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Abstract—In MHz WPT systems, a varying reflected reactance
due to a changing final load deteriorates the overall system
performance, such as efficiency and output voltage stability. This
paper aims to achieve a compact and robust MHz WPT system
working over a wide range of load. A novel concept of reactance
compression design is proposed to compress the variation of the
reflected reactance through positioning of a “reactance window”.
Efficient receiving-side parameter design procedures are then
developed to best compress the reactance variation and satisfy
maximum output power requirement in a wide load range but
without adding any other hardware. This makes it possible to
directly apply the existing voltage source design using a modified
Class E PA and current source design using LCC transformation
network. An edge inductor also becomes worthy to replace
the bulky air-core infinite inductor required by the modified
Class E PA, thereby further improving circuit compactness.
Finally, the receiving-side design concept and edge inductor were
experimentally implemented to verify their performance over a
5-50 2 load and with 20 W maximum final output power. The
results well validate the improved reactance compression, output
voltage stability, efficiency and harmonic distortions over the
wide load range.

Index Terms—Edge inductor, load variation, megahertz, reac-
tance compression, wireless power transfer (WPT).

I. INTRODUCTION

Wireless power transfer (WPT) systems operating at several
MHz are now being expected to be a promising technology
for the mid-range transfer of a medium amount of power.
Generally, higher operating frequencies help improve the
compactness and spatial freedom of the power transfer [1],
[2]. The Class E topologies have been widely used in MHz
WPT systems (including the power amplifiers (PAs) and recti-
fiers), because of their single-ended gate driving, zero-voltage
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switching (ZVS) operation and zero-voltage-derivation switch-
ing (ZVDS) operation. These advantages simplify the circuit
configuration and improve efficiency [3]-[6]. Meanwhile, the
traditional Class E PA does not perform as a current source or
voltage source, and its performance is highly sensitive to the
loading condition. This poses challenges for actual scenarios
when the final load changes over a wide range. A modified
design using a finite input inductor has been discussed to
enable the Class E PA to maintain the ZVS operation and
voltage source feature over a wide resistive load range [7],
[8]. Note that as discussed later, in the MHz WPT systems,
an obvious variation in the PA’s reactive load is also possible,
which may adversely affect the operation of the modified Class
E PA.
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Fig. 1. PA with a different ac inductor. (a) Air-core inductor. (b) PCB inductor.
(c) Proposed edge inductor.

At present, a bulky air-core inductor is usually used as the
finite inductor in the modified Class E PA. Fig. 1(a) shows
the layout of a modified Class E PA using a commercial
air-core inductor. This type of inductor is especially large in
height, which is unfavorable for a high PA power density. The
PCB inductor can be employed to replace the bulky air-core
inductor to decrease the height of the PA circuit board, as
shown in Fig. 1(b). Due to the proximity effect, the quality
factor of the PCB inductor is lower than that of the air-
core inductor, especially when a relatively large inductance
is required over a limited PCB space. In order to improve the
quality factor and compactness at the same time, this paper
proposes and implements a novel edge inductor design for the
modified Class E PA. Fig. 1(c) shows the layout of a modified
Class E PA using the edge inductor, where the inductor trace is
along the PCB edge. This edge inductor makes full use of the



board space to enlarge the diameter and width of the inductor
trace, namely achieving the same inductance with less turns
and a higher quality factor.

In addition, in MHz WPT systems, the input impedance
of the rectifier is no longer pure resistive [9]. It detunes
the resonance of the receiving coil and leads to a reflected
reactance on the transmitting side. With an ideal fixed final
load, the rectifier input reactance can be fully compensated
by the compensation capacitor of the receiving coil [10].
However, in real applications, the final load usually changes
over time, which causes the varying reflected impedance seen
on the transmitting side [9], [11]. This varying impedance,
especially the varying reactance, will significantly impact the
soft-switching and voltage / current-source operations of the
most single-ended PAs, such as the Class E PA, Class EF,
PA, and also the modified Class E PA using the finite inductor.
To compensate the varying reactance, switch-capacitor array
has been usually applied to tune the PA output impedance
and maintain PA’s ZVS condition [12]. However, this solution
increases circuit complexity, size and cost, requires additional
hardware for sampling and control, and potentially reduces
reliability. To compress the impedance variation, passive LC
networks or rectifiers using the finite inductor have been
adopted to achieve the load independent operation of the
single-ended Class E PAs [8], [13]. But these additional LC
networks or the finite inductor on receiving side enlarge the
size and introduce additional losses on the receiving side. Note
that the receiving side, usually inside a mobile device, has
strict limitations on size, weight, and power loss.

In this paper, a novel receiving-side design concept is
proposed to compress the variation of the reflected reactance
based on the input impedance analysis of Class E family of
rectifiers and positioning of a “reactance window”. This re-
actance variation can be most effectively compressed through
the developed parameter design of the receiving side, namely
without adding any additional hardware. Therefore, the MHz
WPT system can always maintain the ZVS operation and
stable final output voltage. This advantage makes it possible
to directly apply the existing PA / compensation designs into
the MHz WPT systems (e.g., a voltage source through the
modified Class E PA and classical LCC voltage / current
source transformation network), when there is a wide range of
load variation [14]. Thanks to the simplicity of the enabled PA
/ compensation designs, it becomes worthy to replace the orig-
inally bulky finite inductor in the modified Class E PA with a
well-design edge inductor to further improve compactness [see
Fig. 1(c)]. By combining the proposed receiving-side design
concept and edge inductor design, a compact and robust final
MHz WPT system can be achieved over a wide load range.

