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Abstract—Wireless Power Transfer (WPT) based on resonant magnetic coupling is an attractive
technology for enabling the wireless recharge of electric devices and systems. One of the main drawbacks
of this technology is related to the dependence of the efficiency and the power delivered to the load
on possible variations of the coupling coefficient and load impedance. In order to alleviate the effects
of this dependence, the optimization of appropriate adaptive matching networks is proposed in this
paper. The three power gains usually adopted in the context of two-port active networks are assumed
as figures of merit in the optimization process. It is theoretically and experimentally demonstrated that
the maximum realizable gain of the link is achieved when the conjugate image impedance matching is
realized by appropriate matching networks at both the input and output ports of the WPT link.

1. INTRODUCTION

Wireless Power Transfer based on resonant magnetic coupling has been widely investigated in the
literature [1-3]. In fact, the use of a magnetic coupling allows minimizing the dependence of the
performance on the surrounding environment thus making this technology particularly attractive in
applications such as the recharge of medical implants or in general of embedded sensors (consider the
case of structural monitoring), where the propagation channel may be subjected to variations.

Additionally, compared to conventional electromagnetic inductive coupling WPT [4], the adoption
of a resonant scheme allows maximizing the performance of the WPT link and improving the robustness
of the link with respect to the operating conditions.

However, although resonant inductive WPT guarantees performance nearly independent of the
electromagnetic characteristics of the surrounding environment, it is quite sensitive to the coupling [2—
4] and the load impedance [5-7]. The coupling dependence represents a problem for applications,
such as the recharge of medical implants, where the distance may vary during the recharge process.
As per the dependence on the load impedance, it is particularly critical in applications such as the
recharge of a battery, where the load impedance varies during the recharge thus imposing the use of
appropriate additional circuitry between the link and the battery. In order to overcome the dependence
of the performance on the coupling value, the possibility of optimizing the operating frequency has
been investigated in [3,8,9]. In particular, in [9], the use of a frequency agile scheme is proposed. The
presented approach is suitable for a link operating in an over-coupling regime and consists in varying the
operating frequency so to operate at the so called secondary resonances of the link. These frequencies
have additional resonances which appear when the coupling coefficient of the link is higher than a critical

Received 24 October 2018, Accepted 14 March 2019, Scheduled 1 April 2019
* Corresponding author: Wenquan Che (yeeren_che@163.com).
1 Department of Communication Engineering, Nanjing University of Science and Technology, Nanjing 210094, China. 2 Department
of Engineering, University of Perugia, Via G. Duranti 93, Perugia 06125, Italy. 3 Department of Electrical, Electronic and Information
Engineering “Guglielmo Marconi”, University of Bologna, Viale Risorgimento 2, Bologna 40136, Italy. ¢ Department of Engineering
for Innovation, University of Salento, Via per Monteroni, Lecce 73100, Italy.



136 Wang et al.

value. In [9] it is demonstrated that operating at the secondary resonances allows compensating the
variation of the coupling coefficient due to, for instance, variations of the distance or misalignments
between the two resonators. This approach operates with a generator able to track the secondary
resonances of the link. Although the approach has a simple implementation, it has an important
drawback of requiring operating bands determined by the range of variations of the coupling coefficient.
Large ranges of variability of the coupling may lead to operating bands too wide with respect to the
frequency range reserved to WPT. Additionally, as already mentioned, the frequency agile scheme is
not applicable to weakly coupled WPT systems [10].

Another attractive solution, for compensating possible variations of both the coupling coefficient
and load resistance, consists in using a fixed frequency approach with appropriate adaptive matching
networks implemented by using either additional resonators [11-13] or lumped elements networks [14—
18]. For the schemes using additional resonators (i.e., relay resonators), the adaptability of the matching
network is realized by varying the mutual positions of relay elements with respect to the transmitting
and receiving resonators, thus leading to a scheme difficult to implement.

As per the approaches based on lumped elements networks, an optimal resonant load transformation
technique is proposed in [14]. The transformation network is implemented by using printed spiral coils
and surface mounted devices, and it is designed to transform the actual load into an optimal one.
In [15,16], an automated impedance matching system where L-type and inverted L-type matching
circuits are used at the input port of the link is proposed. In [17], the use of a tunable matching circuit
at the transmitting side is suggested. The tunability is implemented by using a matrix of capacitors, and
three different search algorithms for finding the optimum capacitance configuration are also presented.
In [18], conjugate matching is realized by using two impedance matching networks, one at the input side
and one at the output side. Most of these papers adopt the transmission coefficient |Ss;]| for describing
the performance of the link, and the various matching schemes aim at maximizing the |So1| parameter.

