A High Efficiency/Output Power and Low Noise
Megahertz Wireless Power Transfer System over A
Wide Range of Mutual Inductance

Ming Liu, Student Member, IEEE, Shuangke Liu, Student Member, IEEE, Chengbin Ma, Member, IEEE

Abstract—Wireless power transfer (WPT) systems working at
several megahertz (MHz) are widely considered as a promising
solution for a mid-range transfer of a medium amount of power.
The soft-switching based Class E power amplifier (PA) and
rectifier are known to be suitable for high frequency applications,
which may potentially improve the performance of the MHz
WPT systems. Meanwhile, the efficiency and output power of the
Class E PA is sensitive to its loading condition, particularly when
there is variation in the relative position of the coupling coils,
namely a changed mutual inductance between the coils. Thus
the purpose of this paper is to propose and discuss circuit and
design improvements that maintain a high efficiency and output
power of the MHz WPT systems over a wide range of mutual
inductance, when the Class E PA and rectifier are employed.
Besides, the suppression of the harmonic contents, i.e., the
electromagnetic interference problem, is also taken into account
in the circuit design. Both the simulation and experimental results
show that the newly added and optimally designed = matching
network obviously improves the drops of the efficiency and
output power of the Class E PA and the overall WPT system
when the mutual inductance varies. The reduction of the total
harmonic distortion in the input voltage of the coupling coils is
also significant, from the original 52.9% to 9.6%. The circuit
and design improvements discussed in this paper could serve as
a general and practical solution for building high performance
MHz WPT systems.

Index Terms—Megahertz wireless power transfer, matching
network, efficiency, output power, harmonics

I. INTRODUCTION

IRELESS power transfer (WPT) is receiving consider-
Wable attention from both academia and industry due
to a dramatic need to wirelessly charge various electronic
devices (e.g., cellphones, laptop computers, wearable devices,
medical implant devices, etc.) and the systems requiring much
higher power (e.g., electric vehicles and robots). Now the
near-field WPT is popular such as through the inductive
resonance coupling working at either kilohertz (kHz) or several
megahertz (MHz), 6.78 and 13.56 MHz at ISM (industrial,
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scientific, and medical) band [1]. The kHz WPT systems are
particularly superior for high power applications thanks to the
new development of power electronics [2]-[7]. Meanwhile, in
terms of spatial freedom, namely a longer transfer distance and
higher tolerance to coupling coil misalignment, the WPT at
MHz is advantageous. Besides, higher the operating frequency,
more compact and lighter a WPT system [8], [9]. These
aspects are especially useful for mid-range and low power
applications such as charging a consumer electronic device.
Efforts have been made to build high efficiency MHz WPT
systems through compensation of coils, high efficiency power
amplifiers (PAs) and rectifiers, tunable circuit, frequency tun-
ning, optimal load tracking, etc [10]-[15].

A practical challenge for MHz WPT is the high switching
loss when using conventional hard-switching based PAs and
rectifiers such as the full-bridge ones. Recently, the soft-
switching based ones have begun to be applied in the WPT
systems, particularly the MHz WPT systems [16]-[20]. For
instance, the Class E PA and rectifier were originally devel-
oped for general high frequency applications thanks to their
soft-switching properties. Using the Class E half-wave rectifier
in WPT was first investigated in [17]. A high efficiency of the
rectifier, 94.43%, was reported when working at 800 kHz. [20]
developed a system-level optimization procedure for a 6.78-
MHz WPT system, which used both a Class E PA and a Class
E half-wave rectifier, i.e., a so-called Class E2 dc-dc converter.
An 84% dc-to-dc efficiency was achieved with loosely coupled
coils (mutual inductance coefficient £=0.1327) and at a power
level of 20 W. In such systems, the performance of the Class
E PA is important for providing a high efficiency and output
power of the overall MHz WPT system. This type of PA is
known to be a promising high-frequency ac power source due
to its simple topology and zero-voltage switching (ZVS)/zero-
voltage-derivation switching (ZVDS) properties [21]. Mean-
while, difficulties arise from the uncertainties such as possible
variation in the relative position of the coupling coils (i.e.,
the mutual inductance), which could be common in real
applications. This problem is especially challenging for a
WPT system driven by a Class E PA due to the high load
sensitivity of the PA [19]. The Class E PA using a finite (ac)
choke has been investigated to improve PA efficiency under
a varying PA load [22], [23]. However, its design solution
cannot be analytically represented, which makes it difficult to
perform optimized parameter design. Thus this paper focuses
on Class E PA using an infinite (dc) choke. Besides, it
should also be noted that another potential problem is the



