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Abstract—For multiple-receiver wireless power transfer
(WPT), a scalable solution is desired that functions with
changing number of receivers. Meanwhile, challenges lie in
differences in load characteristics, power level, and cross
coupling between the receivers. This paper employs Class
E? dc-dc converter topology for the multiple-receiver WPT
systems working at megahertz (MHz). The shunt capaci-
tor capacitances of the Class E rectifiers and magnitude
of constant output current of the current-mode Class E
power amplifier are chosen as design parameters aiming
at decoupling the received power of each receiver. Design
procedures are developed to simultaneously achieve high
efficiency and desired individual load powers over a target
variation range of the cross coupling. An experimental
6.78-MHz three-receiver WPT system is optimally designed.
The system is shown to be capable of providing different
target load powers (10, 8, 6 W) and maintaining a high
system efficiency (above 70%) with different combinations
and positions of the receivers.

Index Terms—Cross coupling, efficiency, load power dis-
tribution, multiple-receiver wireless power transfer (WPT),
scalability.

[. INTRODUCTION

Megahertz (MHz) wireless power transfer (WPT) is now
being considered as a promising candidate technology for the
mid-range transfer of a medium amount of power. It is largely
because a higher operating frequency such as 6.78 MHz helps
to improve the spatial freedom of the power transfer, and also
enables more compact and lighter WPT systems. Especially,
MHz WPT makes it possible to charge multiple receivers
with a single transmitting coil, namely multiple-receiver WPT
systems. The conventional single-receiver WPT systems have
been intensively investigated in recent years such as on power
amplifiers (PAs) [1], rectifiers [2], and system-level design and
control [3], [4]. The less-common multiple-receiver WPT sys-
tems also attracted interests. For example, multiple operating
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frequencies, mostly for systems working at kilohertz, were
applied to simultaneously transfer power to multiple receivers
with different resonant frequencies, and thus meet respective
power demand of each receiver. The circuit topology of the
multiple-frequency power source will become complicated
with an increasing number of receivers [5], [6]. In addition,
the narrow industrial-scientific-medical (ISM) band imposes
limitation on choosing the available operating frequencies [7].
Time division schemes were proposed that naturally avoid
the influence of cross coupling among receivers [8], [9].
Since only one receiver is powered at one time, this approach
simplifies the operation of a multiple-receiver WPT system,
but compromises the duration to transfer a preferred amount
of energy. Additional communication and control efforts are
also required for its implementation. Placement of different
number of receivers was designed to achieve identical load
power for each receiver and maintain the same optimal oper-
ating frequency [10]. In both analysis and experiments, load
resistances being connected to receiving coils were assumed to
be identical. A game theory-based strategy was developed to
actively control the power distribution among the receivers. Its
implementation requires dedicated dc-dc converters and com-
munication between the transmitting and receiving sides [11].

As mentioned above, for MHz WPT it is challenging
to adjust the resonance frequency due to the narrow ISM
band. Usually a fixed frequency, again such as 6.78 MHz, is
preferred. Note that the 6.78 MHz is the lowest frequency in
the globally accepted ISM (industrial, scientific, and medical)
bands. It is the only frequency currently recommended by
ITU-R (International Telecommunication Union Radiocommu-
nication Sector) for consumer device wireless power transfer
thanks to its minimal or non-existent impact to other licensed
bands [7]. For a higher operating frequency at the ISM bands,
such as 13.56 MHz or 27.12 MHz, it further improves spatial
freedom, but increases switching loss and driving loss, and
presents additional challenges for circuit design (e.g., PCB
layout and components selection) and coupling coil design
(e.g., low self-resistance). During the operation of multiple-
receiver WPT systems, the uncertainties are mostly from
the changing number of receivers, and their different sizes,
positions, power requirements, and load characteristics. The
interactions between the receivers, i.e., the cross coupling,
also significantly influence the overall performance [12]. Thus
a design methodology is particularly needed to achieve a
multiple-receiver WPT system operating in such a dynamic
environment, i.e., with a scalable number of receivers. This



scalable solution should be capable to always provide the de-
sired specific load power of each receiver when other receivers
join or quit the charging, while at the same time maintain
a high system efficiency. Targeting on real applications, the
solution is expected to be as concise as possible, especially
in circuit configuration. This requires proper selection of
circuit topology and corresponding parameter design. The final
solution should not only meet requirements at the nominal con-
dition but also maintain a stable performance (e.g., efficiency
and distributed load powers) when the uncertainties occur such
as changing number of receivers and cross coupling.

