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Abstract—In real applications, it is usually desirable to
have a regulated dc output voltage from a wireless power
transfer (WPT) system. This voltage regulation is especially
necessary because of possible variation in coupling coil
relative position and thus a changing mutual inductance.
For WPT systems working at megahertz (MHz), Class E rec-
tifiers are known to be advantageous thanks to their simple
configuration and soft-switching operation. This paper pro-
poses a new Class-E-based active rectifier. This rectifier is
capable to simultaneously perform high-efficiency rectifica-
tion and output voltage regulation, but without the need to
have an additional regulating circuit. Analytical derivations
and analysis are provided to explain the operation principle
in detail. Guidance is also developed for a balanced design
of parameters, which compromises among different crite-
ria. Final experiments validate the analytical analysis and
dc output voltage regulation via the active rectifier. With the
duty cycle control of the rectifier, a constant output voltage
(10 V) can be maintained under a varying mutual inductance
coefficient and with an over 92% rectifying efficiency.

Index Terms—Wireless power transfer, magnetic reso-
nance coupling, active rectifier, Class E topology, output
voltage regulation.

I. INTRODUCTION

There was a continuous development in wireless power
transfer (WPT) technologies, as observed in recent years.
WPT has been widely applied to charge wearable devices,
cellphones, household appliances, and even electrical vehicles,
etc. Most of present WPT systems operate in kilohertz (kHz)
frequency band. Significant efforts were made to improve the
performance of KHz systems, such as through improvements
in coil design, compensation topology, and control [1]–[4]. At
the same time, A higher operating frequency, such as several
megahertz (MHz), is known to be able to further improve
spatial freedom of the power transfer, namely a longer transfer
distance and better tolerance to the coil misalignment [5], [6].
A higher operating frequency is also beneficial to enable more
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compact and lighter WPT systems. However, due to limited
high-frequency performance of today’s devices, mostly the
switches, the MHz WPT is now considered to be suitable for
transferring a medium amount of power. Meanwhile, MHz
WPT at kW level has been studied using wide bandgap
devices and with improved circuit topology [7]. Similar to its
counterpart, the KHz WPT, the MHz WPT is under a rigorous
research and development phase. Many investigations have
been conducted on circuit, design and optimization at both
component and system levels [8]–[10].

In real applications, a regulated dc output voltage from the
WPT system is usually desirable. This practical requirement
is important to maintain functionality of the overall charging
systems. However, variation in relative position of the coupling
coils (i.e., mutual inductance) is unavoidable in many cases.
This uncertainty will lead to a changing dc output voltage.
Impedance compression topologies and feedback-based con-
trol have been proposed to suppress the influence of the
changing mutual inductance [11], [12]. A thinned-out method
(i.e., replacement of pulse patterns) was proposed to regulate
the dc output voltage or power of the Class E rectifier, which
improves efficiency for low output voltage [13]. In existing
solutions, the voltage regulator or control pulse modulation
are usually required to regulate the dc output voltage of the
WPT systems. This increases size, weight, power dissipation,
and control complexity, particulary on the receiving side (e.g.,
a mobile device). New solutions are expected to simplify the
circuit configuration; while, at the same time, provide output
voltage regulation capability. This paper proposes a new active
Class E rectifier to simultaneously perform high-efficiency
rectification at MHz and dc output voltage regulation, but
without the need of an additional regulating circuit. This
proposed active rectifier is based on a classical Class E
rectifier, which is well known for its high efficiency when
operating at MHz [14].

This paper is organized as follows. In section II, circuit
model and analytical analysis are first provided to explain four
operating modes of the active Class E rectifier. Key waveforms
and rectifier input impedance are given to verify the operation
principle and tunable rectifier impedance through duty cycle
control of a newly added switch. Guidance is also developed
to select the rectifier design parameters taking into account the
tradeoffs among different criteria. In section III, a scheme of
the rectifier dc output voltage regulation is further discussed
and verified through analytical analysis. Finally, in section IV,
an experimental 6.78 MHz WPT system is built up employing



the proposed active Class E rectifier. The experiment results
validate the above analytical analysis, high efficiency operation
of the active rectifier, and its dc output voltage regulation
capability.

