dωt]. (41)

bn =
1

π
[

∫ 2π(1−D)

0

vDr,off
sin(nωt+ ϕrec)dωt

+

∫ 2π

2π(1−D)

vDr,onsin(nωt+ ϕrec)dωt]. (42)

The input voltage harmonic content is calculated by substitut-
ing (5)(9) into (41)(42), and shown in Fig. 6. Note here the
input current of the rectifier is sinusoidal with an amplitude
of 1 A.
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Fig. 6. The rectifier input voltage harmonics.

III. OPTIMIZED PARAMETER DESIGN

Here based on the above analytical results, the parameter de-
sign of a high-efficiency 6.78-MHz WPT system is discussed.
This example WPT system consists of a power supply, a Class
E PA, coupling coils, a Class E current-driven rectifier, and a
final DC load, as shown in Fig. 7. In the figure, Prec and Po

are the input and output power of the rectifier, respectively.
PZin is the input power of coupling coils, and Pin is the input
power of PA. Then the system efficiency is defined as

ηsys =
Po

Pin
= ηrec · ηcoil · ηPA. (43)

Based on the input impedance of the Class E current-driven
rectifier, the design procedures for the parameters of the three
components, rectifier, coupling coils, and PA, are developed
as follows.

Class E

Rectifier

DC

Load

Coupling

Coils

Po

coil
η

rec
η

PrecPZinClass E 

PA

Power

Supply

Pin

PA
η

Fig. 7. Configuration of the example 6.78-MHz WPT system.

A. Rectifier

In order to minimize the voltage and current stress on the
diode, the Class E rectifier is usually designed to have a
50% duty cycle for the rectifying diode [20], [24]. Thus the
optimal capacitance of the parallel capacitor Cr, Cr,opt, can
be determined by letting D = 0.5 [refer to Fig. 1 and (15)],
namely

Cr,opt =
747.2

RL + rLr + rDr

× 10−12. (44)

As shown in the above equation, since there is a one-to-one
relationship between Cr,opt and RL, Cr,opt can be straightfor-
wardly derived based on the value of RL. Letting D = 0.5 in
(32) gives

Rrec = 0.5768(RL + rLr ) + 0.7116rDr . (45)

Substituting (44) into (25) yields

Xrec = −[0.6648(RL + rLr ) + 0.8484rDr ]. (46)

Thus the efficiency and power factor of the rectifier, ηrec and
PFrec, can be represented as

ηrec =
RL

RL + rLr + 1.2337rDr

, (47)

and

PFrec =
1√

1 +
[
0.6648(RL+rLr )+0.8484rDr

0.5768(RL+rLr )+0.7116rDr

]2 , (48)

respectively.
Based on (45) and (46), the input impedance of the rectifier

is plotted in Fig. 8 again using the parasitic parameters of
the rectifier in final experimental system (rLr = 0.2 Ω and
rDr

= 1.4 Ω). The figure shows that Xrec and Rrec are
both the linear functions of RL and increase with RL when
D = 0.5. Fig. 9 gives the efficiency and the power factor
of the rectifier calculated using (47) and (48). It can be seen
that ηrec increases with RL, and the rectifier achieves a very
high efficiency (84–98%) over a wide range of RL; while a
relatively constant power factor is observed.

RL (Ω)

Z
re

c 
 (

Ω
)

Fig. 8. Input impedance of the Class E current-driven rectifier.

RL (Ω)

P
F

rec

r
e
c

η

Fig. 9. Efficiency and power factor of the Class E current-driven rectifier.
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B. Coupling Coils
In the conventional design the coupling coils are compen-

sated to be resonant at a target resonance frequency, i.e., 6.78
MHz here, using an external or parasitic capacitor. Meanwhile,
the influence of rectifiers is usually neglected. However, the
coupling coils could be detuned from resonance due to the
input reactance of a rectifier. This will lower the efficiency
and power transfer capability of the coupling coils, especially
when working at MHz. Using the derived input impedance of
the Class E current-driven rectifier in (45) and (46), an optimal
resonant capacitor can be determined that retunes the coupling
coils. As shown in Fig. 10, the input impedance of the rectifier
is added after the coupling coils. In the circuit, Ltx, rtx,
Lrx, and rrx are self-inductances and self-resistances of the
transmitting and receiving coils, respectively. Zr represents the
reflected impedance of the receiving coil on the transmitting
side, and Zin is the input impedance of the coupling coils.
Lm is the mutual inductance,

Lm = k
√
LtxLrx, (49)

where k is the mutual inductance coefficient.