II. IMPEDANCE VARIATION ANALYSIS

Fig. 2 shows the configuration of a typical MHz WPT
system, which consists of a PA, a compensation network, a
pair of coupling coils, and a rectifier. In the figure, Z,¢; is
the input impedance of the compensation network, namely the
output impedance of the PA Z,.(= Zyct); Zconl is the input
impedance of the transmitting coil; Z,. is the input impedance

of rectifier; L, C, and r with different subscripts (tx and rx)
are the self inductances, compensation capacitances, and self
resistances of the two coils, and &k is the mutual inductance
coefficient. The receiving side uses a series compensation,
which is suitable for the current-driven circuits, such as the
Class E family of rectifiers [15], [16].
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Fig. 3. Impedance analysis. (a) Series compensation network. (b) LCC
compensation network. (¢) Zpa of the primary series compensation network.
(d) Zpa of the primary LCC compensation network.

Fig. 3(a) and (b) show two popular compensation networks
in conventional kHz WPT systems (i.e., series compensa-
tion and LCC compensation) that achieve constant-voltage or
constant-current excitation with zero reactive power and soft
switching [17]. Fig. 3(c) and (d) show different Z,, when
the WPT system operates at kHz or MHz, namely with a
kHz rectifier or MHz rectifier. For comparison purposes, here
the two rectifiers are both full-bridge ones. As shown in Fig.
3(c) and (d), the kHz system can always maintain a close-to-
zero reactance X, even the final dc load Ry, largely varies
from 5 Q to 50 €. In contrast, more complex impedance
feature appears in the MHz system, which is caused by the
large reflected reactance variation |AX, .| [see the following
Fig. 7]. Note that |AX,¢¢] is equal to |AX,,| in Fig.3(c). As
discussed in the following sections, this large |AX,¢| should
be effectively compressed to provide a desirable working
condition of the PA and compensation networks, such as
through a novel design of the receiving side.

III. REFLECTED REACTANCE VARIATION COMPRESSION

The key of the proposed design is to make full use of the
potential of the Class E family of rectifiers. Its purpose is to
achieve reflected reactance variation compression but without
adding any other components. The Class E family of rectifiers,
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Fig. 4. Class E family of rectifiers. (a) Full-wave rectifier. (b) Class EF rectifier. (c) Half-wave rectifier.
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Fig. 5. Input impedances of Class E rectifiers versus Ry,. (a) Full-wave. (b) Class EF. (c) Half-wave

such as the half-wave Class E, full-wave Class E and Class EF
rectifier, are shown in Fig. 4. Those rectifiers have been widely
used in MHz WPT systems mostly due to their high efficiency
and low harmonic contents [18], [19]. In the figure, Lo is
a choke inductor to block higher-frequency while passing dc
current. The shunt capacitor C; in this family of rectifiers also
provides an additional degree of freedom to design the rectifier
input impedance, Z,e. in the above Fig. 2.

A. Impedance Features of Class E Family of Rectifiers

Fig. 5 shows the input impedances of the Class E family of
rectifiers with a varying Ry,. The below variables are defined to
describe the rectifier input impedance variation, including the
reactance variation range |AXreCJ, resistance variation range
|ARyec|, and average resistance Ryec:

|Achc| = |chc,max - chc,min| )
|ARrec| = |Rrec,max - Rrec,min| 5 (1)
R max
= fRLL;nin Rrec dR1
Rrec = .

RL,max - RL,min

And the relationships of |AXec| and R.e. versus the diode
shunt capacitor C; are shown in Fig. 6.

Compared with the conventional full-bridge rectifier, the
diode shunt capacitors C, provide the Class E family of rec-
tifiers with a unique ability to store and release energy. These
resonant rectifiers can be equivalently represented by a sim-
plified RoqCeq parallel circuit. Thus, their input impedances
can be straightforwardly expressed as:

_ Req . WCeqReq2
1 + WQCeququ ! 1 + (UQCquRQQQ

= Rrec +jXrecv
(2)

in which w is the operating frequency, and expressions of R
and C¢q are in Appendix. Based on Fig. 5, Fig. 6 and (2), the
below impedance features of the Class E family of rectifiers
are summarized as follows:

rec

1) reactance variation is much larger than that in the
resistance, i.e., |AX ec| > |ARyec

b}

2) reactance X, decreases monotonically when the load

Ry increases;

3) |AX,ec| and average resistance R,e. decrease monoton-

ically when C} increases.
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Fig. 7. Reflected impedance model.