II. ACTIVE CLASS E RECTIFIER

Fig. 1 shows circuit model of a classical Class E half-wave
rectifier, in which the diode parasitic capacitor is absorbed into
the shunt capacitor Cr. The rectifier is driven by a sinusoidal
current and the current through the filter inductor Lf equals
to the dc output current of the rectifier. Thus Cr and Dr

are alternatively driven by the combination of the sinusoidal
current and the dc output current. This combination of the
two currents determines the waveforms of the diode voltage
and capacitor voltage. The dc output voltage of the rectifier
equals to the average voltage across the diode. Thanks to its
current-driven operation, the rectifier can be applied in WPT
systems with the series resonance on the receiving side. From
this basic topology, a new active Class E rectifier is developed.
Its operation principle and design guidance are discussed in
detail as follows.

Cr Cf RLDr
Sinusoidal

Current

Lf

Fig. 1. Classical current-driven Class E rectifier.

A. Circuit Analysis
Fig. 2(a) shows the proposed active Class E rectifier. It

consists of a switch Qr, a diode Dr, shunt capacitors Cr,
CQr , CDr , a RF chock inductor Lf , a filter capacitor Cf , and
a dc load RL. Note that CQr and CDr absorb the parasitic
capacitors of Qr and Dr, respectively. They help to achieve
the soft-switching operation of Qr and Dr. In the classical
Class E rectifier in Fig. 1, the value of Cr is an important
parameter. It determines the rectifier input impedance (i.e.,
load impedance of the receiving coil), and thus efficiency and
power transfer capability of the coupling coils. In the proposed
active Class E rectifier, the switch Qr is newly added. Duty
cycle control of Qr makes it possible to influence the on/off
status of the diode Dr. This provides a new degree of freedom
to actively tune the rectifier input impedance and eventually
the dc output voltage of the WPT system, Vo.

Equivalent circuit models of the proposed active rectifier
are given in Fig. 2(b)-(e). They correspond to four operation
modes in total. In the subfigures, irec is rectifier input current;
Io is rectifier dc output current; iDr

and iCDr
are currents

through diode Dr and its shunt capacitor CDr
; iQr

and iCQr

are currents through switch Qr and its shunt capacitor CQr
;

vQr
and vDr

are voltages across Qr and Dr; vrec and Vo

are rectifier ac input voltage and dc output voltage. In order
to analytically discuss operation principle of a Class-E-based
rectifier, following assumptions are usually common:
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Fig. 2. Active Class E rectifier. (a) Circuit model. (b) Mode 1. (c) Mode
2. (d) Mode 3. (e) Mode 4.

1) a sinusoidal current source drives the rectifier;
2) diode forward voltage drop is neglectable;
3) current through the filter inductor Lr is constant, and

equals the dc output current Io;
4) output ripple voltage is sufficiently small, namely a

constant dc output voltage Vo.
Assume the rectifier input current irec is

irec = Im sin(ωt+ ϕrec), (1)

where Im is amplitude, ϕrec is initial phase, and ω is a
target operating frequency. As summarized in Table I, the four
operation modes correspond to four different time intervals
and on/off states of Qr and Dr, respectively. Here D2 is the
actual duty cycle of the switch Qr. D1 and D3 are equivalent



duty cycles that define mode transition timing of the active
rectifier. They are determined by D2 and circuit parameters.
Fig. 3 further summarizes the definitions of D1, D2, and D3.
The three duty cycles are respectively defined to represent the
time intervals from ωt = 0 to the ending times of mode 1,
mode 2, and mode 3. Through the control of the actual duty
cycle D2, the voltages across the capacitors (Cr, CQr

, CDr
)

change and thus the output voltage can be regulated.

TABLE I
FOUR OPERATION MODES.