electromagnetic interference (EMI). This issue is particularly
crucial for building a practical WPT system working at MHz.
As to the knowledge of the authors, there are few discussions
in the literature so far on suppressing the harmonic contents
in MHz WPT systems.

Various adaptive approaches have been developed to im-
prove performance of WPT systems, mostly system effi-
ciency, when operating in dynamic environments. Operating
frequency, matching network before transmitting coil and/or
after receiving coil, and dc-dc converter after rectifier can
be adaptively tuned or controlled to maximize the efficiency
in different coil relative positions and with a changing load,
i.e., adaptive frequency tuning, adaptive impedance matching,
and adaptive rectification, respectively [12]. The adaptive fre-
quency tuning achieves high efficiency when the transmitting
and receiving coils are overcoupled [24]. However, it may vio-
late regulations by operating outside the narrow 6.78 or 13.56-
MHz band. Adaptive impedance matching is considered to be
a more practical solution. For example, matching capacitor
values can be determined that maximize the efficiency, such as
through simulation at each coil relative position. On the other
hand, the requirement on tunable components (e.g. variable
capacitors and/or inductors) complicates its design and real
implementation [16], [25]. A dc-dc converter can also be
added between the rectifier and final load, and controlled to
provide an optimal load seen by the rectifier [12]. The dc-
dc converter minimizes the effect of a dynamic load to the
system efficiency, and helps to alleviate the need of the adap-
tive impedance matching. In the above adaptive approaches,
besides relatively complicated control algorithms, dedicated
hardware is required to measure, communicate, calculate, and
implement the control. This further increases system com-
plexity. For many real applications, a simplified solution such
as static impedance matching is usually more preferred that
improves reliability and cost-performance. In addition, in most
cases there are multiple design objectives (high efficiency, high
output power, low noise, etc.) required by a practical WPT
system. However, there is a lack of discussions on a design
methodology for such a robust and high-performance WPT
system.

Based on the above considerations, this paper discusses
and proposes improvements on the circuit and the design
methodology. The purpose is to provide a systematic solution
that enables not only high efficiency but also high output
power and low noise MHz WPT systems. Most existing
MHz WPT systems employ hard-switching-based rectifiers
such as a full-bridge rectifier. The hard-switching operation
at MHz causes significant switching loss, and also leads to
high voltage harmonic contents, namely a high total harmonic
distortion (THD), in WPT systems because of the square-
wave input voltage in the full-bridge rectifier. In this paper,
a soft-switching-based Class E full-wave rectifier is applied.
Thanks to its sinusoidal input voltage and current, this rectifier
yields low switching loss and low switching noise, i.e., a low
THD in the input voltage of the rectifier [26]. Note that the
two parallel capacitors of the full-wave rectifier need to be
delicately designed to achieve maximized performance. Care
should also be taken to avoid high voltage stress on rectifying

diodes. A 7 matching network is further added between the
Class E PA and the coupling coils. This matching network
performs load transformation that maintains the load of the
PA within a desired region for high efficiency and high output
power when the mutual inductance varies. An additional
constraint is also added on determining the matching capacitor
values. Its purpose is to reduce the input voltage THD of the
coupling coils. A new system-level design methodology is then
developed to calculate a set of fixed matching capacitor values,
namely static impedance matching, that enables the matching
network to simultaneously perform the load transformation
and suppression of the harmonic contents in dynamic envi-
ronments.