B. Determination of Reactance Window Position

Fig. 7 shows the reflected impedance model of a WPT
system, in which Z.ot = Ryt + jXiet is the reflected
impedance, representing the loading effect of the receiving
side on the transmitting side. The resistance R,..¢ and reactance
Xyet Of Zier can be expressed as:

(WM)? (Ryee + Tux)
(Rrec + Trx)Q + (Xrec + Xcom)27

_(WM>2 (Xrec + Xcom)
(Rrec + rrx)z + (Xrec + Xcom)Q’

where X om = whyx— ﬁ is a fixed compensation reactance,
and M is the coupling coil mutual inductance (= k+v/Lix Lyx).
In the conventional design, X ., compensates the rectifier

input reactance X, to achieve full resonance on the receiving

Rref = (3)

Xref = (4)



side [20]. However, this full resonance obviously cannot
maintain within a wide load range. In Fig. 7, the total reactance
of the receiving side X is equal to:

1
Xo = Xiee + Xcom = Xyee +wlpy — (5
wCix

It decreases monotonically with an increasing load Ry,, due to
the fixed X.om and decreasing X,.. [see Fig. 5].
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From (3)—(5), a general relationship between the reflected
impedance Z,.f and X is summarized and shown in Fig. §,
assuming an almost constant R,... Note that from the above

impedance feature (1), |AXiec| > |ARyec|. Here the blue
line in Fig. 8(a) is the reflected reactance X, and the
purple line in Fig. 8(b) is the reflected resistance R .f. With
a fixed C; and a specific load range, the range of the rectifier
reactance variation |AX,.| is also fixed, such as the blue
“window” representing |AX,e.| in Fig. 8(a). Through this
“window”, the variation trend of the reflected impedance can
be observed. Because the value of X, changes with a
different compensation capacitor C', from (5), the “reactance
window” shifts along the X axis with different C\y’s, as
shown in the above two subfigures.

Again, in the conventional design, C}x is simply tuned to
fully compensate the rectifier reactance. Thus, the “reactance
window” is in the red zone shown in Fig. 8(a). Unfortunately,
this results in a sharp variation in the reflected reactance
(AX,ef,m) when Ry, changes. As shown in the subfigure, the
best reactance compression is achieved when the “reactance
window” is located in the two green zones, in which Xt
smoothly changes around its peak value, namely a much
smaller reactance variation [see AX,erc and AXierp in
Fig. 8(a)]. Therefore, the two design parameters on the receiv-
ing side, C}x and C; that decide the position of the “reactance
window” and its width, should be accordingly determined
to enable the best reactance compression performance. Note
that moving the reactance window from the red zone to

the green zones may slightly sacrifice the coil efficiency
(namely, deviation from the full resonance) and thus lead to
a higher coil conduction loss. Meanwhile, as shown in the
following experiments in Section VI, it significantly improves
the PA efficiency under a wide load variation, which eventually
contributes to a high system efficiency.

Based on (4) and dd)gng = 0, the two peaks of the green

zones, X ¢ and X 1, can be derived as follows:

XO,C = _Rrec — Trx; (6)

XO,L = Rrec + rx, (7)

which both relate to the resistances of the rectifier and receiv-
ing coil. Good reactance compression, namely small AX,q¢ ¢
and A X, 1, in Fig. 8(a), can then be achieved by positioning
the “reactance window” around the two peaks. As shown in
Fig. 8(b), when the “reactance window” locates around the
negative Xy c, the receiving side works in a capacitive opera-
tion, and R,¢s decreases monotonically with an increasing final
load Ry,. Considering the power conservation, the relationship
between the final dc output voltage U, and transmitting coil
current [, is:

®)

Thus, a constant transmitting coil current is needed for a stable
final dc output voltage, i.e., a current source.

On the other hand, when the “reactance window” locates
around the positive Xg,, the receiving side operates induc-
tively, and R,.f increases monotonically with the increasing
load Ryp,. Again, the relationship between the final dc output
voltage U, and PA output voltage amplitude across its load
resistor Upa r is as follows:

2 2
Upa,R _ Uo
Rref RL

This results in a close-to-proportional relationship between

Upa,r and U,, requiring a constant-voltage PA for a stable
final dc output voltage, i.e., a voltage source.

)

IV. PARAMETER DESIGN ON RECEIVING SIDE
A. Determination of C; and C\y

Here, the reflected reactance compression is novelly
achieved by designing C; and C,, namely the receiving-side
design but without adding any other components. From (5)-
(7), Cyx can be theoretically calculated to guarantee that the
middle of the “reactance window” always locates at X, ¢ or
Xo,r.. However, in actual scenarios, when Rp, changes, the
small variation in R,., which is assumed to be constant above
(i.e., |[AX ec| > |ARyec|), will slightly deform the X,¢f curve
in Fig. 8(a) [also refer to (4)]. Thus, the optimal “windows”,
i.e., the two green zones, in this subfigure needs to shift a bit
for the best reactance compression, namely searching for the
optimal Cly.

Form Fig. 6 and Fig. 9(a), it can be seen that a higher
C; leads to a more sharply changing X, curve, a narrower
“reactance window” and a larger AX,¢. On the other hand,
Fig. 9(b) shows that a lower C} corresponds to smaller R,ef’s,
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which may influence the maximum output power. Therefore,
in order to simultaneously 1) achieve a low reactance variation
range and 2) meet the maximum output power requirement, the
below efficient procedures in Fig. 10 are developed to obtain
the optimal sets of C; and C\, which is based on the analysis
results in the above section. Note that the parameters of cou-
pling coils (ryx, Ttx, Lrx, Ltx), mutual inductance coefficient
k, and final load variation range Ry, € [RL min, RL max]> are
usually pre-determined in a target application.