Mode Interval Qr Dr

1 (0, 2πD1] on on
2 (2πD1, 2πD2] on off
3 (2πD2, 2πD3] off off
4 (2πD3, 2π] off on

0

2πD1

2π

(Qr on, Dr on) (Qr on, Dr off)

2πD2

2πD2-2πD1

(Qr off, Dr off)

2πD3-2πD2

2πD3

(Qr off, Dr on)

2π-2πD3

Mode  1 Mode 2 Mode 3 Mode 4

2π

Fig. 3. Definitions of duty cycles, D1, D2, and D3.

In the following analytical derivations, the rectifier input
voltage, the MOSFET voltage and current, and the diode
voltage and current, during the modes 1–4 are separately
calculated. The results are used to plot the voltage and current
waveforms of the rectifier, analyze the operation principle
and develop design of parameters. They also help derive the
input impedance of the rectifier, and eventually establish the
relationship between the dc output voltage of the WPT system
and the three duty cycles [refer to Sections II-B and III]. In
mode 1 (0 < ωt ≤ 2πD1), both Qr and Dr are in on state.
As shown in Fig. 2(b), the following relationship exists,

iDr = Io − irec. (2)

iDr
is equal to zero when ωt = 2πD1, namely equal irec and

Io. Then, Io can be expressed as

Io = Im sin(2πD1 + ϕrec). (3)

In mode 2 (2πD1 < ωt ≤ 2πD2), Qr and Dr are in on and
off states, respectively. As shown in Fig. 2(c), the respective
currents through Cr, CDr

, and Qr are

iCr = irec − iQr , (4)

iCDr
= iQr

− Io, (5)

iQr
=

CDr

Cr + CDr

irec +
Cr

Cr + CDr

Io. (6)

Thus vDr and vrec are

vDr = vrec =
1

ω(Cr + CDr)
[Im cos(2πD1 + ϕrec)

− Im cos(ωt+ ϕrec) + 2πD1Io − ωtIo]. (7)

In mode 3 (2πD2 < ωt ≤ 2πD3), Qr and Dr are both in
the off state. As shown in Fig. 2(d), voltages across Qr and
Dr are

vQr =
1

ωCQr

∫ ωt

2πD2

iCQr
dωt, (8)

vDr = vDr,ini +
1

ωCDr

∫ ωt

2πD2

(iCQr
− Io)dωt, (9)

where the initial voltage is [refer to (7)]

vDr,ini =
1

ω(Cr + CDr)
[Im cos(2πD1 + ϕrec)

− Im cos(2πD2 + ϕrec) + 2πD1Io − 2πD2Io]. (10)

Note that vDr is zero when ωt is 2πD3, and vrec is

vrec = vDr,ini +
1

ωCr

∫ ωt

2πD2

(irec − iCQr
)dωt. (11)

Note that vrec = vDr + vQr . Thus, from the above equations
it can be found that∫ ωt

2πD2

iCQr
dωt =

1
1

ωCr
+ 1

ωCQr
+ 1

ωCDr

{
1

ωCr
[Im cos(2πD2

+ϕrec)− Im cos(ωt+ ϕrec)] +
1

ωCDr
(ωtIo − 2πD2Io)

}
.

(12)

In mode 4 (2πD3 < ωt ≤ 2π), Qr and Dr are in off and
on states, respectively. Again, as shown in Fig. 2(e), currents
through CQr

and Cr can be derived as

iCQr
=

CQr

CQr
+ Cr

irec, (13)

iCr
=

Cr

CQr
+ Cr

irec. (14)

Similarly vrec, which equals vQr
, is

vrec = vQr,ini +
1

ωCr

∫ ωt

2πD3

(irec − iCQr
)dωt,

= vQr,ini +
Im[cos(2πD3 + ϕrec)− cos(ωt+ ϕrec)]

ω(Cr + CQr )
,

(15)

where [refer to (12)]

vQr,ini =
1

ωCQr

∫ 2πD3

2πD2

iCQr
dωt. (16)

Again vrec is zero when ωt = 2π. Finally, the rectifier dc
output voltage Vo equals the average voltage across Dr,

Vo = vDr,avg =
1

2π

(∫ 2πD2

2πD1

vDrdωt+

∫ 2πD3

2πD2

vDrdωt

)
,

(17)
namely average non-zero vDr during modes 2 and 3 [refer to
(7)(9)].

