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Abstract—The operation of traditional rectifiers such as half-
wave and bridge rectifiers in wireless power transfer applications
may be inefficient and can reduce the amount of power that is
delivered to a load. An alternative is to use Class E resonant
rectifiers which are known to operate efficiently at high resonant
frequencies and at large input voltages. Class E rectifiers have a
near sinusoidal input current which leads to an improved overall
system performance and increased efficiency, especially that of
the transmitting coil driver. This paper is the first to investigate
the use of Class E resonant rectifiers in wireless power transfer
systems based on resonant inductive coupling. A piecewise linear
state-space representation is used to model the Class E rectifier
including the rectifying diode’s forward voltage drop, its ON
resistance and the equivalent series resistance of the resonant
inductor. Power quality parameters, such as power factor and
total harmonic distortion, are calculated for different loading
conditions. Extensive experimental results based on a 10W
prototype are presented to confirm the performed analysis and
the efficient operation of the rectifier. An impressive operating
efficiency of 94.43% has been achieved at a resonant frequency
of 800 kHz.

Index Terms—Inductive power transmission, AC-DC power
converters, high frequency rectifiers.

I. INTRODUCTION

Whilst most of recent published work in inductive power

transfer (IPT) technology focuses on the design and opti-

mization issues of the resonant inductive coils [1]–[8] and

the transmitting coil driver [9]–[13], there has been little

research in high frequency, high efficiency rectifiers for IPT

applications and their impact on the overall performance of

an IPT system. In previous papers, the load connected to the

secondary coil of the inductive link has either been an AC

load in the form of a resistor [1], [2], [8]–[14], or a DC load

connected through an AC/DC rectifier. Since DC loads are

more common than AC loads, more research into rectifiers

that are suitable for IPT systems is required.

The majority of AC/DC rectifiers that have been used in

recent publications about IPT systems are either traditional

half-wave rectifiers [15] or bridge rectifiers [3], [7], [16],

[17]. The main losses that occur in the rectifiers are due

to the forward voltage drop of the rectifying elements and

their switching losses. Synchronous rectifiers based on a

bridge configuration can improve the overall efficiency in IPT

systems. However timing and control of the four switches may

be difficult especially at high resonant frequencies [18]. In
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addition, traditional half-wave rectifiers and bridge rectifiers

have a non-sinusoidal input current and can cause a non-

sinusoidal current to flow out of the secondary resonant

circuit of the inductive link. This affects the performance and

efficiency of the primary coil driver since most primary coil

drivers operate at resonance and generate a sinusoidal driving

current.

Class E rectifiers are resonant switching circuits that can

operate efficiently at frequencies exceeding 500 kHz. Efficient

operation is achieved due to the zero-voltage switching (ZVS),

low voltage-slope (dv/dt) switching, zero-current switching

(ZCS) and low current-slope (di/dt) switching of the rectify-

ing element. The principle of operation of Class E rectifiers

and the different configurations that have been researched

are summarised in [19], [20] and the references therein.

Class E rectifiers have a near sinusoidal input current with

low harmonic distortion which makes them compatible with

resonant inverters, such as Class D and Class E, that are used

as primary coil drivers in IPT systems. Class E rectifiers have

been used to form resonant DC-DC converters [21]–[26] and

in power harvesting and power recovery applications [27].

Nonetheless, there appears no report in literature on the use

of Class E rectifiers for IPT systems.

This paper is the first to propose and implement a Class E

rectifier for IPT. Here, a Class E half-wave ZVS, low dv/dt

resonant switching rectifier is developed for IPT systems with

a parallel resonant secondary coil to improve their performance

and increase their overall efficiency. Based on the well es-

tablished Class E rectifier configuration in [28], this paper

extends the work by introducing a novel analysis based on

state-space modelling to provide a more accurate mathematical

representation of the rectifier. The state-space model takes into

consideration the diode forward voltage drop, its ON resistance

and the equivalent series resistance (ESR) of the resonant

inductor, all of which have been omitted in the analysis of

Class E rectifiers in previous work.