Based on the above considerations, this paper proposes
a systematic circuit design methodology to realize multiple-
receiver MHz systems that operate with a scalable number of
receivers. This design methodology is particularly useful for
the applications where the receivers have different load char-
acteristics, different power levels, and changing relative posi-
tions in a common wireless charging area (e.g., smartphones,
smartwatches, and earbuds). A Class E? dc-dc converter
topology (i.e., with both Class F PA and Class F rectifiers) is
selected due to its high efficiency, namely the soft-switching
property, when working at MHz. Another purpose of choosing
the Class FE rectifiers is to provide a degree of freedom to
design the rectifier input impedances, and thus adjust the
received power in individual receivers and improve system
efficiency, via properly selected shunt capacitor capacitances
of these rectifiers. The output current of a modified current-
mode Class £ PA and shunt capacitor capacitances of the
respective Class E rectifiers in the receivers are particularly
chosen as design parameters. They are optimally designed
to maintain desired load power of each receiver and high
efficiency at the same time. The influences of the cross
coupling are analyzed and reflected in the design optimization
problem, which is formulated to take the variations in number
of receivers and cross coupling into account. The proposed
solution takes unique advantages of the Class E? topology,
especially its high efficiency at MHz and possibility to design
the rectifier input impedances through choosing different shunt
capacitor capacitances of the Class E rectifiers. This solu-
tion enables a high efficiency multiple-receiver WPT system
with a scalable number of receivers, i.e., decoupled load
power distribution. Besides, its implementation does not need
complicated circuits and control schemes mentioned in the
above existing works [5], [6], [8]-[11]. Both the following
theoretical analysis and design methodology add new insights
into the development of efficient and robust multiple-receiver
WPT systems that work in dynamic environments.

Il. DERIVATIONS AND ANALYSIS
A. Power Distribution Mechanism

Fig. 1 shows the proposed Class E? multiple-receiver WPT
system working at 6.78 MHz. It consists of one transmitter
TX and n receivers RX; (¢ = 1,...,n). For the scalability
of the multi-receiver system, a II impedance transformation
network (L,,n, Cmi, and C,,,.) is added after the classical
Class F PA to form a current-mode (CM) Class E PA. Note
that in the following discussions, the CM Class E PA refers

to the combination of the classical Class £ PA and the II
impedance transformation network, as shown in the circuit
model of the transmitter in Fig. 1(a). This PA is designed
later in Section III-B to provide an almost constant output
current over a wide range of loading conditions. Unlike the
finite inductor of the resonant Class E rectifier in [13], Ly,
of the i-th rectifier in this paper is an infinite RF choke
inductor that provides a dc current path for the rectifier output
current [3]. The rectifier works like a Class £ PA with an
infinite RF choke. The shunt capacitor C).; shapes the diode
voltage and turns the diode on and off at low dv/dt, reducing
the switching loss and noise [14]. This paper proposes the
design of the rectifier shunt capacitors, C, ;’s, that tunes the
powers received by individual receivers, and at the same time,
maintains a high system efficiency. Note that here the diode
parasitic capacitors are absorbed into their respective shunt
capacitors. In general, the shunt capacitors are much larger
than the diode parasitic capacitances. Thus, during circuit
analysis, the variance of the diode parasitic capacitances is
usually assumed to be negligible. In the figure, 7y, 77z i,
rL, i and rp, ; are the equivalent resistances (ESRs) of the
transmitting coil (Cy; and Lyy), receiving coils (Cp,; and
L, ;), rectifier RF choke (L ;), and rectifying diodes D,.;,
respectively.

Fig. 1(b) gives the simplified equivalent circuit of the
multiple-receiver WPT system, in which the CM Class E' PA
is represented as a constant current source (I;5) and the input
impedance of the Class E rectifier is R,cc; + jXyec,i- Note
that bold symbols in this paper denote complex quantities and
vectors. ky; is the mutual inductance coefficient describing the
coupling between T'X and RX;; k;; is the mutual inductance
coefficient representing the cross coupling between RX; and
RX;.

The compensation capacitors, Cy,; and C,,;, should be
designed to make the coils, both the transmitting and receiving
ones, fully resonant to improve power transfer capability and
efficiency, i.e.,
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where X,..; is the input reactance of the i-th rectifier at
the operating frequency, 6.78 MHz here, namely a non-pure-
resistive input impedance of the rectifier [refer to (8)]. Apply-
ing the Kirchhoff’s Voltage Law (KVL) gives the relationship
between the input voltage (Vix) of T'X and currents (Iyx and
I.xi’s) of T X and RX;, as shown in (3). M;; and M;; are
the mutual inductances among the coupling coils,

Mti = kti V Lt:ELTI,iv (4)

Mij = kij Ly Ly, j- 5)
From (3), the ratio of I, ; and I;x can then be solved as
Irx i
R ri— 7’, 6
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Fig. 1. Class E? multiple-receiver WPT system. (a) Circuit model. (b) Equivalent circuit.
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As shown in (7) taking £ in a three-receiver WPT system
as an example, Ry, ; is determined by M;; and M;;, ESRs
of the receiving coils (r,4,;’s), and input resistances of the
rectifiers (R,¢.,;’s). The input impedances of rectifiers, Zyec i,

(i.e., Ryec,i too) can be derived as follows,
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of the rectifying diode D, ;, respectively [15]. As shown in
the below equations, (11)(12), ¢,ec,; and D;, as well as X .. ;,
relate to Ry, ;. For the half-wave Class E rectifiers, their output
currents can be determined as (i.e., the values when wt = 0)

IRL,i = sin ¢7’ec,i|1rx,i|7 (10)

where

1 —cos2nD;
sin(27D;) + 27 (1 — D;)
It is known that in the Class E rectifier the relationship among
D;, Ry ; and C,.; is
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which is due to the relationship among average voltage across
the diode D, ;, rectifier dc output voltage, and dc voltage drop
on the RF choke Ly ;, as derived in [3]. Thus the duty cycle
D, can be designed by choosing a proper shunt capacitor
Cyi. This C,.; will influence ¢, ; and R, ;, and eventually
Ry i [refer to (8)(11)].