In this paper, the power gains usually adopted in the context of active networks, the power gain,
available gain, and transducer gain, are used for describing the link. These three gains are expressed
by well-established definitions and can be easily expressed in terms of scattering parameters. This
description of the link allows avoiding the need of introducing possible misleading definitions of new
variables, such as the efficiency, for which different definitions can be encountered in the context of
WPT. Additionally, these three gains are available in common circuital simulators, which facilitate the
calculation and optimization.

It is shown that the three gains are simultaneously maximized when the network is terminated on
its conjugate image impedances; accordingly, the use of appropriate matching networks implementing
the necessary impedance transformation for realizing this optimal condition is discussed.

The paper is organized as follows. In Section 2, the relevant gain definitions are introduced. In
Section 3, the expressions of the gains in terms of scattering parameters and the condition for maximizing
the performance are reported. The effect of impedance matching network is explained in Section 4, and
the selection of the appropriate impedance matching network components is derived. In Section 5, the
use of different impedance matching schemes is discussed. In Section 6, experimental data are reported;
finally, conclusions are drawn in Section 7.

2. GAIN DEFINITIONS FOR TWO-PORT NETWORKS

In this section after introducing the analyzed case and relevant variables, the figures of merit adopted
in this paper for describing the performance of the WPT link are defined.

2.1. Introduction to the Relevant Quantities According to the Impedance Matrix
Representation

The case of a WPT link based on resonant inductive coupling is analyzed; accordingly, the link is
modeled as a two-port network represented by the equivalent circuit illustrated in Fig. 1. It is assumed
that the link is given, and it is described by its impedance parameters

Zij = Tij + JTij (1)
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Figure 1. Two-port network representation of
the WP link considered in this paper. It consists
of two coupled inductances with compensating
capacitances. Loss are taken into account by
means of the series resistances R; and Rs.
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Figure 2. Equivalent circuit of a two-port

network with Thevenin representation.

The general case where both the input impedance of the generator and the load could be complex

quantities is considered:

Zqg = Rg +jXg
Zr, = Ry +j X

The input impedance is derived as:

Ty = =+ =

= =z

212221
1 —_ = .
290 + 71,

The voltage on the secondary side may be written as:

Z12% V4
ng(Zgg— 12 21).72—1— 2y

z11 + Za

which provides the following expression when the

z11 + Za

generator is short circuited:

Vo 212221 .
Zout - I_ = <22 — 72 = Rout +]Xout
2 |Ve=0 211 + Za
The Thevenin equivalent voltage illustrated in Fig. 2 is readily obtained as:
221
Vih = Val;._g = ———=—V
th = Valr,—o L
The input and output powers are readily evaluated as
1
P = 5 Rin| i |”
1
P = ERL\IQP
The power available from the generator, Pag, is given by:
Vol
P pu—
AG =g Re
while the maximum available load power Py is:
|Vin|
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2.2. Figures of Merit: The Power Gains of a Two-Port Network

The figures of merit usually adopted in the context of WPT are the active power on the load and the
power transfer efficiency. With regard to this last figure of merit, different definitions are available in
the literature depending on whether reflections occurring at the input port are taken into account or
not. In more details, in [5, 19] the efficiency is defined as:

P,
P

where Pj, is the power entering the two-port network expressed by Eq. (7). This definition does not
take into account the power reflected toward the generator; as a consequence, in the case of links with
high quality factors, it provides values of the efficiency close to 1 even with values of the power on the
load close to zero [20].

A different definition has been adopted in [15, 16], where the efficiency is defined as:

1 Pya

with Pag being expressed by Eq. (9); this definition takes into account possible reflections at both the
input and output ports. For given and constant values of Py, the efficiency defined as in Eq. (12)
provides the same information as the active power delivered to the load.