PA

Ctx

Lm

Lrx-LmLtx-Lm

rtx rrx

Crx

η
coil

Zin
Zr

Rrec

Zrec

jXrec

PZin

Prec

Fig. 10. Circuit model of the coupling coils.

Due to the existence of Xrec, Ctx and Crx should be
designed following the below equations in order to make the
two coils resonant,

jωLrx +
1

jωCrx
+ jXrec = 0, (50)

jωLtx +
1

jωCtx
= 0, (51)

where ω is the target resonant frequency, 6.78 MHz here.
Therefore,

Crx =
1

ω(ωLrx +Xrec)
. (52)

Substituting (46) into (52) gives the optimal Crx,opt,

Crx,opt =
1

ω[ωLrx − (0.6648(RL + rLr ) + 0.8484rDr )]
.

(53)
Based on Fig. 10 and under the conditions of (50) and (51),
Zr is derived as

Zr =
ω2k2LtxLrx

rrx +Rrec
. (54)

After substituting (45) into (54), the input impedance Zin can
be calculated,

Zin = rtx+Zr = rtx+
ω2k2LtxLrx

rrx + 0.5768(RL + rLr ) + 0.7116rDr

.

(55)

As shown in the above equation, the input impedance Zin is
pure resistive because its reactance is fully compensated by
Crx,opt on the receiving side. And this compensation does
not depend on the relative position of the coupling coils (i.e.,
k) [refer to (53)]. Here the efficiency of the coupling coils is
defined as

ηcoil =
Prec

PZin

, (56)

where PZin is the input power of the transmitting coil and
Prec is the input power of the rectifier. For the coupling coils,
the power losses only occur on rtx and rrx. Thus ηcoil can
also be represented as

ηcoil =
Re{Zr}

rtx +Re{Zr}
· Re{Zrec}
rrx +Re{Zrec}

, (57)

where Re{*} means the real part of a complex number. Then
substituting (45) and (54) into (57) gives the efficiency of the
coupling coils,

ηcoil =

ω2L2
m[0.5768(RL+rLr )+0.7116rDr ]

rrx+0.5768(RL+rLr )+0.7116rDr

rtx[rrx + 0.5768(RL + rLr ) + 0.7116rDr ] + ω2L2
m
.

(58)
This efficiency is a function of RL and k according to (49) and
(58). It is different with the efficiencies given in the previous
papers, in which the efficiency was represented using an
equivalent AC load [7]–[9], [11]. The existing representations
of the efficiency of coupling coils are inaccurate in real
applications due to their neglected input reactances of the
rectifiers.

C. Power Amplifier

In the example 6.78-MHz WPT system a Class E PA is used
to drive the coupling coils. Its equivalent circuit is shown in
Fig 11. The PA consists of a DC power supply Vdc, a RF choke
Lf , a switch S, a shunt capacitor CS , a series capacitor C0,
and a series inductor L0. The series L0-C0 can be represented
as a pure reactance X0. Zin is the input impedance of the
coupling coils. Pin is the input power of the PA and PZin is
the input power of the coupling coils. Then the efficiency of
PA can be defined as

ηPA =
Pzin

Pin
. (59)

Lf

S

RZin

jXzin

Zin

Cs

C0 L0

jX0

PZin

Pin

pa
η

Vdc

(rLf) (rL0)

Idc iout

Fig. 11. Circuit model of the Class E PA.
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Under the conditions of a 50% duty cycle of S and neglected
parasitic parameters of the PA, the following equations, (60)–
(67), were used to calculate the efficiency of the PA [33],

Pin = Idc
2Rdc, (60)

Pzin =
iout

2RZin

2
, (61)

iout = gIdc = g
Vdc

Rdc
, (62)

Rdc =
π2 − g(2π cosϕ+ 4 sinϕ)

4πωCS
, (63)

(64)

and

g =
2π sin(φ+ ϕ) + 4cos(φ+ ϕ)

4 cosϕ sin(φ+ ϕ) + π cosφ
, (65)

φ = arc tan
X0

RZin

, (66)

ϕ = arc tan
π2

2 − 4− πωCS(2RZin + πX0)

π + π2ωCSRZin − 2πωCSX0
, (67)

where g and φ are the intermediate variables, Idc is the DC
input current of PA, iout is the output current of PA, ϕ is
initial phase of iout, and Rdc is the equivalent resistance PA
shows to the DC power supply. In order to achieve zero-
voltage switching (ZVS) and maximize the PA efficiency, it is
known that (68) and (69) can be used to determine CS and
X0 [33],

CS =
0.1836

ωRZin

, (68)

X0 = 1.1525RZin . (69)

Substituting (55) into (68) and (69) yields the optimal param-
eters for PA,

CS,opt =

0.1836[rrx + 0.5768(RL + rLr ) + 0.7116rDr ]

ωrtx[rrx + 0.5768(RL + rLr ) + 0.7116rDr ] + ω3L2
m
.