The minimum C. (i.e., Cy min) should be first determined
to guarantees the ZVS condition of the Class E family of
rectifiers. From the above analysis such as through Fig. 8(a),
it is known that, with a specific final load range, C, corre-
sponds to the “reactance window” width |AX,..|, and also
determines the locations of the two peaks, Xy c and Xgy1,.
Then the above theoretically calculated C\y is further fine
tuned to achieve the best reactance compression. This greatly
reduces the effort in a random search of C,.. Therefore, the
relationships between |AX,er| and Ryefmin can be quickly
plotted under different C\’s, such as shown in Fig. 11(a) for
the inductive operation. The optimal C) lies on the dashed
curve in the subfigure, along which each R,ct min corresponds
to the smallest |AX,cf|. The dashed optimal curve for the
capacitive operation can be similarly obtained, as shown in
Fig. 11(b).

The optimal curves in Fig. 11 show the results of the
parameter design optimization, taking the constant parameters
of coupling coils in Table I and a full-wave Class E rectifier
as an example. In Fig. 11, each point of the optimal curves
uniquely corresponds to a set of design parameters (i.e., C.
and Cpy). As discussed above, when the receiving side is
tuned into the inductive operation, the PA should provide
a constant voltage Up, r. Therefore, R,ef min in Fig. 11(a)
determines the maximum final dc output power. Then, C\ and
Cyx can be determined to meet the power requirement and
locate over the optimal curve in Fig. 11(a). Similarly, when
the receiving side is tuned into the capacitive operation, a
constant transmitting coil current (i) is required, which can
be achieved by the LCC compensation network. Again, the
optimal curve in Fig. 11(b) can guide to determine C, and
C,x based on the power requirement.

TABLE I
EXAMPLE PARAMETERS OF COUPLING COILS.
Fre Lix Ttx Lirx Trx k RL,min RL,max
[MHz]  [pH] [ [uH] [Q] - [ [
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Fig. 10. An efficient procedure to obtain the optimal sets of C; and Crx.
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B. PA and Compensation Design

As mentioned above, |A X,¢¢| can be effectively compressed
based on the proposed design of the receiving side (i.e., C;
and C,x). This makes it possible to directly apply the existing
PA and compensation network design into wide load-range
MHz WPT systems, such as systems with the modified Class
E PA using a finite inductor and classical LCC compensation
network.

Lg Upa

TFT

Fig. 12. PA with different compensation networks. (a) Modified Class
E PA using a finite inductor. (b) Series compensation network. (c) LCC
compensation network.



1) Voltage Source Design: As shown in Fig. 12(a), the
modified Class E PA, which uses a finite inductor Ly, can
provide a constant output voltage over a wide range of the
PA resistive load due to the resonance between Ly and the
switch parallel capacitor Cs. Thus, the PA can work as a
voltage source when combined with a series compensation
network [see Fig. 12(b)]. Meanwhile, this PA is also known
to be sensitive to the load reactance variation and small load
resistance [7]. However, thanks to the above proposed reac-
tance compression, the PA parameters can be straightforwardly
determined, such as described in [7], [8]. With a specific
input dc voltage Uy, and required maximum PA output power
Ppa,max, the minimum PA load can be calculated as:

(1.58U4c)°

- 2Ppa7max - chf,mm + Tix.
Based on the value of Rict min=(Rpa,min — Trx) calculated in
(10) and the optimal curve in Fig.11(a), the parameters of
the receiving side, C; and Cyy, can be determined. The PA
parameters, Ly and Cg, can also be calculated according to
Rpamin [7]. Then Cyy can be accordingly designed using (11),
in which X, corresponds to the minimum dc load (i.e., the
maximum output power) [8]:

Rpa,min (10)

jwlix + L 4 jXrer = j0.2663wLp.
.]WCtx

2) Current Source Design: The LCC compensation net-
work in Fig. 12(c) can be used to transform a voltage source
into a current source under a varying load resistance [14].
However, the current source operation can not be guaranteed
when there is a large variation in the reflected reactance
X,et- Again, through the proposed reactance compression, the
classical LCC network can fully achieve its design target, i.e.,
enabling a current source. The characteristic impedance of the

LCC network Xi,cc is [14]:

XLCC = \/(th + Rref,max) Rpa,min =

(1)

Ot (12)
In order to achieve the smallest possible |AX,¢¢|, C; needs to
be small and at the same time guarantee the ZVS operation
of the full-wave Class E rectifier over the target load range;
Then, from the optimal curve in Fig. 11(b), the corresponding
Cix and Rief max can be determined to calculate the LCC
network’s characteristic impedance in (12). Then Cyy can be
designed based on (13),

1

Xrcc = Xpet +whiyx — .
UJCtx

13)

V. DESIGN OF EDGE INDUCTOR
A. Optimal Design

The above proposed receiving-side design concept provides
effective compression of the reflected reactance variation. It
enables a straightforward application of the existing modified
Class E PA. Meanwhile, as explained in the introduction,
unlike the traditional Class E PAs using infinite inductors,
the modified Class E PAs in Fig. 12(a) employ a finite
inductor. In practice, separate bulky finite inductors in the PAs
greatly enlarge the size, especially in the height. Thanks to

the simplicity of the above PA and compensation designs, an
novel edge inductor becomes worthy to implement a high-
performance inductor and achieve compactness. As shown in
Fig. 13, d is the trace width of the edge inductor; Dy, and
D;,, are the outer diameter and inner diameter, and Diy min
is determined by the PCB layout. The existing formula for
the design of planar spiral inductor can be used to estimate
the required size and shape of the PCB according to a target
inductance Lg [21]:

N2D,ye A A
L= % {m (;) + Asp + A4p2] . (19

where po is the vacuum permeability; N is the turns of the
spiral inductor in a single layer; p is the fill ratio that is defined

as Dout=Din. D, is the average diameter of the PCB trace
(.e.,

Dows D
%D“‘); and A;’s i = 1,...,4) are the coefficients
depending on the shape of the PCB winding.
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Fig. 13. PCB layout of the edge inductors. (a) Circular. (b) Square.