In order to overcome the ambiguities related to the definition of the efficiency, a possible
advantageous alternative description of the WPT link can be obtained by using the well-established
power gain definitions commonly used for active networks: the power gain (Gp), available gain (G4),
and transducer gain (Gr) [21,22]. The definition of these three gains and their expressions in terms of
impedance matrix parameters are reported as follows.

n= (11)

(12)

2.2.1. Power Gain

the power gain is defined as the ratio between the power delivered to the load and the power entering
the two-port network

2 2
Pr_ Ry |L|"_ Bp|_ 2z
P; Rin | I1 Rin |z22 + Z1L

It is noted that Gp coincides with the definition of the efficiency reported in Eq. (11). Additionally, by
observing the expression in terms of impedance matrix parameters, it is evident that it depends on the
load impedance Zp, while it is independent of the generator impedance Zg.

Gp = (13)

2.2.2. Available Gain

The available power gain is defined as the ratio between the maximum available load power P4 and
available input power Pag

2

P Re |Vin|° R
Gp=—A = 26 | M) G 21 (14)
PAG Rout VG Rout z11 + ZG
The available gain is only related to the generator impedance.
2.2.8. Transducer Gain
The transducer gain is defined by the relation
P, 4|z01*RcR
Gp— T _ |z21/°Ra Ry, (15)

Pac (2114 Za) (222 + Z1) — 2122212

It can be noticed that G coincides with the definition of the efficiency given in (12): accordingly,
as already observed, for given values of P4g, maximizing G is equivalent to maximizing the power on
the load Pr,.
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3. SCATTERING PARAMETERS REPRESENTATION AND CONJUGATE IMAGE
IMPEDANCE MATCHING CONDITION

Usually, scattering parameters are calculated and measured by using the same normalization impedance
for all ports, i.e., Zp1 = Zpo. This is mainly due to the setup commonly adopted for measurements
based on the use of Vector Network Analyzers (VNAs) exhibiting a 50 2 input impedance at all ports.
However, in practical applications the two-port network is used to connect a generator having an internal
impedance Zg to a load Zj, where, in general, Z¢ and Z1 may assume complex values. Consequently,
for these applications it is convenient to refer to the definition of generalized scattering parameters as
introduced in [23, pp. 268-276, 24], where a different normalization impedance is assumed for each port.

Referring to Fig. 3, it is assumed that the two-port network is described by the generalized scattering
parameters normalized with respect to two possibly different and complex normalization impedances
Z01 and ZOQ.

L‘;‘l 1 tq]ﬂ
Sa1 Sap

Figure 3. A two-port network represented by generalized S-parameters. It is assumed that Zy; and
Zpo are the impedances adopted for normalization at port 1 and port 2, respectively.

Considering the general case where Zy; and Zyo may be different from the generator impedance Zg
and load impedance 7, (i.e., Zo1 # Zg, Zo2 # Z1,), the following expressions can be rigorously derived
for the three power gains [23]:

[So1|*(1 — |T%%)

Gp = ; 16
P =Sl =[S — (S1182 — S1aSan )T P2 1o

G4 = (1 = [T%*)[Son [ an
11— Suly]? — [So2 — (11822 — S12821) 2

oo (- ITEP)SaP - TP -
(1= Sulg) (1 = 8ol — S128n TG
where I'y; is the reflection coefficient at the input port, i.e., it accounts for the reflections between the
normalization impedance Zy; and Zg:

, Za — Zo

r, = 2¢ 20 19
¢ Za+ 75, (19)

Similarly, I'} is the reflection coefficient at the output port; it accounts for the reflections between the
normalization impedances Zyo and Z:
2L — Zp2

r, = 2L 702
L=z + 7,

(20)

In the special case where Zy; = Zg and Zyps = Zp, the reflection coefficients F’G and I, vanish, and
Egs. (16)-(18) are reduced to [23]:

|So1 ]2

ST

(21)
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|81 |2
Ga = 12211 22
AT TS, (22)
Gr = |Sn|? (23)

In general, Gr < Gp and Gy < G4. However, for a two-port WPT link satisfying, at both ports, the
conjugate image impedance matching [25], the reflection coefficients S11 and Sao are zero, and the three
gains are simultaneously maximized. In particular, the three gains assume the same value, that is the
maximum realizable gain for the two-port WPT link named by Roberts the ultimate gain.