This paper is organised as follows. Section II introduces the

Class E rectifier and presents a piecewise linear state-space

model, parameters such as duty cycle and output voltage are

numerically evaluated. Section III discusses the performance

of the Class E rectifier by evaluating several parameters which

haven’t been evaluated before for Class E rectifiers such as the

power factor, the normalised input root mean square (RMS)

current and its total harmonic distortion (THD). Section IV

presents extensive experimental results about the operation and

the performance of a Class E rectifier used in an IPT system.

Section V gives the conclusion and suggests future work.
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Fig. 1. Circuit diagram of the Class E ZVS low dvd/dt rectifier with a
rectifying diode.

II. MODELLING AND ANALYSIS

A. Class E low ZVS, low dv/dt rectifier

The circuit of the Class E rectifier is shown in Fig. 1 with a

Schottky diode as the rectifying element. Capacitor C, referred

to as the resonant capacitor, is connected in parallel with

the diode. Inductor L, referred to as the resonant inductor,

is connected in series with the resonant capacitor and the

diode, rL represents the equivalent series resistance (ESR) of

the resonant inductor. The ESR of the resonant capacitor is

assumed to be negligible. The load resistance R represents the

output load and an output capacitor CO is connected across

the load. Capacitor CO should be large enough such that the

output voltage VO is DC and ripple free. The input voltage

V is sinusoidal and can represent the output voltage of the

receiving coil of an IPT system. The resonant frequency of L
and C is equal to the frequency of the input voltage given as

ω =
1√
LC

. (1)

The characteristic impedance of the resonant circuit is

Z = ωL =
1

ωC
=

√
L

C
(2)

and the normalised load is

Rnorm =
R

Z
. (3)

B. State-Space Representation

The equivalent circuits are shown in Figs. 2a and 2b for

the ON and OFF periods respectively. The piecewise linear

model of a diode is used which consists of a voltage source

Vf , representing the forward voltage drop, and resistance rON,

representing the diode’s ON resistance. The equivalent circuits

are a piecewise linear multiple input multiple output time

invariant system which can be represented by the following

state-space representation for each ON and OFF intervals

ẋ(ωt) = Ax(ωt) +Bu(ωt) (4)

y(ωt) = Cx(ωt) +Du(ωt) (5)

where x(ωt) = [x1(ωt), x2(ωt), x3(ωt)]
T is the state vector.

The state variables x1, x2, x3 represent the current through in-

ductor L, the voltage across capacitor C and the voltage across

capacitor Co for both ON and OFF intervals respectively. The

input vector u(ωt) = [u1(ωt), u2(ωt)]
T where u1 and u2
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Fig. 2. Equivalent circuits (a) ON period (b) OFF period.

represent the input sinusoidal voltage and the forward voltage

drop of the diode respectively. The ON interval’s domain is

defined as 0 ≤ ωt ≤ 2πD and the OFF interval’s domain is

defined as 0 ≤ ωt ≤ 2π(1 − D) where D is the ON duty

cycle of the diode. Using KVL and KCL, the matrices A, B,

C and D and the input vectors, denoted by the subscripts ON

and OFF for both intervals are given as

AON =

⎡
⎢⎢⎢⎢⎣
−rL
ωL

−1

ωC

−1

ωL
1

ωC
0 0

1

ωCO

0
−1

ωRCO

⎤
⎥⎥⎥⎥⎦ (6)

AOFF =

⎡
⎢⎢⎢⎢⎣
−rL
ωL

−1

ωC

−1

ωL
1

ωC

−1

ωrONC
0

1

ωCO

0
−1

ωRCO

⎤
⎥⎥⎥⎥⎦ (7)