(70)

X0,opt =

1.1525rtx +
1.1525ω2k2LtxLrx

rrx + 0.5768(RL + rLr ) + 0.7116rDr

.
(71)

Note the pure resistive impedance Zin in (55) equals with
RZin here. Again CS,opt and X0,opt are determined by RL

and k.
In the above efficiency calculation, (60)–(67), the ESRs rLf

and rL0 are not included. Here rLf
is the ESR of Lf and rL0

is the ESR of L0. In order to have a more accurate calculation
of the efficiency, in this paper the power losses on rLf

and rL0

are taken into account. Thus the modified input power P ′
in is

P ′
in = Pin + PL0 + PLf

, (72)

where Pin is calculated using (60), PLf
is the power loss on

rLf
, and PL0 is the power loss on rL0 . As shown in Fig. 11,

PLf
and PL0

can be derived as

PLf
= Idc

2rLf
, (73)

PL0 =
iout

2rL0

2
=

(gIdc)
2
rL0

2
. (74)

Then P ′
in and ηPA can be calculated as

P ′
in =

Vdc
2

Rdc
+

Vdc
2

Rdc
2 rLf

+
Vdc

2

2Rdc
2 g

2rL0 , (75)

and
ηPA =

PZin

P
′
in

=
g2RZin

2Rdc + 2rLf
+ g2rL0

, (76)

respectively.

IV. EXPERIMENTAL VERIFICATION

A 6.78-MHz WPT system is built up to verify the results
of the above analytical derivations and parameter design. Its
power level is up to 30 W. As shown in Figs. 12 and 13, this
experimental WPT system includes a Class E PA, coupling
coils, a Class E current-driven rectifier, and an electronic load.
The PA, coupling coils, and the rectifier were all designed and
fabricated in house. The ESR of the inductors and the on-
resistance of diode are also labeled in Fig. 13. In this 6.78-
MHz WPT system the rectifying diode Dr is a Schottky silicon
carbide diode (STPSC406) and a MOSFET (SUD06N10)
works as the switch S. Their parasitic capacitors are about
25 pF and 40 pF, respectively. Here the diode Dr operates
at a peak voltage around 100 V and a power level of 20 W.
Therefore its parasitic capacitance is assumed to be constant,
25 pF, according to the datasheet.

Fig. 12. The experimental 6.78-MHz WPT system.

Cr

RL

165

0.7

K=0.1327

3.34

Crx

Vdc

S Cs

jX0

Ω

Hµ

pF

3.34 Hµ

0.7

(1.4     )Ω

68 Hµ 44

(0.2     )
1.465

68

(0.2     )

(0.2     )

Dr

M H z

C0

Ω

Ω

Ω

Ω

Hµ

Hµ

Fµ

MHz

6.78

Fig. 13. The circuit and parameters of the experimental system.

As discussed above, Cr, Crx, CS , and X0 are the design
parameters of the WPT system. Their optimal values are
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Fig. 14. Measured and calculated waveforms of the Class E current-driven rectifier. (a) Input current. (b) Input voltage. (c) Diode current. (d) Diode voltage.

calculated using (44), (53), (70), and (71), and listed in
Table I under various RL. The PA series capacitor, C0, is then
determined by X0. Note the parasitic capacitances of Dr and S
are included in the calculation. In the experiments waveforms
are measured using the voltage and current probes of the
oscilloscope. In order to minimize the impact of the probes,
the measurements of voltage and current are not carried out at
the same time. For example, the voltage probe is disconnected
from the rectifier before the current measurement. Since the
pin of the diode is short, the length of the pin is extended
using an additional wire for the diode current measurement.
Note this wire is removed in other measurements.