From (6) and (10), the power received by the i-th load can
be calculated as

Pr,.i = Ir, i R0i=(sn ¢reci|Rers||Tex|) Rri.  (13)



Again, C,; can be properly designed to tune ¢,ec i, Rer i,
and thus Pg, ;, namely the power distributed to a specific
load in the multiple-receiver WPT system. With (6) and (13),
the overall power transfer efficiency from the transmitting coil
to the final loads, 7¢oii2i0ad, can be calculated as in (14). It
can be seen that the efficiency also relates to C.. ;. A design
methodology is required to determine the values of C);’s
taking into account both the power distribution and efficiency
at the same time, as discussed later in Section III-A.
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B. Performance Analysis

In this paper, a planar multiple-receiver WPT system is
assumed, in which the coupling between the transmitting
coil and each receiving coil, namely k;;, is supposed to be
fixed. Note that coil design has been intensively studied to
achieve homogeneous coupling against different horizontal
misalignments [16]-[18]. Meanwhile, the coupling (i.e., dis-
tance) between the receiving coils, namely, k;;, could vary
in real applications. But, in a limited wireless charging area
such as over a charging mat, the variation range of k;;’s
is usually predictable according to the maximum/minimum
distances between the receiving coils.

1) Negligible cross coupling: It is known that in the planar
WPT systems the cross coupling between the receiving coils
is negligible (i.e., k;; ~ 0) when the distance between the
two coils are sufficiently large. Assuming negligible cross
coupling, (3) can be further simplified by letting all the M;;’s
be zero. Ry,; with negligible cross coupling can then be
derived as

Irx i jWMti
Repj = =4 = — . 15
e Itx Tra,i + R'r‘ec,i ( )
Substituting (15) into (13) gives (16).
WMti|Itx| sin ¢rec i 2
Pr, i = i) Ry, 16
Rt ( Trai + Rrec,i b ( )

in which a constant Iy can be provided by the CM Class
E PA. M, is also fixed. As discussed above, both ¢rcc
and R,..; are determined by the value of C, ;. Thus with
negligible cross coupling, a decoupled multiple-receiver WPT
system can be achieved, in which the distributed power to
each load is solely determined by the design of C) ;. In princi-
ple, this decoupled load power distribution is straightforward
with a constant PA output current. Meanwhile, in terms of
implementation, there are new requirements for the circuit
configuration, theoretical analysis, and parameter design, as
discussed and developed in this paper.

A well-established radio frequency (RF) circuit simula-
tion tool, Advanced Design System (ADS) from Keysight
Technologies (formerly Agilent’s Electronic Measurement), is
used to investigate the relationships among C,.;, Pr, i, and
Neoil2load- All the ADS-based simulation uses the Harmonic

Balance, which is suitable for high-frequency circuit and
system simulation. Here the number (order) of harmonics is
27 in the simulation. Parameters of the example two-receiver
WPT system (T'X, RX;, and RX5 ) are as same as those in
the final experiments, as listed in Table I. |LI;| is chosen as 1
A. The two receiving coils are assumed to be identical but with
different final loads. The Spice model of diode DFLS260 is
employed in the simulation. Pg, ; and 7)cyi2100q4 are obtained
by sweeping the design parameters, C,. 1 and C, o, from 50 pF
to 2000 pF. The compensation capacitors, Cyz 1 and Cy 2, are
then tuned accordingly to enable resonance of the coils [refer
to (2)].

Fig. 2 shows the simulation results. As expected, the dis-
tributed load power of a specific receiver is solely determined
by the value of its corresponding C..; [see Fig. 2(a)(b)]. It is
worth noticing that the relationship between Pr, ; and C.;
demonstrates a good linearity over a wide range of power
level. Fig. 2(c) shows that 7.,ii210a¢ maintains above 81.5%
over the sweeping ranges of C,.; and C, ». It reaches the peak
value, 84.8%, when C).; and C. o are 289 pF and 400 pF,
respectively. The yellow star in the three subfigures correspond
to a set of design parameters, C, ; and C, o, to deliver target
load power to each load, 10 W for Pg, 1 and 8 W for Pg, .
However, this set of C,. ;’s does not necessarily enable the peak
efficiency of 7.041210a4- NOte that the magnitude of transmitting
coil current |I¢x| can also provide another degree of design
freedom. In the following section, both C. ;’s and |L;x| are
chosen as design parameters to simultaneously provide the
target load powers and reach the highest possible 7¢oii2i0ad-

2) With cross coupling: Fig. 3 shows Pgr, 1, Pgr, 2, and
Neoil2load Versus Cr 1 and C, o when ko is assumed to be
strong, 0.04362 (46.3% of k;;). This value of k15 corresponds
to the strongest cross coupling in the following final exper-
iments. Comparing with Fig. 2, Fig. 3 shows that when the
cross coupling is strong the power distribution in the high
power region is especially affected, while in the low power
region the power distribution is still close to that of the
case with negligible cross coupling. At the same time, high
Neoil2load 1S Observed in both cases. As shown in Fig. 3, the
existence of cross coupling particularly influences the actual
power distribution among the receivers. In the real applications
of the multiple-receiver WPT systems, the presence and vari-
ation of the cross coupling (i.e., k;;’s) are often unavoidable
due to changes in relative positions of the receivers. Thus,
it is important to develop a design methodology that takes
into account both desired load power distribution and system
efficiency assuming varying k;;’s, as discussed in the below
section.