In order to further enhance the compactness, both the top
and bottom layers are utilized for the winding. In a double-
layer PCB design, the edge inductor is equivalent to a cascade
of two windings, and its total inductance is:

Ltotal = Ltop + Lbottom + 2Medg67 (15)

where Lo, and Lyottom are the inductances of the top and
bottom windings. They can be calculated by (14). And Meqge
is the overall mutual inductance between the top and bottom
windings. It can be obtained by summing the partial mutual
inductances between windings in the two layers [22]. The dc
and ac resistances of the edge inductor are:

le B te
d-itc’RaC = Rdcid (1 - 6_%> )

where p, is copper resistivity; . is the length of edge inductor
including the top and bottom windings; . is the thickness of
PCB copper layer; d is the width of inductor trace; § is the

skin depth that is equal to \/2pc/,ucw-

For 1) a high efficiency of the edge inductor and 2) compact
circuit design, the below bi-objective optimization problem is

Rye = Pc (16)



formulated:

OBJ1 :min R,

mDpcp (Doutz - Din,minz) for Cir.
Dpcg (Dout” = Dinymin~)  for Squ.

|Ltotal - LF‘
e <K
e < 3%

Dout —2d Z Din,min
Dout S Dout,max

OBJ2 :min Vegge = {

s.t.

(17)
In the above optimization problem, the design variables are
outer diameter D, trace width d, and winding turns N
of both top and bottom layers. The first constraint defines
the tolerance (3% here) for the deviation from the target
inductance Ly (i.e., required inductance in the PA design);
Diy, min 1s determined by the components layout; and Doyt max
limits the area of the PA board.

TABLE I
DESIGN PARAMETERS OF AN EXAMPLE MODIFIED CLASS E PA.
Udc Ppa,max Rpa,min kf LF
12V 25 W 7.19 Q 1.3~1.5 160 ~ 190 nH

Target design parameters of an example modified Class E
PA are shown in Table II. Ratio k; is defined to balance
the resonance losses and load modulation range, and the
target inductance Ly can then be determined [7]. Assuming
Dinmin = 21 mm and Dgygmax = 30 mm, the above
optimization problem in (17) is solved by sweeping the design
variables D,y and d and the results are shown in Fig. 14. In
the present parameter setting, only N = 1 (one turn in each
layer) has a feasible solution. It is interesting to note that the
circular edge inductor has better performance (i.e., smaller R,
under the same V.qqe along its Pareto front) to implement a
smaller inductance, while the square one is better for a larger
inductance, as respectively shown in Fig. 14(a) and (b).
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Fig. 14. Optimization of edge inductor. (a)Lr = 170 nH. (b)Ly = 190 nH.
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(a) (b)
Fig. 15. Edge inductor models. (a) Square: Doyt = 25.4 mm. (b) Circular:
Doyt = 26.2 mm.

The designs at B and C in Fig. 14 are chosen, whose induc-
tances are equivalent to the widely-used commercial inductor
22225Q-161 / 181 from Coilcraft [see Table III]. As shown in
Fig. 15, design B corresponds to a circular edge inductor with

Doy = 26.2 mm, d = 1.8 mm and Ly = 165 nH, and
design C is a square one with Dy, = 25.4 mm, d = 1.8 mm
and Liota = 185 nH.

TABLE III
MEASURED PARAMETERS OF INDUCTORS OPERATING AT 6.78 MHZ.

Type L ESR @  Height Volume

[mH] [mQ] [] [mm] [mm3]
Circular Edge Inductor 165 84 84 1.6 308
Square Edge Inductor 188 93 86 1.6 327
Coilcraft 2222SQ-161 160 130 52 6 318
Coilcraft 2222SQ-181 180 140 52 6 331

Table III lists the measurement results of the above two edge
inductors and commercial Coilcraft inductors. It can be seen
that the edge inductors can achieve a similar inductance, a
higher quality factor, and significantly reduced height (73.3%
reduction). These improvements not only enhance the com-
pactness but also the efficiency of a final MHz WPT system.

B. Cross Coupling Analysis

Since the design of the edge inductor aims to achieve a
compact PA, it always requires a small inductor both in size
and inductance. As shown in Fig. 16(b), the mutual inductance
between the edge inductor and transmitting coil (M) is also
small, according to the simulation and test results. Even the
edge inductor is very close to the transmitting coil (0 mm), the
mutual inductance is only 15 nH. When the distance is greater
than 1 cm, the mutual inductance rapidly drops to less than
6 nH. If the shielding measure in the following subsection is
applied, M, will be further reduced.