3.1. Conditions for Realizing the Ultimate Gain

The expressions of the optimal terminating impedances for maximizing the three power gains were
derived by Roberts in [25]. In his pioneering work, Roberts solved the problem for a two-port network
described by its impedance matrix. Starting from the scattering representation of the network, the
problem can be solved as follows.

Assuming that the scattering parameters are normalized with respect to complex impedances
Zo1 = Ro1 + jXo1 and Zygs = Rge + jXoo, the following expressions relating the S-parameters to
the impedance ones can be derived [26]:

- (211 — Zg1) (222 + Zo2) — 212221
a )

(z11 + Zo1) (222 + Zo2) — 212221
1
S 2212 (Ro1 Ro2)?
12 =
(z11 + Zo1) (222 + Zp2) — 2122921 (24)
1
S — 2291 (Ro1Rp2)2
21 =

(z11 + Zo1) (222 + Zo2) — 212221
_ (24 Zo1) (222 — Zgp) — 2122
(z11 + Zo1) (222 + Zp2) — 2122921

It is assumed that the network is reciprocal (221 = z12). In order to find the complex reference
impedances Z.1, Z.o that annihilate both §17 and Sso, the following two equations have to be solved:

(211 — Z41) (222 + Zoz) — 215 = 0
(211 + Zo1) (222 — Zg) — 215 = 0.

By separating the real and imaginary parts, four solving equations are obtained. The problem can be
solved by introducing the auxiliary variables:

(25)

2

2 T2
&= 711722
) (26)
2 _ "1
T’

which allow obtaining the desired solution:

Ra =ruv1—-8V1+x?
Reo =120/ 1 — &2/ 1+ X2

T12212 27
Xa=———-1a11 (27)
792
T12212
Xep = ——— — x29.
r11

The impedances Z.1, Zo:

Zea =R+ jXe,
Zeo = Reo + jXea,
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are the conjugate image impedances introduced by Roberts [25].

The meaning of this solution can be easily understood by a simple comparison with what is
usually done with transmission lines. In fact, it is well known that in the case of a transmission
line the characteristic impedance of the line has to be used as normalization impedance for making the
scattering parameters related to the incident and the reflected waves along the line. Similarly, in the
case of a generic two-port network, the conjugate image impedances Z.; and Z.s of the network are
the normalization impedances that allow the generalized scattering parameters to acquire a physical
meaning making them directly related to the reflections of power at various ports.

When Z.; and Z.s are used for normalization, that is Zy; = Z.1 and Zps = Z.s, according to to
Egs. (16)—(18), the expressions of the three gains are simplified as follows:

S P =T )
GP — PR
1-— |812821FL|

(1 ‘F/G‘Q)’ 21’2
_ S 2
Ga=32 81908 T2 (29)

(1 = TGS (1 — T7[%)
’(1 — SIQSQJ"GI"LP

The expressions given in Eq. (29) confirm that the three gains are simultaneously maximized when
the conjugate image impedances of the network coincide with the generator and load impedances [25]:

Zg=2a=Ra+jXea = Zo,
1, = Zeg = Rea + 7 X2 = Zpa.

In the case where the above reported condition is satisfied, the network realizes the ultimate gain
expressed by:

Gr =

(30)

Gp =G =Gr =Sy~ (31)

4. GAIN MAXIMIZATION BY IMPEDANCE MATCHING NETWORKS

4.1. Motivation of Introducing Impedance Matching Network

As already discussed, one of the most critical aspects of resonant inductive WPT is related to
the dependence of the performance on the coupling coefficient, i.e., on the transfer distance. The
phenomenon is illustrated in Fig. 4 where the results calculated by circuital simulations for a resonant
inductive WPT link are reported. The example refers to two identical magnetically coupled inductors,
and the values assumed for the inductors are the ones reported in Table 1; each inductor is loaded by a
lumped capacitor realizing the resonance condition at 13.56 MHz. Fig. 4(a) shows the three gains at the

1.0+
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=) —G, £ 0.6 — G
c— < ———
S04/ G 3 G,

— G 0.4 — G
0.2
0.0 ‘ ; ; ; : ‘ 0.0 4 S 20 0.2 ‘ ; ‘ ‘ ‘
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k Frequency (MHz) R, (Q)
(a) (b) (©)

Figure 4. (a) Gains behavior for a variable coupling coefficient k. (b) Frequency characteristic of G
for different values of k. (c) Gains behavior for a variable load impedance Ry,
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Table 1. Parameters of the analyzed resonant inductive WPT link.