[1l. DESIGN METHODOLOGY
A. Parameter Design

As discussed above, |Iix| and C, ;’s are chosen as design
parameters,

X = “Itx|? C’r‘,17 07',27 e O7',n]1><(1+n)7 (17)
with a feasible range of
x € (x°W, xUPP), (18)
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Fig. 2. Distributed load powers (Pg, .1 and Pg, 2) and system efficiency (ncoi121004) VErsus shunt capacitor capacitances (C'1 and C.. 2) with
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where x!°% and x"PP are the lower and upper bounds of
x, respectively. The below parameters are treated as constant
parameters, p, which are supposed to be pre-determined during
the initial design.

P=[w, Liz, Tte» P1, P2;--- (19)

where

pPi = [kt’iv L

Pn]1x(3+6ny

T:If,ia Trx,iy TLf,i) TDT,’L'7 RL’i:I1><6. (20)

For a n-receiver WPT system, the number of possible
combinations of any two receiving coils is

9 n!

Cn = 2(n—2)!"

Thus the array of the mutual inductance coefficients between
any two receiving coils (i.e., the cross coupling) becomes

2n

k = [ki2, ki, kij, ... k(n—1)n]lxc%, (22)
with the predicated variation range of
k € (k'°v, k"PP). (23)

Again k'°% and kPP are both 1 x C? vectors denoting the
lower and upper bounds of k. Then the efficiency from the
transmitting coil to final dc loads, 7coi1210ad, Can be expressed
as follows [refer to (14)],

ncoi12load,m(xa k) = fm (Xa p, k) , M e (17 2" — 1) . (24)

The subscript m is an integer from 1 to 2™ — 1. It corresponds
to all the possible combinations of the receivers because

Cr+C24 ... +Cr=2"—1. (25)

The distributed dc load powers can also be expressed as a
function of x, p, and k [refer to (13)],

PRL,i,m(X7 k) = hi,m (X, P, k) )

€ (1,n) and m e (1,2" —1). (26)

Here 7 refers to the i-th receiver. In order to quantify the
influences of the cross coupling, the below two indices, x (x)

and ~y (x), are defined to describe the deterioration in the
efficiency and power distribution, respectively.
_ Ncoil2loa ,m(xak)_ncoi oa ,m(x7k=0)
X () = s e (0] e
and
Pr, i,m(xK) =P
y (%) = max | 2ztm ORI Py 0| 28)
x Ry, i
with
k € (K'Y, k"PP), i (1,n), and m € (1,2" —1). (29)

Pr, ; is the target load power of the i-th receiver. Smaller
X (x) and v (x) correspond to enhanced robustness in power
distribution and efficiency against variation in the cross cou-
pling, and vice versa. In the below optimization problem,
(30), Mcoit2ioaqa under the target nominal condition (i.e., with



all the n receivers and negligible cross coupling) is chosen
as the objective function, namely maximizing 7/0/%, . (x).
x™** and vy in the two constraints are added to restrict the
variation ranges of x (x) and 7 (x), and thus guarantee proper
robustness of the system performance when cross coupling
between the receiving coils happens.

max

nom

Neoitzioad (X) 5
s.t. X (x) < xmax)
7 (x) < o,
Given the nature of the above nonlinear optimization problem,
genetic algorithm (GA), a popular population-based heuristic

approach, is an effective tool to search the global or at least
close-to-global optimal solution [19], [20].

max
X

(30)

B. Current-Mode PA Design

A constant current is preferred to drive the transmitting
coil enabling a multiple-receiver WPT system to operate
with a scalable number of receivers. However, the classical
Class E PA is well known for its high sensitivity in loading
conditions. As shown Fig. 1(a), a current-mode (CM) Class F
PA is designed with an additional II impedance transformation
network. If the variation range of the PA load, Zco; here,
is predictable, a high efficiency and constant output current
Class E PA, i.e., an initial design goal, can be achieved by
designing the impedance transformation network via the load-
pull simulation [21]. The target of the network design is to
determine the values of L,,,, C,,;, and C,,, that match the
load-variation line of Z,, (i.e., load of the classical Class F
PA in Fig. 1(a)) as closely as possible to a reference line in
the Smith chart. This reference line should be selected to be
in the high efficiency region and only intersect each power
contour once to maintain high efficiency and monotonicity of
output power when Zco; changes, namely a characteristic of
the CM PA [see Fig. 5]. As mentioned in detail in Ref. [21],
a design optimization problem can be formulated to solve
the parameters of the II impedance transformation network.
Other networks, such as L and T ones, can also be designed
and compared to determine the best topology, i.e., II network
here, in terms of matching performance and network insertion
loss. A recent reference, Ref. [22], designs a load-independent
Class E'F inverter that acts as a current source under a varying
load resistance. A different approach from [21] is adopted to
achieve the current source inverter by using the II impedance
transformation network and load-pull simulation technique.
This approach can also be used for different inverter topologies
to improve their load conditions, such as CM Class D and
Class FE inverters. Similarly, the proposed system-level design
approach can be extended to multiple-receiver WPT systems
with other inverter and rectifier topologies.