This paper is thus organized as follows. Section II reviews
the conventional design of a MHz WPT system using both
the Class E PA and full-wave rectifier. The efficiency and
the output power of the Class E PA significantly drop under
different mutual inductances, and a high THD is also observed
in the input voltage of the coupling coils. Section III discusses
the improvements in circuit and the design methodology. The
input impedance of the coupling coils is analytically derived.
It helps to optimally determine the design parameters of
the 7 matching network that transforms the load of the PA
within its desired range and minimizes the harmonic contents.
Then, section IV validates the analytical and design results by
real experiments using an example 6.78-MHz WPT system.
Finally, section V draws the conclusion.

II. REVIEW OF CONVENTIONAL DESIGN

Fig. 1 shows the circuit model of a 6.78-MHz WPT system.
It consists of a Class E PA, two coupling coils, and a Class
E full-wave rectifier. Z;, and Z,.. are the input impedances
of the coupling coils and the Class E full-wave rectifier,
respectively. Py is the dc input power of the Class E PA; Py,
is the input power of the coupling coils; P, is the input power
of the rectifier; and P, is the dc output power of the rectifier.
Vae 1s the dc input voltage of the PA. vz, and iz are the
input voltage and current of the coupling coils, respectively.
Similarly, v.ec and 4., are the input voltage and current of
the rectifier, respectively. In the circuit model, C's, Cy, Cix,
Cix, and C' (=C1=C5) are the design parameters of the WPT
system and other parameters are constant ones. Here C', and
C,x are the compensation capacitors of the transmitting and
receiving coils, respectively.

In conventional design, the design parameters are optimized
as follows. First, in order to avoid the overlapping of diode
conduction and lower diode voltage stress, C', namely C and
Cs, is determined to enable a duty cycle D smaller than 0.5
(here 0.45) for the two rectifying diodes, D; and Dy [26].
Then, taking the reactance of Z... into consideration, C, is
designed to achieve full resonance of the receiving coil, and
Ciy is selected to resonate with the transmitting coil. Thus
a pure resistive Zj,, the PA load, is achieved under specific
mutual inductance coefficient (k) and dc load (Rp). Finally,
the PA design parameters, Cy and C'g, are designed to achieve
ZVS through following equations [27],
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Fig. 1. Circuit model of a 6.78-MHz WPT system using Class E PA and Class E full-wave rectifier.
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Following these requirements, the optimized design param-
eters are calculated and listed in Table I for a fixed mutual
inductance coefficient k£ (=0.2) and an example dc load R,
(=30 ). The performance of the 6.78-MHz WPT system
in Fig. 1 is then investigated using a well-known RF circuit
simulation software, Keysight ADS. The simulation uses the
Pspice models of the diode, STPSC406, and the MOSFET,
SUDO6N10. Besides the design parameters, the constant pa-
rameters, the inductances and the equivalent series resistances
(ESRs) of the components, in the simulation are also listed in
Table II. Ly is the series inductor of the conventional Class E
PA matching network. The series combination of Ly and Cj
determines the PA load reactance. A large L helps to achieve
close-to-sinusoidal PA output current, but leads to high power
loss due to its large ESR. As shown in Table II, in this paper a
1.465 uH L is chosen, whose ESR is 0.2 2 at 6.78 MHz. Note
that Ly, Ly, and Ly are dc filter inductors. Their inductances
should be sufficiently large such that the ac current will not
flow through them.

TABLE I
OPTIMAL DESIGN PARAMETERS WITH A FIXED k.

CS C'O Cix Crx C D
262 pF | 540 pF | 165 pF | 326 pF | 202 pF | 0.45
TABLE 11
CONSTANT PARAMETERS
Lf LQ th er Ll /L2
68 uH | 1465 uH | 3.34 uH | 334 uH | 68 uH
rLf TLo Ttx Trx TLy /TLQ
0.2 Q 02 Q 0.8 Q 0.8 Q 0.2 Q