Table III summarizes the calculation results with a changing
D2, 0.1–1, and example circuit parameters in Table II. It can
be seen that the equivalent duty cycles D1 and D3 increase
with a bigger D2. Naturally, when D2 equals one, D3 also



TABLE II
EXAMPLE CIRCUIT PARAMETERS.

Im (A) Cr (pF) CQr (pF) CDr (pF) RL (Ω)
2 400 400 400 10

TABLE III
CALCULATION RESULTS.

D2 D1 D3 ϕrec (rad)
0.1 0.095 0.627 -0.314
0.2 0.146 0.665 -0.606
0.3 0.197 0.701 -0.889
0.4 0.250 0.741 -1.170
0.5 0.301 0.786 -1.449
0.6 0.352 0.836 -1.723
0.7 0.399 0.887 -1.990
0.8 0.443 0.938 -2.239
0.9 0.478 0.980 -2.449
1 0.493 1 -2.544
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Fig. 4. Calculated key waveforms. (a) irec (A). (b) Vgs (V). (c) iCr (A).
(d) vrec (V). (e) iQr (red) and iCQr

(blue) (A). (f) vQr . (g) iDr (red) and
iCDr

(blue) (A). (h) vDr (V).

equals one and the rectifier simply works as a classical current-
driven half-wave Class E rectifier [see Fig. 1]. The largely
changed ϕrec also indicates a wide tunable range of rectifier
input reactance. Key waveforms of the active Class E rectifier
are shown in Fig. 4, in which vgs is the gate-driving voltage
of Qr. Note that the rectifier input voltage vrec combines vQr

and vDr , and peak vQr and vDr occur when ωt = 2πD3 and
ωt = 2πD2, respectively. The waveforms of vQr and vDr also
demonstrate the soft-switching operation of Qr and Dr.

B. Input Impedance Derivation

The sinusoidal rectifier input current irec makes it possible
to derive input impedance of the proposed active Class E
rectifier Zrec at the operating frequency ω,

Zrec = Rrec + jXrec. (18)

Note that the above Rrec and Xrec are defined at the operat-
ing frequency. Fundamental component of the rectifier input
voltage, vrec,ω , can be represented 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. The input resistance and reactance

of the rectifier, Rrec and Xrec, can then be solved via the
trigonometric Fourier series for real-valued signals,

Rrec =
Vm,Rrec

Im
=

1

πIm

∫ 2π

0

vrecsin(ωt + ϕrec)dωt, (20)

Xrec =
Vm,Xrec

Im
=

1

πIm

∫ 2π

0

vreccos(ωt+ ϕrec)dωt. (21)

As shown above, Rrec and Xrec are determined by the rectifier
input voltage vrec at modes 2–4 (vrec = 0 at mode 1), namely
the three duty cycles, D1, D2, and D3. The non-zero vrec
in modes 2–4 are derived in (7), (11), and (15). Rrec and
Xrec can then be accordingly calculated in a piecewise manner
using the above two equations, (20) and (21).

Z
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c
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L

D2 

Fig. 5. Normalized rectifier input impedance versus D2.

Fig. 5 shows an example of a normalized rectifier input
impedance, Rrec/RL and Xrec/RL, when D2 changes from
0.1 to 1. The circuit parameters in Table II are applied again.
The figure especially demonstrates that the input reactance
Xrec is largely tuned through the duty cycle control of the
switch, i.e., modulation of D2. This possibility can be fully
utilized to achieve output voltage regulation of the MHz WPT
systems, as discussed in Section III. Note that with reactance
tuning capability, this active rectifier can be also used for
reactance compensation in high-frequency WPT systems or
radio-frequency systems.
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Fig. 6. Influences of Cr , CQr , and CDr . (a) D1 and D3 versus Znorm(Cr). (b) D1 and D3 versus Znorm(CQr ). (c) D1 and D3 versus
Znorm(CDr ). (d) VQr,peak

/Vo and VDr,peak
/Vo versus Znorm(Cr). (e) VQr,peak

/Vo and VDr,peak
/Vo versus Znorm(CQr ). (f) VQr,peak

/Vo

and VDr,peak
/Vo versus Znorm(CDr ). (g) Zrec/RL versus Znorm(Cr). (h) Zrec/RL versus Znorm(CQr ). (i) Zrec/RL versus Znorm(CDr ).