20,

— @ - Without shiclding (sim.)

—A— Without shiclding (test)

171 I S — @ With shielding (sim.)
—A— With shiclding (test)

A
PA with I N
Edge Inductor S — - ,‘:\‘,\

) Transmitting 0

020 30 40
Distance (mm)

(@ (b)
Fig. 16. Cross coupling analysis. (a) Schematics. (b) Mutual inductances
between the edge inductor and transmitting coil (“sim.”: simulation).

Assuming that the ac current in Ly is a triangle wave
because of the small inductance and high frequency switch.
This current lags the switch signal by 90 degrees and the
amplitude of fundamental current in L is

. 4Udc
Tgcr = —j

TwLp’ (18)

The induced voltage in the transmitting coil due to the cross
coupling is
19)

For the voltage-source design, based on the edge inductor’s
winding direction, the influence of the cross coupling on the
transmitting coil current can be represented by the below
current ratio [8]:

UF,tX = jchIdcl

’

I 1.58Uqc £ U 4« M.
R= "%~ " % 514087 20
Iix 1.58U4¢ Ly’ 20)



where It/X is the coil current with the cross coupling. From
Fig.16(b), M. is much smaller than Ly, which indicates a
negligible current variation caused by the cross coupling.
For the current-source design, iy is close-to-constant and
with the same/opposite phase of I4.; due to the LCC compen-
sation network. Therefore, the cross coupling causes a small
reactance variation A X .55 and can be compensated by Ciy.

Ur tx wM 14 M,
AXeross = " |IF"3| |~ e & 08X 00 )
o Krco F

C. Shielding Analysis

Practically, due to its planar structure, the use of the
edge inductor may cause a more obvious electromagnetic
interference (EMI) problem compared with the air-core in-
ductor. Shielding measures can be utilized in EMI-sensitive
applications. As shown in Fig. 17(c), the “magnetic coat”
using flexible magnetic sheets (such as IBF15-180DD from
TDK corporation) could effectively restrain the magnetic flux.
Note that the “magnetic coat” increases the inductance. Thus,
in order to achieve the similar inductance, the edge inductor
in Fig. 17(c) only has one turn and its size is slightly larger.

2 turns trace

Li=165 nH

(b)

1 turn trace
b

3.5mm

33 iy,

2.106402
150002

| | 150402
120802

s.00E01

concs
l; -
O

16.5 mm

L 4

Li=162 nH

\Magpnetic Coat

(©) @
Fig. 17. Shielding measure. (a) Model without “magnetic coat” (two-turn
inductor). (b) Magnetic field simulation without “magnetic coat” (two-turn
inductor). (c) Model with “magnetic coat” (one-turn inductor). (d) Magnetic
field simulation with “magnetic coat” (one-turn inductor).

Layer Copper

The shielding also suppresses the inductance change of the
edge inductor, which is particularly helpful when there is
a metal case or heat sink nearby. As shown in Fig. 18(a)
and (b), using the “magnetic coat”’, the inductance change
is reduced by more than two-thirds under the same vertical
distance (2 mm) of an aluminum plate. On the other hand,
the modified Class E PA with a finite inductor (i.e., the edge
inductor here) in Fig. 12 utilizes the resonance between Ly and
Cs to achieve its ZVS operation. Based on [7], a smaller Lg
still guarantees the ZVS operation [see Fig. 18(c)]. The actual
environments could be certainly much more complex, which
require comprehensive simulation to investigate and improve.

VI. PROTOTYPES AND EXPERIMENTS

A compact 6.78 MHz WPT prototype with 20 W maximum
output power is built to validate the proposed reactance com-
pression and edge inductor design. And conventional design

Li=110 nH

00 . 200
Time (ns)
(©)

Fig. 18. Inductance changes under the same 2 mm vertical distance of an
aluminum plate. (a) Magnetic field simulation without “magnetic coat”. (b)
Magnetic field simulation with “magnetic coat”. (c) PA switch simulation
waveforms (C's = 2000 pF).
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Fig. 19. Experimental system. (a) Setup. (b) PA sizes using the edge inductor
and commercial air-core inductor.

of the is also applied for comparison purposes. The prototype
system in Fig. 19(a) consists of a PA using the circular
edge inductor, coupling coils and a circular full-wave Class E
rectifier, namely a new compact “coin”-shaped WPT system.
The diameters of the coupling coils are both 7.2 cm and
transfer distance is 2.5 cm. In Fig. 19(b), the PCBs of the
PA and rectifier have almost the same size with a coin (25
mm in diameter). Compared with the PA using the commercial
air-core inductor 22225Q-161, the PA using the edge inductor
obviously decreases its height, namely improved compactness.
DFLS240 is used as the rectifying diode. GaN MOSFET
GS61004B is chosen as the PA switch, and is driven by
LM5114BME. It should be noted that the parasitic capacitors
of the components are considered in the following parameter
design.

A. Conventional Designs

In the following experiments, the conventional receiving
side design is based on Ref. [18], in which the shunt ca-
pacitance C; is chosen to achieve D = 0.49 duty cycle of
rectifying diodes under the minimum dc load, i.e., Ry, = 5
here. This enables the highest output power capability of the
Class E rectifier. C is then determined to fully compensate
the rectifier input reactance under an intermediate dc load
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Fig. 20. Experimental results of the voltage-source prototype (“cal.”: calculation;

THD vs RL.