Fig. 2(a) gives the efficiency of the Class E PA versus
different k’s varying between 0.14 and 0.44. Here the PA
efficiency is defined as the ratio of Py to Py.. The Class
E PA achieves a very high efficiencies, 94%, under the target
k (=0.2). However, its efficiency significantly drops when k
deviates from its target value, which inevitably leads to a
low system efficiency. Similar trend of the PA output power

can also be observed, as shown in Fig. 2(b). It is because
the varying k leads to changes in PA load, Z;,. Thus, the
Class E PA deviates from its ZVS operation, which lowers PA
efficiency and system efficiency. This aspect will be further
explored in section III-B.
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Fig. 2. Simulation results. (a) Efficiency of PA. (b) Output power of PA.
(c) Harmonic contents in iz, . (d) Harmonic contents in vz, . (¢) Harmonic
contents in ¢rec. (f) Harmonic contents in vrec
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Fig. 3. Circuit model of the improved 6.78-MHz WPT system with an additional 7 matching network.

contents of coupling coils, i.e., the harmonic contents in vz,_,
1Z;.» Urec> and irec, may lead to a severe EMI problem. Thus it
is important to suppress the harmonic contents of the coupling
coils, especially for MHz WPT systems. In the WPT system
shown in Fig. 1, ideally the input current, iz, , and the output
current, i,.c, Of the coupling coils are sinusoidal because the
coils are series-series resonant ones. This explains the low
harmonic contents in iz, and 7., as shown by their total
THDs in Fig. 2(c) and (e). Here the definition of THD is
given as follows using iz, as an example,

A/ Z i2Zin,7l
n=2
THD = +———

. . 3)

1 Zin,1

where iz, 1 is the fundamental component of the input current
of the coupling coils at the resonant frequency, 6.78 MHz here,
and ¢z, , represents the n-order input current harmonic. By
using the Class E full-wave rectifier, the output voltage of
coupling coils, vyec, is also sinusoidal, and thus its THD is
low [see Fig. 2(f)]. However, as show in Fig. 2(d), the THD
of vy, 1is high, 47.8%, particularly due to the second-order
harmonic. The suppression of this second-order harmonic in
vz, 1s discussed in the following section.

III. CIRCUIT AND DESIGN IMPROVEMENTS

As explained above, the conventional design only guarantees
an optimized performance of the Class E PA, such as its
efficiency and output power, under a fixed mutual inductance
coefficient, k. However, in real applications it is usually com-
mon that the relative position of the coupling coils changes,
i.e., a varying k. This may obviously deteriorate the original
performance of the PA and the overall WPT system, as shown
in Fig. 2. In addition, a high THD in the input voltage of
the coupling coils, vz, , is observed, particularly due to the
second-order harmonic. In order to maintain high efficiency
and output power of the Class E PA over a wide range of
k and suppress the harmonic contents, improvements on the
circuit and the design are required.

As shown in Fig. 3, a m matching network is added to
the original 6.78-MHz WPT system. The matching network
separates the Class E PA and the following circuits. It brings
new design freedom, C;, and Cr specifically, that makes the
further optimization possible considering a varying k. In the

following subsections, the input impedance of the coupling
coils, Zi,, is analytically derived that helps to calculate the
load of the PA, i.e., the input impedance of the matching
network, in the improved WPT system. The purpose of the
m matching network is to transform the PA load into a desired
range for high efficiency and output power when Zj, varies
due to a changed k. The candidate C1’s and CR’s, the two
design parameters of the matching network, are determined
accordingly for the required load transform. The final pair
of C, and Cg is the one that minimizes the second-order
harmonic in the input voltage of the coupling coils, vz, .

A. Input Impedance of Coupling Coils

As mentioned above, it is important to first derive the
relationship between Z;, and k, for the following parameter
design of the matching network. As shown in Fig. 3, the
Class E full-wave rectifier consists of two filter inductors,
L, and L,, two parallel capacitors, C; and C5 with an
identical capacitance C, two rectifying diodes, D; and Ds,
and a filter capacitor C,. As discussed in [26], in order to
avoid the overlapping of the diode conduction and thus the
hard switching, the duty cycle D of the rectifier should be
smaller than 0.5. Here D is chosen as 0.45, as same as the
one in the conventional design. Again from [26] and using
the parameters, D (=0.45) and C (=202 pF), in table I, the
input impedance of the rectifier, Z,oc (=Ryec + 7 Xrec), Can be
calculated as

Riec = 1.694R;, 4)

and
Xiee = —2.344Ry, 5

where R, is the dc load.