Inductance L (pnH) 10.3
Capacitance C' (pF) 13.26
Resistance R () 1.5

Operating frequency (MHz) 13.56
Q value (at 13.56 MHz) 590

main resonance (i.e., 13.56 MHz) as function of the coupling coefficient; the value assumed for Rg and
Ry is 50Q. It can be seen that Gp and G4 continue to increase as the coupling coefficient increases,
while the value assumed by G increases for increasing values of k until & is equal to a critical value (k)
above which G begins to decrease. The behavior of G as function of k£ can also be observed in Fig. 4
which shows the frequency characteristic of G for different values of k. From this latter figure it can
also be seen that when the link operates in an over-coupling regime, G exhibits two peaks around the
main resonance while it exhibits a relative minimum at the main resonance. This ‘split’ of the absolute
maximum of G into two distinct peaks is related to the well-known frequency splitting phenomenon
which occurs for a link operating with values of the coupling coefficient above the so-called bifurcation
coupling, ky [9,27]. In more details, for k > kp, the link has three resonances, the main resonance and
two secondary resonances, and the two peaks of G occur at two frequencies very close to, even though
in general not coincident with, the secondary resonances. A possible solution in order to overcome the
dependence of G on the coupling coefficient consists in using a frequency agile scheme where a variable
operating frequency is used instead of the conventional approach using a fixed frequency [9, 28].

Another relevant problem is the dependence of the three gains on the terminating impedances (i.e.,
R¢ and Rp) which can be observed in Fig. 4(c). In this regard, depending on the constraints imposed
by the specific application of interest, two different strategies are possible [5,29]. In the case where the
link is given, it is possible to optimize the terminating impedances [5], while in the case where it is
not possible to select the optimal value of Ry and Rg, it is necessary to act on the parameters of the
link [29].

For given values of the link parameters and of the terminating impedances, in order to overcome
the two above described issues (i.e., the dependence of the performance on k and on the terminating
impedances), an attractive solution consists in using appropriate impedance matching networks (IMNs).
In particular, by using one or more variable components in designing the IMNs, a nearly constant
performance can be realized for a wide range of variation of k, Ry, and Rg even when the link operates
at a fixed frequency.

4.2. Possible Implementations and Design of Impedance Matching Networks

The three main types of IMNs are illustrated in Fig. 5. Each IMN has to be designed for matching
a given value of the impedance connected at the input port, Rg, to a given value of the impedance
connected at the output port, Ry. The L-match network, see Fig. 5(a), has the simplest configuration;
however, for this IMN the unloaded @Q-factor of the series and parallel branches are automatically set by
the resistance ratio Rg/Ry. Figure 5(b) illustrates the m-match IMN, while Fig. 5(c) illustrates the T-
match IMN; these two IMNs (i.e., the pi-match and the T-match) can be considered as the combination
of two L-match networks; these configurations provide more degrees of freedom for the selection of the
network elements values.

Before illustrating how to design the three networks, it is convenient to introduce the series to
parallel transformation illustrated in Fig. 6. The solving equation is:

R, jX
Ry +jXs = Ry||X, = S 2—FL 32
which allows to derive the following equalities:
R, X?2 R
R Lt P (33)

R2+ X2 1+Q?
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Figure 5. Examples of different types of IM Figure 6. Series to parallel transformation.
networks. (a) L-match. (b) m-match. (c) T-

match.
R, = Ry(1+ Q% (34)
R2+ X2 1+1/Q? (35)

X, = X(1+1/Q%).
where @ is the unloaded @-factor defined as:
Q =R,/ X, =Xs/Rs (36)

From Egs. (34) and (35), it can be seen that the equivalent resistance R, is larger than the resistance
in the series circuit Rg, while the reactances are almost the same for the two circuits since usually @ > 1.