(Ry=15 Q) to improve the robustness of the final WPT system
in a straightforward manner, when there are variations in the
final load.

In the voltage-source prototype, Cix can be designed based
on either the minimum dc load or intermediate dc load, namely
a different focus on the maximum output power or robustness.
Thus, after determining C, and C\y, there are two possible
designs of Cly using (11):

o Conventional design #1: Ciy is determined when Xif

corresponds to the 5 €2 dc load.

o Conventional design #2: C\, is determined when X, ¢

corresponds to the 15 € dc load.

As to the current-source prototype, due to the existence of
the LCC compensation network, Ci, can be mainly designed
to meet the requirement of maximum output power. Therefore,

o Conventional design #3: Cix is determined to match
Xi,cc with the 5 € dc load [refer to (13)].

TABLE IV
DESIGN PARAMETERS OF VOLTAGE-SOURCE PROTOTYPE.

Design Cy Cix Cix Lp Cs

[pF]  [pFl [pF] [nH] [pF]
Proposed Design 2100 616 510 165 1800
Conventional Design #1 800 763 472 165 1800
Conventional Design #2 800 763 423 165 1800

B. Voltage-source Prototype

The design parameters of the voltage-source prototype are
listed in Table IV. In the proposed design, the shunt capac-
itance C, and the compensation capacitor on the receiving
side Cyx are determined from Fig. 11(a) with Rycfmin =
7.1Q [refer to Table II]. Fig. 20(a) shows the results of the
PA output impedances (Z;,, = Rpa + jXpa). Thanks to the
proposed reactance compression design, compared with the
conventional design, the variation in the PA output reactance
is compressed almost three times. The PA output resistance
increases monotonically in an almost linear manner with an
increasing Ry, when the receiving side is in the inductive
operation. This characteristic is suitable for a voltage source
that provides the maximum output power under the minimum
dc load and maintains a relatively constant output voltage.

Furthermore, Fig. 20(b) compares the PA input voltage
and final output voltage. Note Uy, r represents the voltage
amplitude across the PA output resistance. With the proposed
design, the final dc output voltage U, only has 8% fluctuations
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Fig. 21. PA drain-source voltage waveforms under 5, 25, and 50 £ dc
loads. (a) Proposed design for the voltage-source prototype. (b) Conventional
design #1 for the voltage-source prototype. (c) Conventional design #2 for
the voltage-source prototype. (d) Proposed design for the current-source
prototype. (e) Conventional design #3 for the current-source prototype.

(@

over a wide load range (5-50 €2), but without any additional
hardware and active control. This greatly improves the output
voltage stability through a simple and compact circuit config-
uration. Thanks to the stable reactance, the PA can always
maintain its ZVS operation and high efficiency in a wide
range of final dc load, as shown in Fig. 21(a). In contrast,
the PA through the conventional designs either increases the
parallel diode conduction time or significantly deviates from
the ZVS operation when Ry, varies, as shown in Fig. 21(b)(c).
Therefore, the proposed design enables high and stable system
dc-dc efficiency n over a wide load range, considering all the
losses from PA to rectifier [see Fig. 20(c)]. In addition, the
larger shunt capacitor C; leads to a smaller duty cycle of the
rectifying diodes, which causes a lower THD compared with
that in the conventional design [18].
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Fig. 22. Experimental results of the current-source prototype (“cal.”: calculation; “sim.”: simulation). (a) Zcoi1 VS Rr. (b) Itx and U, vs Ry,. (c) n and

THD vs RL.

C. Current-source Prototype

As mentioned in Section IV-B2, a classical LCC network
can be added to the modified Class E PA to enable constant
current excitation of the transmitting coil. The PA parameters
Ly and Cg are as same as the values in Table IV. And
the receiving side should work in a capacitive operation.
Because the LCC network provides additional design freedom,
C; can be directly chosen around 800 pF, as same as in
the conventional design, to guarantee the 0.49 duty cycle of
the rectifying diodes and minimum |A X,¢|. Then, according
to Fig. 11(b), Riefmax is equal to 15 2. And from (12),
the required LCC network characteristic impedance Xi,cc
is 10.35 Q. Other LCC network parameters can then be
determined accordingly [14]. All the design parameters of the
present prototype are listed in Table V.

TABLE V
DESIGN PARAMETERS OF CURRENT-SOURCE PROTOTYPE.
DESigH Cy Crx Cix Lnet Co Chet
[pF]  [pFl [pF] [nH]  [pF]  [pF]
Proposed Design 800 468 435 307 22000 2200
Conventional Design #3 800 763 525 307 5700 3320

As shown in Fig. 22(a), compared with the conventional
design #3, the compression of the reactance variation in Xce;j
is over six times thanks to the proposed design. The coil
input resistance decreases monotonically with an increasing
Ry, which is a preferred characteristic for a current source.
As expected, over the entire load range, the amplitude of the
current in the transmitting coil (/) maintains almost constant
around 1.9 A with less than 3% fluctuations, i.e., namely a
current source [see Fig. 22(b)]. But the design procedures are
much simpler than that in the existing work [8], [20]. The
proposed design also enables a stable output dc voltage U,
with less than 8% fluctuations.