Ltx-Lm Lrx-Lm

Fig. 4. Equivalent circuit model of the coupling coils.

Fig. 4 shows an equivalent circuit model of the series-series
resonant coupling coils in the 6.78-MHz WPT system. In the



figure, the Class E full-wave rectifier is represented by its
input impedance, Zye.. Ltx and L, are the inductances of the
transmitting and receiving coils, respectively. Ciy and C\ are
the compensation capacitors. 7, and r., are the ESRs of Ly
and L.y, respectively. L,, is the mutual inductance,

LnL =k V ther- (6)

It is well-known that the resonance can improve the efficiency
and power transfer capacity of the coupling coils [8]. Due
to the existence of the non-zero X,.., Cix and C) should
be designed following the below equations that make the two
coils exactly resonant,

. 1 .
]Wer + ] + ]Xrec = 07 (7)
Lix + —— ! =0 (8)
Wihitx ’
j ’ jwctx

where w is the target resonant frequency, 6.78 MHz here. From
Fig. 4 and the conditions of (7) and (8), the input impedance
of the coupling coils, Z;,, can be expressed as

w?k? Lix Ly

Zin =Rz, +jXz, =7+ m, &)

where Rz and Xz are the resistance and reactance of Zj,,
respectively. Note Z;, is pure resistive because the non-zero
Xiec 1s fully compensated by C}x on the receiving side, and

Rycc is 1.694 times of Ry, [refer to (4)(7)]

B. Target Region and Harmonic Suppression

In the present MHz WPT system, the Class E PA drives the
coupling coils. As shown in Fig. 3, the PA consists of a dc
voltage supply Vj, a dc filter inductor Ly, a MOSFET switch
S, a shunt capacitor C'g, a series capacitor Cy, and a series
inductor L. Usually Cs and Cj are the design parameters
for the Class E PA, and again L should be sufficiently large.
Based on the PA circuit model and the parameters in Table I
and II, the efficiency and output power contours of the Class
E PA are given in Fig. 5 through sweeping the equivalent
resistance and reactance of the load of the PA, i.e., Zy (=Ro+
7Xo) in Fig. 3. Note Z;, simply equals Zj, if there is no
matching network. Here the dc input voltage of the PA is 20 V.
Meanwhile, the results in Fig. 5 are general for other dc input
voltages within the permissible range. The pure resistive Zi,,
ie., Rz, in (9), is also shown in the contours when k varies
from 0.14 to 0.44. It can be seen that along the vertical lines of
Rz, larger the k, greater the Rz, and more severe the drops
of the efficiency and the output power of the PA, assuming the
7 matching network is not employed (i.e., Zo = Zi,). This
tendency well explains the simulation results in Fig. 2(a)(b).

As shown in Fig. 5, there is a common region of Zj, the
load of the Class E PA, for both high efficiency and high
output power. Thus it would be desirable that the = matching
network is designed to transform the load of the PA into
this target region when k varies. Here the target region, the
rectangular dash lines in Fig. 5(a) and (b), is defined as [-
4, 8] for Xy and [3.8, 31] for Ry to achieve efficiency and
output power of the PA over 85% and 8 W, respectively. As

shown in Fig. 3, the matching network consists of a series
inductor, Ly, and two parallel capacitors, C;, and Cg. The
capacitors, C;, and Cpg, are the design parameters, and Ly
is a 390 nH inductor in the present WPT system. The input
impedance of the matching network, i.e., Zy, is analytically
derived in (10) and (11), which is determined by Z;,, Cr,
and Cg. And according to (9), Z;, varies with different .
Thus the design of the 7 matching network depends on the
pre-assumed variation range of k and the target region of 7
that maintains a high efficiency and output power of the Class
E PA.