4.3. Impedance Matching Networks Design
4.8.1. L-Match Network

Depending on whether it is necessary to transform a larger impedance to a smaller one, i.e., Rg > Ry,
or it is necessary to transform a smaller impedance to a larger one, i.e., Ry > Rg, two different
configurations of L-match network can be used, see Fig. 7. In the case where R > Ry, the L-match
network shown in Fig. 7(a) has to be used. By using parallel to series transformation, the following

relation can be derived:
R\ = Ra/(1+ Q?
X, =Xp/(1+1/Q7)

where ()7 is defined as:
Q1= Ra/|X,| = |X,| /R (38)
The matching condition imposes:
Rg=Rr, X,+X,=0

where Rg and Rj, are given, then the quality factor can be determined by:

Q1=+ Rg/Rr —1 (39)

(a) (b)

Figure 7. Possible configurations of L-match networks for impedance matching. (a) Rg > Rp. (b)
Ra < Ry.
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The parameters of the matching network are obtained in terms of Egs. (37), (38) as follows:
[ Xp| = Ra /@
‘Xs’ = Ry

In the case where Rg < Ry, the network to be used is the one illustrated in Fig. 7(b). Similar to
what has been done for the case Ry, < R, the following relations can be obtained:

[ Xp| = Rr/vVRp/Ra —1
1X,| = Ro/Ri/Re — 1

The above reported formulas are applied to the case of purely resistive values of Rg and Rp; in
the case where Rg or/and Ry, has/have a reactive part, it is necessary to add to the IMN appropriate
compensating reactive components. For instance, when the load is complex, i.e., Z; = Ry + j X, for
the case of Rz > Ry, in Eq. (40) it is necessary to adjust the series component in order to compensate
X, ie, Xg=+RpQ1 —

(40)

(41)

4.8.2. m-Match Network

The m-match network, shown in Fig. 8, can be considered as the combination of two L-match networks
(see Fig. 7). In order to illustrate the procedure for selecting the elements of the network, it is assumed
that two IMNs, one at the input port and one at the output port, are used in order to maximize
the performance of the network with respect to a generator having an impedance Rg and a load Ry,.
Accordingly, the m-match network at the input port has to be designed to transform the generator
impedance Rg into the conjugate image impedance Z.;; similarly, the m-match network at the output
port has to be designed to transform the conjugate image impedance Z.5 into the load impedance Ry,.
It is observed that, in general, for a WPT link the conjugate image impedances Z.; = R.; + jX.; are
complex, being purely resistive at the main resonance. The first step for calculating the elements of the
IMNs consists in deriving the elements for the parallel representation of Z.; = RY, + jXP%..

Rl = Rei [1+ (Rei/ Xei)’)

XZ = Xci [1 + 1/(RCZ/XCZ)2]
After that, the elements of the network can be easily obtained by using the results achieved for the
L-match network. In particular, for the IMN at the input (output) port, by introducing the virtual
resistance R, [30, pp. 70-75] see Fig. 8, so to be smaller than either the resistance Rg(Rr) or Rei(Rc2),

the design of the m-match network becomes equivalent to the design of the two L-match networks
illustrated in Fig. 7(a). The following expressions can be derived for the network at the input port:

c VRa/R—1
sl = —

(42)

wRq
JRIR—1 1
C — cl o 43
1 SR, X7, (43)

Rg/R—1++/R,/R—1
Ly = L1 + Lz = \/ s/ \/ a/

Lmll Lmlz Lin21 LmZZ

e I 1 Tz, z,1 1

1= | | T T 1

(b)

Figure 8. (a) m-match network at the input port. (b) m-match network at the output port.
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For the network on the receiving side the parameters are expressed by:

o _ VERL/R-1
2= - 5

wRy,
\/Rp2/R —1 1
- c - 44
CLa wRIC’Q waQ (44)

P

Lot = Lot + L = R B L a1

From Egs. (43), (44), it can be seen that the values of the parameters depend on the virtual
resistance R. Note that it is not necessary to choose the same R for the IMN at the input and output
ports; however, for a symmetrical WPT system, the adoption of the same value for the virtual resistance
R for the two IMNs leads two identical matching networks. It is worth observing that Cs; and Cyo are
independent of the impedances to be realized, Z.; and Z.. Additionally, since inductors introduce
more losses than capacitors, their use in building the IMNs should be minimized; consequently, it is
convenient to choose R so to obtain positive values for Cr1 and Cpe.