BON =

[
B1ON B2ON

]
=

⎡
⎢⎢⎢⎢⎣

1

ωL
0

0
1

ωrONC

0 0

⎤
⎥⎥⎥⎥⎦ (8)

BOFF =

[
B1OFF B2OFF

]
=

⎡
⎢⎢⎢⎢⎣

1

ωL
0

0 0

0 0

⎤
⎥⎥⎥⎥⎦ (9)

CON = COFF =

⎡
⎢⎢⎢⎢⎣
1 0 0

0 1 0

0 0 1

⎤
⎥⎥⎥⎥⎦ (10)
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DON = DOFF =

⎡
⎢⎢⎢⎢⎣
0 0

0 0

0 0

⎤
⎥⎥⎥⎥⎦ (11)

uON(ωt) =

⎡
⎢⎣u1ON(ωt)

u2ON(ωt)

⎤
⎥⎦ =

⎡
⎢⎣vm sin(ωt+ φON)

Vf

⎤
⎥⎦ (12)

uOFF(ωt) =

⎡
⎢⎣u1OFF(ωt)

u2OFF(ωt)

⎤
⎥⎦ =

⎡
⎢⎣vm sin(ωt+ φOFF)

0

⎤
⎥⎦ (13)

where vm is the magnitude of the input voltage and

φON = φo + 2π(1−D) (14)

φOFF = φo. (15)

The solution to Eq. 4 for both ON and OFF states is

x(ωt) = xn(ωt) + xf(ωt). (16)

Function xn is the natural response, or the zero-input response,

and is equal to

xn(ωt) = eAωtx(0) (17)

where x(0) is the initial condition of the states, e is the matrix

exponential function. Function xf is the forced response, or

the zero-state response, and is equal to

xf(ωt) =

∫ τ

0

eA(ωt−τ)Bu(τ)dτ

=

∫ ωt

0

eA(ωt−τ)

[
B1 B2

]⎡⎢⎢⎣u1(τ)

u2(τ)

⎤
⎥⎥⎦ dτ

=

∫ ωt

0

eA(ωt−τ)
(
B1u1(τ) +B2u2(τ)

)
dτ

=
(
A2 + I

)−1

(
eA(ωt

(
I cos(φ) +A sin(φ)

)
−I cos(ωt+ φ)−A sin(ωt+ φ)

)
B1 +A−1

(
eAωt − I

)
B2

(18)

where τ is a dummy variable and I is a 3× 3 identity matrix.

The initial conditions of the states can be determined by

applying the continuity conditions of the current through L and

the voltages across C and CO when circuit transitions from

the ON state to the OFF state, hence the following equations

are obtained

xON(0) = xOFF(2π(1−D)) (19)

xOFF(0) = xON(2πD). (20)

By evaluating Eqs. 19 and 20, the initial conditions can be

solved for as follows⎡
⎢⎣xON(0)

xOFF(0)

⎤
⎥⎦ =

⎡
⎢⎣−eAON2πD I

I −eAOFF2π(1−D)

⎤
⎥⎦
−1

.

⎡
⎢⎢⎣ xfON(2πD)

xfOFF(2π(1−D))

⎤
⎥⎥⎦ . (21)

The values of D and φ can be numerically solved for by

finding the instants at which the voltage across the diode is

equal to zero in both ON and OFF intervals, i.e

x2ON(0)− Vf = 0 (22)

x2OFF(0)− Vf = 0. (23)

Fig. 3 shows the solved values of D, φ and the normalised

output DC voltage VOnorm with respect to the peak input voltage

for an ideal Class E inverter with Vf = 0, rON = 0 and rL = 0.

The ON duty cycle of diode is high for lower normalised

loads and declines as the normalised load increases. The duty

cycle at a normalised load of unity is 0.403, it increases by

approximately 50% as the normalised load is reduced to 0.1

and decreases by more than 50% as the normalised load

increases to 10. The normalised output voltage increases as

the load increases at lower duty cycles, and decreases as the

load is reduced at lower duty cycles. The output voltage is

approximately a linear function of the load.
It is noted that the results in Fig. 3 match the results

obtained using the analytical approach in [28]. Therefore, the

validity and accuracy of the state-space modelling approach

are confirmed.