Besides, it would be desirable that the matching network
could also suppress the harmonic contents, particularly the
second-order harmonic in vz_ here, the input voltage of the
coupling coils [refer to section II]. The amplitude of vz, atthe

in
) , can be expressed as

fundamental frequency, 6.78 MHz,

(1)

Zin

(1)

Zin

‘ Z{

; 12)

where the superscript, “(1)”, means a quantity at the funda-
mental frequency. Note this superscript is neglected in the

previous discussions for the sake of simplicity. ) ‘ is the

amplitude of the input current of the coupling coﬂs 12,
Neglecting the power loss in the m matching network gives

(1)

‘Zo ()

1 ‘Zm 1
5 Ry =Ry (13)

where |ig| is the amplitude of the input current of the matching
network. Thus (12) can be rewritten as

’ 2

(1)
UZin

::‘g;(”

’z‘gl)‘ (14)

Similarly, the amplitude of the second-order harmonic in vz, ,

’ (2)] ’ can be expressed as

Ry
R

15)

/UZm

‘ (2)

‘ lel

i

where again the superscript “(2)” means a second-order
) ‘ to , 18
@ /r
Zm ‘Zln ’ ‘ Zm Réz)
o s o \go 19
‘,UZm Zl(n) ‘ ‘ R(Zm RO

A lower second-order harmonic and thus a lower THD in vz,
can be achieved by having a smaller ratio of Réz) to Rél) in the
WPT system. This requirement on the harmonic suppression
is taken into account in the following design of the m matching

network.

C. Design of Matching Network

As discussed above, for a high efficiency and output power
of the Class E PA and the overall MHz WPT system, it is
desired that the values of Ry and X, should be within a
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Fig. 5. Efficiency and output power contours of the Class E PA (Zp equals
Zin if there is no matching network). (a) Efficiency. (b) Output power (W).

target region. The 7 matching network can be added after
the PA for the required load transformation when k varies.
The procedures of determining C;, and Cpg, the two design
parameters of the matching network, are developed as follows.

First, for implementation purposes, suppose the feasible
ranges for selecting C';, and Ci are

Cp € (CPver, CyPPen), (17)
Cr € (Clgwer Oprrer), (18)

where the superscripts, “lower” and “upper”, mean the lower
and upper bounds of a parameter, respectively. For a high
efficiency and output power of the Class E PA, its load,

Zél) = R(()l) + jX(gl), should be constrained to stay in a desired
target region, i.e.,

Réower < Ro(l)(k,CL,CR) < ]%gpper7
xiower < XoW (k, Cp, Cr) < X§PP°, (20)

as explained by Fig. 5(a)(b) and (9)—(11). Besides, the second-
order harmonic is the main contributor to the high THD of the
input voltage of the coupling coils. From the analysis in the
previous section, the ratio of R((f) to R(()l) should be restricted.
Again Rég) and Rél) are the loads of the PA at the second
harmonic and fundamental frequencies, respectively. Thus an
addition constraint to suppress the second-order harmonic is

R (k,C,Cr) < A+ RyM(k,Cy, Cr),

19)

21

where A is an index. Lower A, smaller the second-order
harmonic and THD in the input voltage of the coupling
coils. The above constraints together, (17)—(21), define the
requirements when designing the m matching network, i.e.,
the values of C, and Cg. Since there are only two design
parameters, the candidate combinations of the two capacitors
can be obtained by simply sweeping Cr, and Cg in (10)(11)
within their feasible ranges, (17)(18), and confirming if the
calculated R(()l), X(gl), and R(()Q) meet the constraints in (19)—
(21) when k varies. Note Z;, in (10)(11) changes with a
specific £ [refer to (9)]. The final pair of Cy, and C'g could
be the one with the smallest ratio of R(()2) to Rél), as applied
in the following experiments.