C. Design Guidance
As explained above, the three capacitors, Cr, CQr , and CDr ,

play a very important role in the operation of the active Class E
rectifier. Fig. 6, which applies the example circuit parameters
in Table II, shows their influences on

1) the two equivalent duty cycles (D1 and D3);
2) ratio of peak voltages of Qr and Dr to rectifier output

voltage (VQr,peak/Vo and VDr,peak/Vo);
3) the normalized input impedance (Rrec/RL and

Xrec/RL).
For generality, in Fig. 6 the below normalized impedances
are respectively changed to investigate the influences of the
capacitors,

Znorm(C{•}) =
1

ωRLC{•}
, (22)

where C{•} represents Cr, CQr
, or CDr

. Important observa-
tions are as follows:

1) Fig. 6(a)–(c): the small Znorm(CQr ) and Znorm(CDr )
lead to a high D3. As shown in Fig. 4(f), it causes a
short duration of mode 4 (i.e., 2πD3 < ωt < 2π). The

rapid decrease of vQr is obviously unfavorable for the
soft-switching operation of the rectifier.

2) Fig. 6(d)–(f): Peak voltages of Dr and Qr are calculated
when ωt = 2πD2 and ωt = 2πD3 respectively [see
Fig. 4(f) and (h)]. Generally, smaller Znorm(CQr )
and Znorm(CDr

) result in lower VQr,Peak/Vo and
VDr,Peak/Vo, and thus lower voltage stress on Qr and
Dr.

3) Fig. 6(g)–(i): Higher nominal impedances enable a
higher rectifier input reactance, Xrec. This indicates a
wider tunable range of Xrec when applying control
of D2, namely a wider range of dc output voltage
regulation [refer to the following section]. Note that
Znorm(Cr) influences Xrec more obviously.

In practice, the final dc load RL may change over a wide
range. As shown in Fig. 6(e)(f), a small RL, i.e., large
Znorm(CQr

) and Znorm(CDr
), leads to high voltage stress

on Qr and Dr. Thus, under specific voltage rating of Qr

and Dr, a starting point for designing CQr and CDr is to
be based on the smallest target RL [refer to (23) and (24)].
Again, the value of Cr significantly impacts the rectifier input



impedance. It can be determined based on the target rectifier
input resistance, R∗

rec, under rated dc load and rated output
power [refer to Fig. 6(g), (7), (11), (15), and (20)].

vDr,peak =
1

ω(Cr + CDr)
[Im cos(2πD1 + ϕrec)

−Im cos(2πD2 + ϕrec) + 2πIo(D1 −D2)],

(23)

vQr,peak =
1

1 +
CQr

Cr
+

CQr

CDr

{
Im
ωCr

[cos(2πD2 + ϕrec)

− cos(2πD3 + ϕrec)] +
1

ωCDr
(2πIo(D3 −D2))

}
.

(24)

In addition, to further investigate the soft-switching opera-
tion and parameter design of the active rectifier, the drain-
source voltages of Qr and Dr are shown in Fig. 7 under
largely varying rectifier parameters CQr and CDr, dc load
RL, and amplitude of rectifier input current Im. Note that
in Fig. 7(a)-(d) Vo’s are all 10 V. The figure shows that the
active rectifier can maintain the soft-switching operation (zero-
voltage-switching here) of Qr and Dr under a wide range of
RL and Im. It also can be seen that lower CQr and CDr

help better achieve the soft-switching operation of the active
rectifier, but also lead to higher voltage stress on Qr and Dr.
This observation is consistent with the results in Fig. 6(e) and
(f).
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Fig. 7. Investigation of soft-switching operation of the active rectifier. (a)
VQr vs. CQr . (b) VDr vs. CDr , (c) VQr vs. RL. (d) VDr vs. RL. (e) VQr

vs. Im. (f) VDr vs. Im.