III. INPUT CURRENT LINEARITY AND HARMONIC

CONTENT

It is necessary to investigate the signal quality of the input

current of the Class E rectifier in order to determine its

performance and suitability to be used in a resonant IPT

system. The main parameters of interest are the normalised

RMS value of the input current with respect to the output

current, the power factor (PF) and the total harmonic distortion

of the input current. These parameters will be derived for the

ideal Class E rectifier (Vf = 0, rON = 0 and rL = 0) in order

to provide a reference case that will show how they will be

affected by the duty cycle and load.

A. Input RMS current
The RMS values of the input current, the voltage across

capacitor C, the diode’s voltage and the voltage across the

output capacitor CO can be calculated by evaluating the RMS

value of the state vector x(ωt) in Eq. 16 as shown below[
ILRMS VCRMS VORMS

]T
= xRMS =√√√√ 1

2π

(∫ 2πD

0

x◦2
ON
(ωt)dωt+

∫ 2π(1−D)

0

x◦2
OFF
(ωt)dωt

)
. (24)
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Fig. 3. Numerically calculated values.

Figs. 4a and 4d show the normalised input RMS current as a

function of the duty cycle and the normalised load respectively

for the ideal Class E rectifier. The input RMS current is lower

for low normalised loads at higher duty cycles. This is because

the rectifier behaves more as an inductive load since the diode

is ON for most of the switching period. The input RMS current

increases as the normalised load increases at lower duty cycles

since the rectifier operates at resonance and therefore has a

reduced input impedance.

B. Power factor

The power factor can be used as an indication of how

reactive the reflected impedance of the rectifier is for different

loading conditions as seen from the receiving and transmitting

coils of a resonant IPT system. As the Class E rectifier

generally presents an inductive load to the source, it can detune

the IPT system from operating at resonance. Consequently,

finding the power factor can aid in determining the type of

compensation required to retune the IPT system to operate at

resonance and its optimal location to be in the IPT system.

The power factor is defined as the ratio of the real power to

the apparent power at the input of a system. For the Class E

rectifier, the power factor can be expressed as

PF =
PIN

vmIRMS

(25)

where PIN is the input real power and is equal to the sum of

the power delivered to the load, the power lost in the diode’s

forward voltage and its ON resistance and the power lost due

to the ESR of inductor L. Hence, the input real power can be

expressed as

PIN =
VORMS

R

(
VORMS + Vf +

VORMS

R
rON

)
+ I2LRMS

rL. (26)

Note that the RMS value of the output voltage is equal to its

mean or DC value.

Figs. 4b and 4e show the variation of the power factor

with duty cycle and normalised load respectively for the ideal

Class E rectifier. The power factor approaches unity for higher

normalised loads at low duty cycles since the diode is switched

OFF for most of the switching period. The rectifier operates

mostly at resonance and therefore has a higher power factor.

The power factor decrease to zero for lower normalised loads

at higher duty cycles since the diode is switched ON for most

of the switching period. The rectifier behaves more as an

inductive circuit and therefore the power factor is reduced.

Depending on the load, a passive compensation circuit can be

included at the receiver of the IPT system for a fixed load or

at the transmitter for a variable load.

C. Total harmonic distortion

As mentioned previously, a high harmonic content in the

input current of the rectifier can disrupt the resonant operation

of the transmitting coil driver in a resonant inductive link.