In this paper, this design is further extended for the present
application with a scalable number of receivers. From (3), the
load seen by the CM Class E PA, Zcoi1, can be derived as

Vtx

Zcoil = 53

Lex GD

n
= ria+ Y JwMyiRers.
i=1

With negligible cross coupling, substituting (15) into (31)
gives

n 2M2
c011 =Tty T Z —f (32)

i—1 TTI 7 + RTEC 7

The above Zcos in (32) is obviously pure resistive. Thus
the design of the CM Class E' PA simply follows the same
design procedure in [21]. However, with the cross coupling,
the extra reactance component of Zgoj in (31) makes the
design of the PA challenging. Note that in the present multiple-
receiver WPT system, the variation of the PA load (Z¢o) is
mostly caused by adding or removing receivers. Naturally, the
maximum Zco; occurs when all the n receivers involve, and
the minimum Zco; happens when there is only one receiver
with the lowest required power. Z1°% (=R!°Y) is pure resistive
because the cross coupling is negligible, while Z32Y is a
complex impedance. An intermediate R} _;,, i.e., in terms of the
real part, could be chosen as a nominal load for the classical
Class E PA itself, namely
Rl°Y 4 Re{ZYPP

* coil coil
coil — 2

(33)

Re{x} means the real part of a complex number. Thus the
parameters of classical Class E PA, i.e., Cg, and Cj, can be
determined following the below equations [23],

0.1836
C 34
5T WR:ml 7 ( )
1
Cy = . (35)

w?Ly — 1.1525wR*

Based on the designed classical Class E PA, the values of
Cmis Cr, and Ly, i.e., the added impedance transformation
network, can be determined by the load-pull simulation, as
explained in detail in Section IV-A. Note that theoretically
the circuit topology of the CM Class E PA could be further
simplified, such as using the II network to not only perform
the impedance transformation but also to compensate the
transmitting coil and provide a proper residual inductance
required from the PA. At the same time, from a practical
point of view, the series connected LC network (Ly and Cj in
Fig. 1(a)) not only provides the residual inductance, but also
acts as a band pass filter to help reduce harmonic content and
suppress distortion of the PA waveform. A different design is
also possible to have a Class £ PA with a low quality-factor
series LC network.

coil

IV. EXPERIMENTAL VERIFICATION

An example 6.78-MHz WPT system is built up with max-
imum three receivers included at the same time. As shown
in Fig. 4, the below large coil is the transmitting coil, and
the upper three distributed small coils are the receiving coils.
This experimental system shares the same circuit configuration
with the one in Fig. 1. It aims to deliver 10 W, 8 W, 6 W
powers to 10 2, 8 2, 12 Q2 loads, respectively. Electronic loads
are employed to emulate the final dc loads and measure the
output powers. The air gap between the transmitting coil and
receiving coils is 22 mm. 150-V MOSFET SUDI15N15 is used
in the CM Class E PA, and 60-V Schottky diodes DFLS260
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Fig. 4. Experimental multiple-receiver WPT system. (a) Overall system. (b) Layout of coils. (c)k12 versus 6;2.

are used in the three Class F rectifiers. All the constant
parameters and target load powers of the three receivers are
listed in Table I. Again, Cy, is designed to fully resonant with
Ly, [refer to (1)].

As shown in Fig. 4(b), for the sake of simplicity, the three
receiving coils are all with the same size. In the experiments,
they are moved along a circle (i.e, red dashed line) with the
same center of the transmitting coil, and a radius of 6 cm. This
guarantees the same and fixed mutual inductance coefficients,
k;=0.09414, between each receiving coil and the transmitting
coil. Fig. 4(c) shows the measured k12 (i.e., the cross coupling
between RX; and RX5s) versus 615 in Fig. 4(b) by moving
one of the RX along the red dashed circle. It is obvious that
when the 6,5 is 180°, the receiving coils are most loosely
coupled (k12=0.00338), and when the angular separation is
65° (the receiving coils are adjacent to each other), the two
receiving coils become strongly coupled (k12=0.04362). The
mutual inductances between the coils (i.e., M;; and M;;)
can be calculated based on the measured mutual inductance
coefficients [refer to (4)(5)]. In the experiments, M;; varies
between 0.004975 pH and 0.06421 pH, while My; is fixed at
0.2347 uH, i.e. a planar WPT system.