Based on the above analysis and discussion, the below
guidelines are summarized to select Cr, CQr , and CDr in
the active Class E rectifier:

1) The small CDr
and CQr

could be used to avoid the
short duration of mode 4, and thus guarantee the soft-
switching operation. However, it will lead to higher
voltage stress on switch Qr and diode Dr. As discussed
above, CDr and CQr should be determined based on the
voltage rating of the diode Dr and the MOSFET Qr and
the smallest target RL.

2) The value of Cr should be chosen based on the tar-
get nominal rectifier input resistance. It influences the
reflected impedance on the transmitting side and thus
power transfer capability of the MHz WPT system.

3) The values of CQr , CDr , and Cr should be final-
ized to achieve a balanced design taking into account
the different criteria, such as soft-switching operation,
switch voltage stress, power transfer capability, and also
available products on market.
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Fig. 8. An example MHz WPT system using active Class E rectifier.

III. OUTPUT VOLTAGE REGULATION

The above 6.78-MHz WPT system in Fig. 8 serves as a
general example to analyze and explain the dc output voltage
(i.e., Vo) regulation through the active Class E rectifier. This
example system consists of a power amplifier (PA), a pair
of coupling coils, the active Class E rectifier, and a final dc
load. In Fig. 8, Ltx and rtx, Lrx and rrx, are self-inductances
and self-resistances of the transmitting and receiving coils,
respectively; itx is the input current of the transmitting coil;
Zin and Zrec are the input impedances of the coupling coils
and rectifier; Lm is mutual inductance,

Lm = k
√
LtxLrx, (25)

where k is the mutual inductance coefficient. To improve
efficiency and power transfer capability, Ctx and Crx are
usually designed as follows,

jωLrx +
1

jωCrx
= 0, (26)

jωLtx +
1

jωCtx
= 0, (27)

where ω is the operating frequency of the WPT system, 6.78
MHz here. The input impedance of the coupling coils, Zin(=
Rin + jXin), can then be derived as

Rin =
ω2Lm

2(Rrec+rrx)

(Rrec+rrx)
2
+Xrec

2
+ rtx, (28)



Xin = − ω2Lm
2Xrec

(Rrec+rrx)
2
+ (Xrec)

2 . (29)

Thus the output power of the rectifier is

Po =
I2tx
2

· ω2k2LtxLrxRrec

(Rrec+rrx)
2
+Xrec

2
· ηrec, (30)

where Itx is the magnitude of itx, and the rectifier efficiency
ηrec can be calculated as

ηrec =
I2oRL

I2oRL + I2orLf
+ PLoss,Qr + PLoss,Dr

, (31)

where

PLoss,Qr
=

1

2π

∫ 2π

0

i2Qr
rDSdωt, (32)

PLoss,Dr
=

1

2π

∫ 2π

0

iDr
VF dωt. (33)

Here rLf , rDS , and VF are the ESR of inductor Lf , on-
resistance of MOSFET Qr, and forward voltage drop of diode
Dr, respectively.

V
o
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V
)

D2 

Fig. 9. Output voltage Vo versus D2 and k.

Finally, the dc output voltage of the WPT system is

Vo =
√
RLPo = ωkItx

√
RLLtxLrxRrec

2[(Rrec+rrx)
2
+Xrec

2]
ηrec.