IV. EXPERIMENTAL RESULTS

As shown in Fig. 6, the example 6.78-MHz WPT system is
built up to validate the above analysis and the design of the 7
matching network. Its configuration is as same as the circuit
model in Fig. 3, and except Cr, Cg, and Ly (=390 nH), the
other system parameters are as same as the ones in Table I
and II. Here Ly is selected to partly compensate the estimated
input reactance of the parallel combination of Cr and the
following circuits. Its value, 390 nH, is finalized according to
the available commercial products. In the experimental system,
STPSC406 SiC diodes are used as the rectifying diodes, D;
and Ds. The switch of the PA, S, is a SUDO6N10 MOSFET.
The parasitic capacitors of STPSC406 and SUDO6N10 are
assumed to be constant, 35 pF and 50 pF, according to their
datasheets. Note the parasitic capacitances of D1, Dy, and S
are included in C;, Cy (=C), and Cg [refer to Table I]. In the
following experiments, the measured input impedance, Zj, is
obtained through the fast Fourier transform (FFT) of the raw
data from the oscilloscope. In order to achieve a high-accuracy
measurement, the voltage and current probes are calibrated for
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Fig. 6. Experiment setup of the 6.78-MHz WPT system using 7 matching network.

a same phase at 6.78 MHz. Here the feasible range of the

design parameters, C';, and CR, are given as follows,

(Ciower CUPPGT) _
I =
(Clgwer, )

(50 pF, 2000 pF),

(50 pF, 2000 pF).  (22)

As mentioned in section III-B, the target region for the load
of the Class E PA to achieve high efficiency and output power
is

(Réower7 Rgppe’f) —

(X(l)ower’ Xgpper)

(3.8 Q,31 Q),

(-4 Q,8 Q). (23)

As an example, the index A in (21) is 0.1 for suppressing
the harmonic contents in the input voltage of coupling coils.
And the mutual inductance coefficient k is assumed to vary
between 0.14 and 0.44 (a coil distance from 40 to 10 mm) [see
Fig. 6]. Through the sweeping, the pair of (Cr, Cr) with the
smallest ratio of R(()2) to R(()I) is determined as

{ Cr = 1150 pF,

Cpr = 1110 pF. (24)

—e— Experiment

. —a— Calculati
—a-— Calculation (G.8-31) :52 2 Calculation (-4~8)

(a) (b)
Fig. 7. Zél) versus k. (a) Resistance, R(()l). (b) Reactance, X(()l).

Fig. 7 shows the experimental results of the PA load, Z(()l)
(= RV + jx{"), when €y and Cj in (24) are applied.
Through the optimized design of the m matching network, all
the values of R((]l) and Xél) are well within the target region
defined in (23) when & changes between 0.14 and 0.44. The
good matching between the experimental and calculate results
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Fig. 8. System and PA efficiencies, PA output power, and THD in the input
voltage of the coupling coils under different k. (a) System efficiency. (b) PA
efficiency. (c) PA output power. (d) THD in Vz, .

also validates the correctness of the analytical derivations in
9)-(1D).

Fig. 8(a) and (b) show the system and PA efficiencies, 7)sys
and 7np 4, respectively, when k increases from 0.14 to 0.44.
As shown in Figs. 1 and 3, 74, is defined as P,/Py, i.e., dc-
dc efficiency, and np4 is Pz, /Pac. Here the PA dc voltage,
Ve, 18 20 V. Note similar results should be obtained for other
permissible PA dc voltages when a same target region of the
PA load is applied [refer to section III-B]. The experimental
results of the conventional WPT system without the matching
network are also given for comparison purposes. Note that gate
drive loss is not included in the above efficiencies because it
is relatively small, about 130 mW in measurements. The WPT
system using the optimally designed matching network shows
an obvious improvement in both the system and PA efficiencies
over a wide range of k. The efficiencies for the k’s around 0.2
are only slightly compromised. This result is natural because



the conventional design is the one optimized for k=0.2. The
output power of the PA is shown in Fig. 8(c), which is again
largely improved under different £’s, particularly when k is
large, i.e. a close coil distance. All the PA efficiencies and
output power are higher than 85% and 8 W, respectively,
which is consistent with the requirements when determining
the target region in (23). Note that the trend of efficiencies in
Fig. 8(a) and (b) is largely independent of a specific power
level except the power is extremely low. The efficiencies at
the same power level, 5 W, are also confirmed in experiments.
Because the efficiency curves are almost identical with the
ones in Fig. 8(a) and (b). For the sake of simplicity, they are
not shown here. The improvement in THD in the input voltage
of the coupling coils, Vz, , is even significant, as shown in
Fig. 8(d). The average reduction of the THD is 77.5% over
the £’s.
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Fig. 9. Voltage waveforms. (a) MOSFET. (b) Rectifying diode.