TABLE |
PARAMETERS IN EXPERIMENTAL SYSTEM (i=1,2,3)

w 6.78 MHz || Ci, 131 pF
Ly 4221 pH Tty 1.1 Q
Lygi | 1472 pH || 7rps | 030
Rpa 10 2 ky; | 0.09414
RL’Q 8 Q) Lf’i 10 /J,H
RL73 12 Q TLf,i 0.1 Q
P}t%aLrl 10 W TD,,i 04 Q
P, | 8W Co | 32 4F
50 I I

A. Parameter Design

Based on the design procedure developed in Section III-A,
the feasible ranges of the design parameters, x"PP and x'°%,
should be first specified, which should be sufficiently large
and thus provide required design freedom. Here the feasible

range of |Iix| is finalized as (0.3 A, 3 A) and feasible range
of C,; is chosen as (50 pF, 2000 pF), namely

x!°% = [0.3 A, 50 pF, 50 pF, 50 pF],
x"PP = [3 A, 2000 pF, 2000 pF, 2000 pF].

(36)
37

The variation range of the mutual inductance coefficients be-
tween the receiving coils, i.e., the cross coupling, is determined
based on the actual measurements,

K'°% = [0.00338, 0.00338, 0.00338],
KUPP — [0.04362, 0.04362, 0.04362].

(38)
(39)

The vector k includes three elements, k12, k13, kos. K% and
k"PP are chosen according to the cases of ;;=180° and 65°,
respectively, as illustrated in Fig. 4(c). The indexes, x™&*
and ™%, are both specified as 0.1. Note that a too small
index requires high robustness, and thus may lead to poor
efficiency or no convergence of solution of the optimization
problem, while a large index sacrifices the robustness against
the variation in the cross coupling.

Finally, the optimal set of design parameters for the exper-
imental multiple-receiver WPT system is finalized following
the design procedure in Section III-A,

[|Ltx|, Cr1, Cra, Cr3] =[1.28 A, 628 pF, 303 pF, 220 pF].

(40)
The compensation capacitors of the receiving coils, C'., ;, are
then determined to achieve full resonance on the receiving
side considering the non-zero input reactances of the Class F
rectifiers [refer to (2)],

[Cra1, Craa, Crys] =[423 pF, 423 pF, 447 pF]. (41)

Note that the above final capacitances in (40)(41) are de-
termined after also considering products available on the
market. With the above results, the variation range of the input
impedance of the transmitting coil, Zcej, can be determined
accordingly that guides the design of the CM Class E PA.
Based on (31), the values of Zco; under the seven possible
combinations of the three receiving coils (RXs) are firstly
calculated assuming the maximum £k;;(=0.04362). The results
are summarized in Table II.

Thus the variation range of Zcoj is

Zcon € (10.10 ©, 26.97 — j18.58 Q). (42)



TABLE Il
Zoi1 UNDER VARIOUS RX COMBINATIONS.

1 RX RX, RX, RX,
Zcoin (2) 15.79 13.44 10.10

2 RXS RXLQ RX1)3 RX2’3
Zeon () | 24.90-58.74  23.47-76.91  20.80-55.61

3 RXs RX123 - B
Zeon () | 26.97-518.58 - -

Similarly, the variation range of Zco; with the minimum
k;;(=0.00338) can be also determined as

Zcon € (10.10 Q, 37.04 — j1.80 Q). (43)

As discussed in Section III-B, an intermediate pure-resistive
load, 20 €2, is chosen to calculate C's and Cj in the classical
Class E PA [refer to (34) and (35)]. Then with the variation
ranges of Zcoi1, the parameters of the impedance transforma-
tion network, Cy,;, Ly, and Cy,,-, can be determined through
the load-pull simulation. Final parameters of the CM Class F
PA are listed in Table III.

TABLE IlI
PARAMETERS OF CM CLASS E PA.
Ve Lg Cg Lo
32V 68 uH 215 pF 1.404 uH
CO Lmn le Cm'r

642 pF 414 nH 330 pF 490 pF

—— Zref reference line -j50
— Efficiency contours

- — - Power contours
Zmn variation (kij=0.00338) —— Zcoil variation (kij=0.00338)

Zmn variation (kij=0.04362) - — - Zecoil variation (kij=0.04362)

Fig. 5. Load-pull simulation results.

The load-pull simulation results are shown in the Smith
chart in Fig. 5. The purple solid line is the reference line,
Z.or. As discussed in Section III-B, it is defined as a refer-
ence impedance trajectory that is within the high-efficiency
region and only intersects each power contour once. This
reference trajectory provides guidance for the following design
of the impedance transformation network. The red solid lines