The total harmonic distortion (THD) of the Class E rectifier

is given by

THD =

√
∞∑

n=2

i2Ln

iL1

(27)

where iL1 is the fundamental current component of the input

current at the resonant frequency and iLn represents the input

current harmonics. Using the Fourier trigonometric series for-

mula, iLn can be derived by evaluating the harmonic content
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of the state vector x(ωt) in Eq. 16 as shown below[
iLn vcn vCon

]T
= xn =

(
a◦2n + b◦2

n

)◦ 1

2 . (28)

The coefficients matrices an and bn contain the Fourier

coefficients and are equal to

an =
1

π

(∫ 2πD

0

xON(ωt) cos
(
nωt+ φ+ 2π(1−D)

)
dωt+

∫ 2π(1−D)

0

xOFF(ωt) cos
(
nωt+ φ

)
dωt

)
(29)

bn =
1

π

(∫ 2πD

0

xON(ωt) sin
(
nωt+ φ+ 2π(1−D)

)
dωt+

∫ 2π(1−D)

0

xOFF(ωt) sin
(
nωt+ φ

)
dωt

)
(30)

Figs. 4c and 4f show the variation the THD of the input

current with duty cycle and normalised load for the ideal

Class E rectifier. The THD has a peak value of 10.34% at

a duty cycle of 0.392 and normalised load of 1.10. The THD

is reduces when the duty cycle approaches zero or unity since

the diode is either ON or OFF for most of the switching period

and the effect of the rectifier transitioning from either the ON

and OFF states is reduced.

IV. EXPERIMENTAL SETUP AND RESULTS

A Class E rectifier has been built to deliver up to 10W

for a previously designed IPT system presented in [9]. The

IPT system, shown in Fig. 5, consists of a Class E resonant

inverter as the transmitting coil’s current driver, an inductive

link formed by a transmitting coil and a receiving coil that

are aligned with each other and separated by a distance of

5 cm. A capacitor is connected across the receiving coil to

form a parallel LC tank to boost the voltage induced at the

receiving coil. The parallel LC configuration is generally used

in wireless power systems where energy is to be transferred

across a large gap. High voltage levels that can reach up to

several hundreds of volts can be generated at low current

levels, therefore ohmic losses are minimised. The values of the

LC tank were chosen to set its resonate frequency at 800 kHz

to maximise the efficiency of the inductive link. A photograph

of the complete system is shown in Fig. 6.

The rectifier was designed to operate at a duty cycle of 0.5

for maximum power capability [28] and its resonant frequency

is designed to match the operating frequency of the IPT system

which is at 800 kHz. The values of the load resistance R
is 77.5Ω, the resonant inductor L is 39.5 μH, the resonant

capacitor C is 1 nF and the output capacitor CO is 1 μF. The

Schottky diode used is SB3100 (100V/3A), its forward voltage

drop is 0.3V and its ON resistance is 0.45Ω. The resonant

inductor consists of 64 turns wound on a T68-7B core from

Mircometals and its ESR is 0.5Ω. The input voltage to the

IPT system is varied to control the induced voltage that is to

be rectified at the receiving coil.

The principle of operation of this setup can be described

as follows. Since the transmitting coil of the inductive link

is driven by the current output of the Class E inverter, the

receiving coil of the inductive link will behave as a constant

current source. The voltage across the parallel capacitor, which

its value was chosen to resonate with the receiving coil,

increases accordingly with time which in turn drives the

Class E rectifier. The output current of the rectifier increases

and the voltage across the load increases. The input power

to the rectifier will increase in proportion with the output

voltage across the resonant capacitor, however the power to

load increases with square of the load’s voltage. The input

power to the rectifier will cease to increase once it is equal

to the load’s power and the input voltage to the rectifier and

the load’s voltage will be held. A large portion of the input

voltage will be dropped across the resonant inductor L and its

values controls the rectifier’s input current harmonics.
Figs. 7a and 7b show the measured and calculated output

voltage and input RMS current of the rectifier respectively

as the input voltage to the rectifier varies from 20Vpp to

200Vpp. The calculated voltage gain of the rectifier is ap-

proximately 26% over the entire input voltage range. The

voltage gain is lower than that of other rectifiers such as the

traditional bridge rectifier. For high frequency IPT systems the

expected loads are low power DC devices that operate between

5V-12V. Therefore the low voltage gain of the presented

Class E rectifier can allow for DC loads to be powered directly

from the rectifier without the need of any DC/DC conversion.