(34)
As shown in the above equation, Vo is determined by the
mutual inductance k, dc load RL, and rectifier input impedance
Zrec(= Rrec+ jXrec). Note that Rrec and Xrec relate to D1,
D2, and D3 [refer to (20)(21) and Fig. 5]. Again, D1 and
D3, the two equivalent duty cycles, are determined by the
actual duty cycle D2. Fig. 5 illustrates that Zrec can be tuned
through the duty cycle control (i.e., D2) of the switch Qr.
Through this approach, the output voltage of the overall WPT
system can be regulated eliminating the need of an additional
regulating circuit. Fig. 9 shows Vo under different k and D2,
which is calculated using the parameters in Table IV. These
parameters are from the final experimental system discussed in
next section. Under a changing k, i.e., variation in coil relative
position, a stable Vo can be achieved by having a proper D2.
For instance, with D2=0.80, 0.68, 0.61, a fixed output voltage
(10 V) is maintained under different k=0.15, 0.2, and 0.25,
respectively [see the dashed line in Fig. 9].

TABLE IV
PARAMETERS OF EXPERIMENTAL WPT SYSTEM.

Ltx (µH) Lrx (µH) rtx (Ω) rrx (Ω)
1.47 1.47 0.3 0.3

Itx (A) Cr (pF) CQr (pF) CDr (pF)
2 400 400 400

Note (34) can be rewritten as

k =
Vo

ωItx

√
2

RLLtxLrx
Zx, (35)

where

Zx
.
=

√
(Rrec + rrx)2 +X2

rec

Rrecηrec
. (36)

The range of the mutual inductance coefficient, k, in which a
target output voltage can be maintained, is then derived as

Vo

ωItx

√
2

RLLtxLrx
Zmin
x ≤ k ≤ Vo

ωItx

√
2

RLLtxLrx
Zmax
x .

(37)
Again, Zx is tuned by D2. The range of the output voltage
under a specific k can be similarly derived, which is reversely
proportional to the range of Zx. For instance, with the param-
eters in Tables II and IV, the regulated maximum Vo’s under
small k’s are listed in Table V, which are all lower than 10 V.

TABLE V
REGULATED MAXIMUM Vo VERSUS k.

k 0.13 0.11 0.09 0.07 0.05
V max
o (V) 9.72 8.23 6.73 5.23 3.74

Fig. 10. An experimental 6.78-MHz WPT system employing active Class
E rectifier.

IV. EXPERIMENTAL VERIFICATION

An experimental 6.78-MHz WPT system is built up employ-
ing the proposed active Class E rectifier. As shown in Fig. 10,
this experimental WPT system includes a current model (CM)



Class E PA, transmitting and receiving coils, and active Class
E rectifier. A 10 Ω dc load is emulated using an electronic load.
The CM Class E PA uses a π matching network to achieve
a constant PA output current against varying load impedance
such as due to variation in coil relative position [see the circuit
model in Fig. 10] [15]. In the active rectifier, a Schottky
silicon carbide diode (DFLS240) works as the rectifying diode
Dr, and the switch Qr is implemented using a MOSFET
(FDMC8884). Major parameters of the experimental system
are listed in Table IV. Design parameters of the rectifier, Cr,
CQr

, and CDr
, are chosen based on specifications of the

switching devices and design guidance in Section II-C.
Fig. 11 shows experimental waveforms of the MOSFET

gate driving voltage Vgs, rectifier input voltage vrec, MOSFET
drain-source voltage vQr , and voltage across diode vDr under
different duty cycle of the switch Qr (i.e., different D2). Here
dc input voltage of the Class E PA Vdc is 40 V and the mutual
inductance coefficient k=0.146. It shows that vQr and vDr

decrease and increase, respectively, when the duty cycle D2

increases from 0.5 to 1, and the dc output voltage of the active
rectifier is regulated from 4.5 V to 13.1 V [refer to Fig. 16].
Both the MOSFET and diode operate with soft switching.