and blue dashed lines are the efficiency and output power
contours of the classical Class E PA under different PA
loads, respectively. The green and orange lines show the
trajectories of variation in the PA load with the minimum and
maximum k;; [refer to (42) and (43)]. Note that Zco; is the
load of the classical Class E' PA, namely without the newly
added impedance transformation network, while Z,,, is the
improved PA load after the impedance transformation, i.e.,
the load of the CM Class E PA. The network is accordingly
designed, as discussed in section III-B. Both trajectories of
Z,n with maximum and minimum cross coupling are well
within the high PA efficiency region, above 94.2%. The
trajectories move from low power region to high power region
when Z,,, increases, i.e., higher PA output power with an
increasing load. These results validate the design of the high
efficiency CM Class E PA when the cross coupling happens.
Note that the trajectories of Z,,, show that, thanks to the
designed II impedance transformation network, the residual
inductance of the classical Class F PA is still dependant
on the load, but with improved PA efficiency and output
characteristics. The three-receiver WPT system in Fig. 4 is
used as an example for validation purposes. A case with more
receivers would mainly influence the operation of the CM
Class E PA and thus adversely affect efficiency and the target
power distribution. The above CM Class E PA is designed
based on the load-pull simulation. As shown in Fig. 5, in
order to maintain a high PA efficiency, the variation range of
the PA load, i.e., Zmyn, need to lie within the high efficiency
region. Therefore, when the total number of the receivers
is larger than its target number (e.g., three here), the PA
load may possibly move beyond the high efficiency region
in Fig. 5, and thus leads to a low PA efficiency. Similarly, the
variation in PA load due to more receivers may also affect
the PA output current. Meanwhile, the design methodology
itself developed in section III is generic, allowing for more
receivers. Note that, in addition to the above results of the
load-pull simulation, Z,,, can also be analytically derived
based on Zi to double check effectiveness of the designed
II network [see Fig. 1(a)] [21].

JX3(X1 + X2)Zcoit — X1 X2X3

Zin = - , 44
(X1 4+ Xo + X3)Zeon + j X1 (X2 + X3) “)
where
1
Xy = ——— Xy = whypy, X3—=— .45
1 O X2 w 3 O 45)

B. Experimental Results

In the present multiple-receiver WPT system, the target
1.28 A |Iix| in (40) corresponds to 32.5 V V., the PA
input dc voltage [see Fig. 1]. Fig. 6 shows the load powers
Pr, i versus |Lix| when the three receivers are placed with
120° angular difference in positions. When |Liy| is 1.28 A,
the three loads receive their target powers, 9.60 W, 7.70 W,
5.81 W, respectively. High efficiency from the transmitting
coil to the final loads, 7)coii2i0ad, 1S Observed, about 86.2%
in Fig. 6(b). The above efficiency is calculated based on the
voltage and current measurements. To accurately measure the
input power of the transmitting coil, the voltage probe and



current probe were calibrated to minimize their propagation
delay difference at 6.78 MHz, using a 50-€) non-inductive
resistor. The calculation (cal.) and experimental (exp.) results
match each well and thus validate the correctness of the above
analytical derivations. The experimental 7).4i;210a4 becomes
slightly higher when |Iyx| increases because of the reduced
ESR of the rectifying diodes at a higher power level.

1.00+

71 a PRLI(exp) ----PRLI (cal) )
s PRL2(exp) - - - -PRL2 (cal)) 0.954 ¢ Meoil2load (exp.)
124 & PRL3 (exp) - - --PRL3 (cal) - = = = Ncoil2load (cal.)
~ r 0.904
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Fig. 6. Load powers and efficiency versus [Itx|. (@) Pr; . (D)

Ncoil2load-

The results in Fig. 8 validates the scalability of the multiple-
receiver WPT system. The three receivers are first placed with
120° position difference. Then, during the following 700 s,
after each 100 s, one of the receivers is removed, and returned
later to the same position. The variations of the received load
powers from their target values are significantly suppressed.
The maximum errors for Pr; 1, Pr, 2 and Pr, 3 are 3.99%,
3.38%, 3.24%, respectively. The operation of the CM Class F
PA is also investigated. The drain-source voltage Vpg and
output current [, are shown in Fig. 7 under the various
combinations of the receivers, where “No load” is the case
without any receiver. The waveforms show that, within the
target variation range of the PA load, the CM Class E PA
largely keeps its soft-switching operation (i.e., zero-voltage-
switching here) and almost constant output current, thanks
to the designed Il impedance transformation network. The
changing peak voltages are mostly due to the variation in
Znn, namely the load of the classical Class £ PA [see the
trajectories of Z,, in Fig. 5].

—RXi123
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—RX23
—RX1
| —RX2
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No load
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Fig. 7. Waveforms of the CM Class E PA under different combinations
of receivers. (a) Drain-source voltage Vpg. (b) Output current I,.

As summarized in Table IV, both the system efficiency
and PA efficiency maintain a high value, above 70% and
89%, respectively, in all the seven combinations. For reference
purposes, the results of other two cases are also co-listed in
Fig. 8. These two cases are

1) “no optimization”: the conventional design explained in
Section II-B1 is applied with the 1 A |Iix|. It assumes
negligible cross coupling [see P;%L)lfg].

2) “rectifier optimization only”: the impedance transforma-
tion network designed through the load-pull simulation
is removed from the CM Class E PA [see PEL7173].
Therefore, the PA is simply a classical Class £ PA. All
the other parameters are as same as those in the proposed
design.

As shown in Fig. 8, both the above two cases obviously fail
to maintain the target power demand of each receiver when
the number of receivers varies over time.
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Fig. 8. Load powers under different combinations of receivers.

TABLE IV
EFFICIENCIES UNDER DIFFERENT COMBINATIONS OF RECEIVERS.