TABLE I
THE OPTIMAL DESIGN PARAMETERS

RL Cr Crx CS X0

(Ω) (pF) (pF) (pF) (Ω)

10 644 175 90 55
20 346 184 157 32
30 237 194 223 22
40 180 205 287 17
50 145 218 350 14
60 121 232 411 12
70 104 249 471 11
80 92 267 530 9.4
90 82 289 588 8.5
100 74 315 634 7.7

A. Class E Current-Driven Rectifier

Fig. 14–16 show the measured and calculated results of
the Class E rectifier taking the case of RL = 30 Ω and Cr

= 237 pF as an example [refer to Table I]. For comparison
purposes, the results using both the improved and conventional
models of the rectifier are shown [24]. Besides, the actual
behaviors of the rectifier were tested and measured in the
experimental WPT system. Fig. 14(a) shows that the measured
input current of the rectifier, irec, is sinusoidal that matches
the assumption 1) in section II-A. Based on the sinusoidal
input currents in Fig. 14(a), the diode currents of the two
models are calculated and given in Fig. 14(c). The measured
value is also included. The oscillations in the measured diode
current are due to the lead inductances of the additional wire
when using the current probe. In the input voltage and diode
voltage waveforms, Fig. 14(b)(d), the improved model shows
better accuracy thanks to the included ESR of the inductor Lr

and on-resistance of the diode Dr. As shown in these figures,
the voltage and current waveforms are typical waveforms for
the Class E current-driven rectifier [see Fig. 2]. Fig. 15 gives
the results of the diode peak voltage versus the peak to peak
value of irec. Here the peak to peak value of irec is tuned
by adjusting the PA DC input voltage Vdc [see Fig. 13]. It
can be seen that the diode peak voltage is proportional to
the peak to peak value of irec, and again the calculated result
using the improved model is more accurate than that using the
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conventional model. The maximum improvement in accuracy
is about 7%. Fig. 16 shows the output voltage (Vo) and output
current (Io) of the rectifier versus the peak to peak value of
irec. Again Vo and Io both increase linearly when the peak to
peak value of irec is swept from 1 A to 3 A. Similarly, the
calculated results of Vo and Io using the improved model are
more accurate.

irec (peak to peak)   (A)

V
D

r,
P

  
(V

)

Fig. 15. Diode peak voltage versus the peak to peak value of the rectifier
input current.

V
o
  

(V
)

irec (peak to peak)   (A)

(a)

irec (peak to peak)   (A)

Io
  
(A

)

(b)

Fig. 16. Rectifier output voltage and output current versus the peak to peak
value of the rectifier input current. (a) Output voltage. (b) Output current.
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Fig. 17. Input impedance of the Class E current-driven rectifier. (a) Resistance.
(b) Reactance.

( )ΩRL

P
in

  
(W

)

Fig. 18. Input power of PA with a fixed Vdc(=18 V).

B. Parameter Design of WPT System

In this paper the input impedance of the Class E current-
driven rectifier is derived and guides the system-level design of
MHz WPT systems. Based on the optimal design parameters
given in Table I, the analytically derived input impedance of
the Class E current-driven rectifier (i.e., Zrec) is verified by
experiments. With the 50% duty cycle of the diode Dr, the
measured values of Xrec and Rrec are shown and compared
with their calculated values in Fig. 17 (here Cr, Crx, Cs,
and X0 vary with RL, as listed in Table I). The measured
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Fig. 19. System efficiency under a power level of 20 W.

data is obtained through the fast Fourier transform (FFT)
of the raw data from the oscilloscope. It can be seen that
the calculated and measured values well match each other.
This good matching validates the correctness of the analytic
representation of Zrec in (25) and (32).

Fig. 18 shows the calculated and measured input power
of PA under the optimal parameters in Table I and a fixed
DC input voltage Vdc(=18 V) [refer to (75) and Fig. 13].
Again there is a good matching between the calculated and
measured values over a wide range of RL. Bigger RL, smaller
RZin , and thus larger the input power of PA [refer to Fig. 11
and (55)]. Fig. 19 compares the system efficiencies, ηsys’s,
under a same power level of 20 W [refer to (43)]. With the
optimal parameters, the 6.78-MHz WPT system achieves a
high DC to DC efficiency over a wide range of RL both in
the calculation and experimental results. The highest efficiency
reaches about 84% even here the coils are loosely coupled,
i.e., k=0.1327 in Fig. 13. Again the good matching between
the two results verifies that the above analytical results are
sufficiently accurate to guide the design of a real WPT system.

V. CONCLUSIONS

This paper discusses optimized parameter design of a 6.78-
MHz WPT system based on the analytical derivation of the
Class E current-driven rectifier. The input impedance of the
Class E rectifier is accurately derived considering the on-
resistance of the diode and the ESR of the filter inductor. Then
this derived input impedance is used to guide the parameter
design of the rectifier, coupling coils, and the Class E PA.
Furthermore, both the component and system level efficiencies
are also analytically derived. The analytical results are found
to well match the experimental results. With loosely coupled
coils, high system efficiencies greater than 80% are achieved
over a wide range of DC loads in the final experiments. Possi-
ble future directions of this work may include the extension of
the analysis to the Class E full-wave rectifiers and investigate
their cost performances in real WPT applications.
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