Fig. 12 shows the experimental duty cycle D2 during the
output voltage regulation. The target constant output voltage
Vo is 10 V and k varies from 0.146 to 0.245. The variation in k
can be implemented by adjusting misalignment and/or distance
between the coupling coils. The parameter k is measured by
the vector network analyzer. When k changes, the duty cycle
D2 is tuned accordingly based on the detection of the output
voltage, and thus this voltage can be regulated. In the figure, a
higher k requires a smaller duty cycle D2 in order to maintain
the 10 V constant output voltage Vo. It is because that a higher
k leads to a higher reflected resistance Rin on the transmitting
side, and thus higher power delivered to the receiving side
thanks to the CM Class E PA. Thus a lower D2 is required to
reduce Rin and transferred power through the coupling coils.
Calculation results are also given in Fig. 12 to validate the
above analytical analysis and derivations. Fig. 13 demonstrates
that the CM Class E PA works as a current source to provide
a relatively constant current, Itx, with the varying k. Irec
decreases (i.e., a smaller D2) with a higher k in order to
maintain the constant 10 V output voltage Vo.

Fig. 14 gives the experimental results of the rectifier effi-
ciency and system efficiency under the output voltage regula-
tion. The ac input power of the rectifier is measured by using
voltage and current probes of the oscilloscope. In order to
achieve a high-accuracy measurement, the voltage and current
probes are calibrated for the same phase at 6.78 MHz. The
active rectifier can achieve up to 94% efficiency when the
output voltage is regulated to be 10 V with the varying k. The
decreased system efficiency with an increasing k is mainly
caused by the lower PA efficiency because of the increased
reflected reactance Xin. Fig. 15 shows the output voltage
with/without voltage regulation versus k. The experiment
without voltage regulation is implemented by fixing D2 = 1.

Fig. 16 provides both experimental and calculation results of
the output voltage Vo when sweeping D2 and with a constant
k = 0.2. Vo varies from 4.5 V to 13.1 V when D2 is controlled

to change from 0.5 to 1. Good match between the two results
validates the correctness of (34) derived in section III. This
equation is important to predict and guide the design of output
voltage tunable range of the active Class E rectifier in future
MHz WPT applications.

Fig. 17 shows the experimental results of the rectifier
efficiency and system efficiency when sweeping D2 and under
a constant k = 0.2. The rectifier efficiency improves with a
higher D2 and thus larger output power Po (2–17 W here).
From Fig. 5 and (28), it can be seen that a lower D2 leads to a
smaller reflected resistance Rin, namely higher power loss in
the transmitting coil. This explains the low system efficiency
when the duty cycle D2 is small.

TABLE VI
LOSS BREAKDOWN OF ACTIVE RECTIFIER (%).

D2 PQr(sw) PQr(cd) PQr(gate) PDr PLf

0.70 7.4% 9.4% 19.0% 52.4% 11.8%
0.75 7.5% 9.9% 16.1% 53.3% 13.2%
0.80 9.2% 9.7% 13.9% 53.1% 14.1%
0.85 10.8% 9.3% 12.9% 52.6% 14.4%

For reference purposes, Table. VI lists the loss breakdown
of the active rectifier when the voltage is regulated at 10 V
by tuning D2 from 0.70 to 0.85 [refer to Fig.12]. PQr(sw),
PQr(cd), and PQr(gate) are the switching loss, conduction
loss, and gate drive loss of the MOSFET Qr, respectively.
PDr and PLf

are the power loss on the diode Dr and
the inductor Lf . The power losses are calculated based on
the measured currents and components parasitics. The results
show that the switching loss of Qr is not significant thanks
to the soft-switching operation, and the diode power loss is
dominant due to its high forward voltage drop (about 0.45 V).
The percentage of the gate driving loss decreases under the
increasing duty cycle D2 due to the increasing output power.

V. CONCLUSIONS

This paper proposes a Class E-based active rectifier for
high-frequency rectification and dc output voltage regulation
in MHz WPT systems. Its behavior is analytically explained
under different combination of on/off states of the switch
and diode, namely the four operation modes. Guidance on
selecting rectifier design parameters is also developed to
compromise among efficiency (i.e., soft-switching operation),
switch voltage stress, and tunable range of impedance. The dc
output voltage is further derived analytically to establish its
relationship with the duty cycle control of the active rectifier.
Both calculation and experimental results well validate the an-
alytical analysis, high-efficiency and output voltage regulation
capability of the proposed active Class E rectifier.
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