Fig. 7c compares the measured and calculated power factors,

and shows that they deviate slightly over the entire input

voltage range. In Fig. 7d, the measured and calculated input

and output powers are both shown to be compared favourably.

Fig. 7e shows slight deviation between the measured and

calculated efficiencies. It is shown that the Class E rectifier

has a maximum efficiency of 94.43% at an input voltage

of 100Vpp and is above 90% over most of the input voltage

range. The calculated variation of the duty cycle is shown

in Fig. 7f.
Fig. 8 shows the measured and simulated voltage and

current waveforms throughout the rectifier for an input voltage

of 200Vpp. Fig. 8a shows the measured input voltage that is

induced at the receiving coil. It can be seen that the input

voltage can be considered to be sinusoidal when compared

to the reference sinusoidal plot. The measured and simulated

input currents are shown in Fig. 8b, the input current is a

near sinusoidal and contains a DC offset current. The obtained

and simulated diode voltage and current waveforms are shown

in Figs. 8c and 8d respectively. The ringing observed in

diode’s current is due to the lead inductances of the diode and

the current probe. Fig. 8e shows the magnitude of the first

four harmonic contents of the measured and simulated input

currents. The THD of the measured input current is 8.84%

compared to a calculated value of 8.89%. The overall ex-

cellent agreements between all the measured and calculated

results confirm the validity of the analysis and the modelling

approach.

V. CONCLUSIONS AND FUTURE WORK

This paper presents a high input voltage high efficiency

ZVS, low dv/dt Class E rectifier to be used in resonant
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Fig. 4. Power quality parameters for the ideal Class E rectifier at different duty cycle and normalised load combinations.
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Fig. 5. Complete circuit of the IPT system. The circuit consists of a Class E inverter as the transmitting coil current driver, an inductive link with a separation
distance of 5 cm and the designed Class E rectifier.

Fig. 6. Photograph of the experimental setup showing the various sections
of the IPT system. The DC supply of the Class E inverter is varied to control
the inducted voltage at the secondary coil of the inductive link.

IPT systems. A piecewise linear state-space representation

has been used to model the rectifier and to derive various

parameters. The fidelity of the model is enhanced by the

inclusion of the diode’s voltage drop, its ON resistance, and

the ESR of the resonant inductor in the analysis. A novel

investigation into the power quality of the Class E rectifier

has been conducted by evaluating parameters such as power

factor and THD of its input current which previously were

not considered. Such parameters can aid in determining the

performance of the Class E rectifier and its effect on the

resonant operation of a IPT system.

Experimental results are presented based on a Class E

rectifier designed to operate in a resonant IPT system that is

capable of delivering up to 10W. The results are in excellent

agreement with the numerical calculations and simulations,

thus confirming the analysis and modelling approach. The
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Fig. 7. Measured and calculated values of various parameters against input voltage.
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Fig. 8. Measured and simulated voltages and currents throughout the rectifier for an input voltage of 200Vpp.

results obtained show that the designed rectifier operates at

efficiencies exceeding 90% over an input voltage ranging from

40Vpp to 200Vpp, with a maximum efficiency of 94.43%.

It is noted that the current work focuses on the performance

of the Class E rectifier for resonant inductive links that are

applicable to different IPT applications, which is validated

by a low power prototype. Thus, future work may include

further investigation into higher power applications, such as

comprehensive analysis of a complete IPT system for charging

electric vehicles. In addition, the diode of the rectifier could

be replaced with a MOSFET to increase the rectifier’s input

voltage range and output power capability. This can lead to

designing a self-powered MOSFET gate driver, timing and

control circuitry.
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