Fig. 9 show voltage waveforms of the MOSFET and rectify-
ing diodes when £ changes. From Fig. 9(a), it can be seen that
the Class E PA works close to its ZVS operation. In Fig. 9 (b),
amplitude of rectifying diode voltage at k=0.2 and k=0.29 is
higher due to the higher output power of the rectifier [refer to
Fig. 8(c)]. The waveforms and harmonic contents of vz, , the
input voltage of the coupling coils, at k=0.2 are further shown
in Fig. 10. The THD is significantly improved, less than one
fifth of the previous THD in the conventional design. Thus
the waveform of vz, is very close to the ideal sinusoidal one,
which indicates lower EMI generation. The THD of output
voltage of the original Class E PA (ie., Vz, and Vz, in
the conventional and improved designs, respectively) is also
confirmed in experiments. The THD is reduced from 52.9% to
16.1%. All the above experimental results convincingly show
that the adding of the m matching network after the Class E
PA and its optimized design improve both the efficiency and
the output power of the PA and the overall WPT system, and
also greatly help to suppress the harmonic contents.

For reference purposes, the efficiencies of the PA, rectifier,
and WPT system are shown in Fig. 11(a) when the dc load
R; varies between 10-50 €. Note that the nominal Ry
is 30 €. The efficiencies are comparable to those when k
changes because the original target of the proposed design
is to limit the variation of reflected impedance seen by the
PA [see Fig. 5]. Besides the design methodology, new devices
such as gallium nitride (GaN) MOSFETs could also possibly
improve the system efficiency [28]. As shown in Fig. 11(b),
the system efficiency and PA efficiency using GaN MOSFET
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Fig. 10. Waveforms and harmonic contents of vz, , the input voltage of the
coupling coils, at k=0.2. (a) Waveform of vz, ~with matching network. (b)
Harmonic contents of vz, ~with matching network. (c) Waveform of vz, A
without matching network. (d) Harmonic contents of vz, ~without matching
network.

(GS66508T) show improvement compared with those using
the Si MOSFET (SUDO6N10), particularly when £ is small.
It is mainly because of fast switching and small on-resistance
of the GaN MOSFET. In experiments, the nonlinear drain-
source parasitic capacitance of GS66508T is estimated as 170
pF based on the datasheet and PA drain voltage at k=0.2,
the nominal value in this paper. The parasitic capacitance is
absorbed into the PA shunt capacitor, Cg (=262 pF). Since
the PA drain voltage at k=0.29 and k=0.44 deviates from
that at k=0.2 [refer to Fig. 9], the total shunt capacitance,
Cg, at k=0.29 and k=0.44 becomes different with its original
target value, 262 pF. Thus efficiency improvement using GaN
MOSFET is not obvious at large k’s such as k=0.29 and
k=0.44, as shown in Fig. 11(b).
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Fig. 11. Further experimental results. (a) Efficiencies under a varying Ry, .
(b) Efficiencies using GaN MOSFET (GS66508T).

V. CONCLUSIONS

This paper discusses improvements on the circuit and design
methodology for a MHz WPT system using both Class E



PA and Class E full-wave rectifier. The purpose is to further
enhance the performance of the WPT system, in terms of
the efficiency/output power and the harmonic contents, when
the mutual inductance coefficient, k, varies. The 7 matching
network is newly added and designed (i.e., C'f, and C'g) in such
a way that the load of the PA, namely the input impedance
of the matching network, always maintains within the desired
range when the variation of k occurs, and at the same time
minimizes the second-order harmonic in the input voltage of
the coupling coils. The experimental results well validate the
theoretical analysis and the design approach. A high efficiency
and output power of the Class E PA and the overall system is
achieved over a wide range of the mutual inductance, & from
0.14 to 0.44. In addition, the THD of the input voltage of the
coupling coils is significantly reduced from 52.9% to 9.6%,
which contributes to ease the EMI problem. The circuit and
design improvements discussed in this paper could serve as a
general and practical solution when building high performance
MHz WPT systems.
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