Similarly, the proposed current-source design always main-
tains the ZVS operation of the PA and thus a high system dc-dc
efficiency 7, as shown in Fig. 21(d) and Fig. 22(c). Meanwhile,
the larger reflected reactance variation in conventional design
leads to a smaller PA output resistance, which causes the hard
switching in Fig. 21(e) and the low system efficiency. Note
that because the rectifying diode shunt capacitor C; in the
both designs are the same, namely the almost same diode duty
cycles, the two designs show similar THD [see Fig. 22(c)].
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D. Coil Misalignment and No-load Condition

The MHz WPT is particularly known for its spatial freedom,
i.e., improved transfer distance and robustness against coil
misalignment. As shown in Fig. 23(a), the mutual inductance
coefficient k is measured over a wide range of coil misalign-
ment, 0-25 mm. Under the maximum 25 mm misalignment,
more than one third of the coil diameter, £(=0.18) is largely
reduced by 20%. According to (3)(4), this decrease of k
compresses the impedance curves in Fig. 8 along y-axis by
a fixed ratio, but the shapes of the curves still maintain.
Fig. 24(a) shows the PA output impedance Z,, when k
changes from the original 0.23 (i.e., zero misalignment) to 0.18
(25 mm misalignment), taking the voltage-source prototype
as an example. The PA drain-source voltage waveforms in
Fig. 24(b) validate that the PA can still work properly under
the large 25 mm coil misalignment.
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Fig. 24. Impedance variation and PA operation in the voltage-source proto-
type. (a) Comparison of PA output impedances. (b) PA drain-source voltage
waveforms under k£ = 0.18.

In addition, a no-load condition is usually challenging for
voltage sources. In the proposed voltage-source prototype,
Xier 1s negative and thus the series compensation network
on the transmitting side needs to provide a positive reactance
(wLiy — 1/wCix > 0) [see Fig. 8(a)]. Thus, in the extreme
condition of no load and maximum 25 mm coil misalignment,



this positive reactance still exists and continues to enable the
ZVS operation of the modified Class E PA, as shown by the
purple waveform in Fig. 24(b).

E. EMI Measurements

As shown in Fig. 25, a magnetic field probe and spectrum
analyzer are used to conduct EMI measurement under the
20 W maximum output power. With the same distances (2, 4,
6 cm) between the edge inductor and the probe, the measured
power spectrums in Fig. 25(b)(d) show obviously improved
EMI performance through the shielding measure discussed in
Section V-C.
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Fig. 25. EMI measurements. (a) Setup without shielding. (b) Power spectrum
without shielding. (c) Setup with shielding. (d) Power spectrum with shielding.

The edge inductor may slightly impact the gate drive signal,
as shown in Fig. 26. Attention should be paid to ensure the gate
driver loop wiring as short as possible and use small footprint
components. At the same time, as validated by the above
experimental results, the modified Class E PA works properly
when using the edge conductor. Note that in Fig. 26(b), the
phases of the two waveforms are intentionally shifted for better
observation.

+ Without Shielding
+— With Shielding
. ,

Time (ns)

(b)
Fig. 26. Gate drive waveforms. (a) Air-core inductor. (b) Edge Inductor with
/ without shielding.

VII. CONCLUSION

This paper proposes a novel receiving-side design concept
to compress the variation of the reflected reactance in MHz
WPT systems based on the input impedance analysis of Class
E family of rectifiers. This design concept guarantees the ZVS
operations and stable output voltage over a wide range of load,
but without the need of addition hardware. The two design
parameters of the receiving side are efficiently determined

through the observation and optimization of the positions of
“reactance window” to achieve the best reflected reactance
compression and meet maximum output power requirement.
The effective reactance compression enables straightforward
application of the exiting designs using modified Class E
PA and classical LCC transformation network. In addition,
thanks to the simplicity of the enabled PA and compensation
designs, the edge inductor becomes worthy to replace the
bulky air-core finite inductance in the modified Class E PA,
which further improves the compactness, especially in the
height. The experimental results well validated the improved
performance and compactness via the proposed receiving-side
design concept and edge inductor over 5-50 €2 load range.

APPENDIX

Each Class-E-family rectifier has its different expressions
of Req and C,q. Here, the full-wave Class E rectifier is taken
as an example.

—(a—1¢)* = (b+ d)*2C,7w

Feq = 2C, 7w (a — ¢) @2)
Co = 220r7r (b+ dz) (23)
(a—¢)" = (b+d)2C,7w
in which a, b, c,d are
a=38(—1+ D)mrcos(p)sin(p + 27 D)
b=4(—1+ D)nsin(p) [1 + 2sin (¢ + 27D)] 4)

¢ =4+ cos(2¢) —4cos (2nD) — cos [2 (¢ + 27 D)]
d = —sin(p) — 4sin (27D) + sin [2 (¢ + 27 D)] .

The shunt capacitor C, and dc load Ry, jointly determine the
duty cycle D and phase ¢.

1 1 T

C,=——|—-=(1-D)
wRL 47 2( ) +
27 (1 — D) cos (¢ + 2mD) —sinp 25)
47 sin (p + 2w D)
tan o = 7 (1 — D)sin (2rD) + sin? (7 D)

7 (1— D)cos (2nD) + sin (7D) cos (tD)
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