1 RX RX, RX, RXs3
Mpa 90.87% 90.39%  89.18%
Nsys 73.99% 71.68% 70.82%

2 RXs RXLQ RX1’3 RXng
Npa 91.94% 92.11% 91.85%
Nsys 77.46% 77.88% 77.69%

3 RXs RX1)2’3 - -
Tpa | 91.91% - -
Neys | 78.43% - -

In order to investigate the performance when the cross
coupling exists, the two receivers, RX; and RXo, are first
placed with 6,5=180°, i.e., a two-receiver system. RX; is
moved later along the dashed-line circle in Fig. 4(b). The
delivered load powers, Pry, 1 and Pgy, o, are measured versus
the changing 612, and the PA dc input voltage V. is fixed at
32.5 V. As shown in Fig. 9(a), the target power distribution is
well preserved over wide range of 615 from 180° to 100°. As
the cross coupling becomes stronger, the load power Pgy 1
and Pry, o firstly increase and then decrease. This is due to
the slight variation of |Iyx| caused by the cross coupling.
The maximum error in Prr; and Pgr o is small, 1.8%
and 4.4%, respectively. High system efficiency 7,,, (above
77%) and Ncoir2i0ad are also observed, as shown in Fig. 9(b).
Again, the results of the other two cases are co-listed in
Fig. 9. PR L1-2 nsys, and nwzmoad are for “no optimization”

case; and PRL1 2 ngyg, and ncmmoad are for “rectifier



optimization only” case. The proposed design demonstrates
obviously improved performance in load power distribution
when comparing with the two reference cases [see Fig. 9(a)] It
is interesting to note that in Fig. 9(b) 7, is higher than ngyg,
even though the “rectifier optimization only” case does not
employ the impedance transformation network, a component
bringing an additional power loss. This result further validates
performance improvement of the CM Class £ PA through
the load-pull simulation, not only in terms of load power
distribution but for efficiency.

134 —=—PRL,] —e—PRrL2 0907 —e—Tsys —*— TNcoil2load
121 PRL.I PRL2 e Miys ¢ Neoil2load
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Fig. 9. Load powers and efficiencies. (a) Load powers. (b) Efficiencies.

For reference purposes, the loss breakdown of the entire
system is listed in Table V, taking the case of three receivers
(120° position difference) as an example. “Rec, ;” denotes
the rectifier of the ¢-th receiver. The power loss in the PA is
measured according to its input dc power and output ac power.
Similarly, the power losses in the rectifiers are measured based
on their input ac powers and output dc powers. The measured
currents of the transmitting coil and three receiving coils are
used to calculate the power losses in the coupling coils using
their parasitic parameters. The PA driving loss can be directly
read from the power supply. Note that in the above discussions,
the PA driving loss is neglected because it is comparatively
small and almost constant. The maximum power loss on the
MOSEFET of the CM Class E PA, @ in Fig. 1(a), is about 1.4
W. Thermal image of the PA at its maximum output power
is given in Fig. 10. The highest temperature of the MOSFET
is about 55.3 °C, and the temperatures of the three inductors,
Lqg, Ly and L, are all below 50 °C. Note that no heat sink
or fan is used.

TABLE V
Loss BREAKDOWN WITH THREE RECEIVERS (W).

Recyx,1  Recyx 2 Rec,y 3
0.76 0.73 0.45
COier, 1 COﬂng COﬂrx73
0.52 0.35 0.17
Coilgy CM PA  PA Driving
1.00 2.53 0.38

Finally, in real applications, the final load, i.e., Ry ; here,
may change depending on its required power. First, the pro-
posed design avoids interference among the received powers
when such a case happens, as shown in Fig. 11 taking

Fig. 10. Thermal image of the CM Class E PA at its maximum output
power.

changing Ry, 1 as an example. Second, if the load requires a
voltage regulator on the receiving side, the proposed design
also reduces the required voltage tuning range due to the
pre-designed target power distribution. This helps improve
efficiency and lower the required voltage operating range of
the regulator.
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Fig. 11. An example of interference avoidance when Ry, ; changes —
load power (PRL,i) and system efficiency (nsys) versus Ry, 1.

V. CONCLUSIONS

This paper develops a systematic circuit design methodol-
ogy for high-efficiency WPT systems with a scalable number
of receivers. The shunt capacitor in the Class E rectifiers
is particulary chosen as a design parameter to tune the in-
put impedance of the rectifiers. Further combining with the
constant PA output current (i.e., another design parameter), a
target load power for a specific receiver can be naturally deliv-
ered and maintained. An impedance transformation network is
added to the classical Class E PA. This network is designed
later to enable an almost constant PA output current over a
specific variation range of the PA load caused by the changing
receiver number and cross coupling. A design optimization
problem is then formulated and solved to determine the design
parameters that provide robustness of the system performance,
again, under variations in receiver number and cross coupling.
Both the simulation and experimental results validate the
correctness of the analytical derivations and parameter design.
The proposed solution combines efforts in circuit topology,
modeling, high-fidelity simulation, and design optimization. It



enables the concise circuit configuration of the final multiple-
receiver WPT system.
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