5. WPT SYSTEM WITH TUNABLE IMN

In this section, based on the use of IMNs, two different schemes for improving the performance of a
resonant inductive WPT link are discussed and compared. The first scheme implements a single-side
matching by using a single IMN at the input port of the link (see Fig. 9(a)): the IMN is optimized for
minimizing the |S11| parameter while maximizing the |S2;| parameter. The second scheme adopts two
IMNs in order to realize the conjugate image impedance matching at both the input and output ports
(see Fig. 9(b)).

Sh 512]
S21 S22 )
Rg
Yy {0 C -
| c (k\ Gl _ M .g._(\{- —— M ]
IM - ¢ == Ve Network: L\ .'L Network: SR
Network: L3 CL I |t feey 1
e li " "
] R R = 1
Zin Ze Zea Zout
(a) (b)

Figure 9. (a) Single-side IMN for WPT: a single IMN is present at the input port. (b) Double-side
IMN for WPT: two IMNs are used for realizing the conjugate image impedance matching at both the
input and the output ports.

For the sake of comparison, simulations have been performed by using the resonators presented
in [15, 16]; the parameters are reported in Table 1. It is worth observing that the link does not operate at
the main resonance; in fact, the operating frequency is 13.56 MHz, while, from the parameters reported
in Table 1, the frequency of resonance is 13.62 MHz. As a consequence, the conjugate image impedances
of the link are complex quantities. Fig. 10(a) illustrates the frequency characteristics of the three power
gains of the link when no IMNs are present. The reported results have been obtained from circuital
simulations performed by using the commercial tool Advanced Design System (ADS). The figures on
the left refer to a high-coupling case with £ = 0.3, while the figures on the right refers to a low-coupling
case with £ = 0.03. As can be seen, due to the frequency splitting phenomenon, for the case k = 0.3
the value assumed by the transducer gain at the operating frequency is very low. From theoretical
formulas, the maximum realizable gain (G,,) of the analyzed WPT link is 0.99 for & = 0.3 and 0.89 for
k = 0.03; according to the theory developed in Section 3, GG, is realized when the link is terminated on
its conjugate image impedances. The simulated results corresponding to this optimal configuration of
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Figure 10. Frequency characteristics of the three gains of the WPT link for different IMNs schemes;
the figures on the left refer to the case of £ = 0.3, while the figures on the right refer to the case
k = 0.03. (a) No IMN is present. (b) Frequency response of the link when it is terminated on the
conjugate image impedances as defined in (28), i.e., Zg = Z.1 and Z, = Z.o. (c) Single-side matching,
an L-match network is present at the input port of the link. The IMN is optimized for minimizing
the |S11| parameter while maximizing the |Ss;| parameter. (d) Double-side matching: two m-match
networks realizing the conjugate image impedance matching at the input and output ports are present.
The parameters of the IMNs for the two analyzed cases (i.e., k = 0.3 and k& = 0.03) are reported in
Table 2 and in Table 4. (a) Non-match. (b) Ideal conjugate image impedance ended. (c) L-match
network with optimization algorithm. (d) m-match network for realizing conjugate image impedance
matching.

the link (i.e., for the case Zg = Z.1 and Z1, = Z.o) are illustrated in Fig. 10(b) and confirm the theory;
in fact, at the operating frequency the three power gains coincide and are all equal to 0.99 for the case
k = 0.3 and to 0.89 for the case k = 0.03.

5.1. Single-Side Impedance Matching

The analyzed scheme is illustrated in Fig. 9(a): a single L-match network on the input side of the link
is used. A value of 502 is assumed for the generator and load impedances. The parameters of the IMN
(i.e., L1, Cs1, Cpr1) have been optimized in order to maximize the three gains which is equivalent to
minimizing the |S11| parameter while maximizing the |S2;| parameter. The results achieved for different
values of coupling coefficient are summarized in Table 2 (see the case Rg = Ry, = 5012). It can be
noticed that the achieved results are quite satisfactory for £ > 0.07; in fact, for £ > 0.07 at the operating
frequency the three gains assume the same value which is very close to the maximum realizable value
(i.e., Gy) reported in the last column of Table 2. It can also be seen that for k£ < 0.07, the performance
achievable by using a single L-match network gets worse: the realized values for the three gains, and in
particular the one realized for G'7, are lower than the maximum realizable gain.

The frequency behaviors of the three gains corresponding to the use of a single L-match network are
illustrated in Fig. 10(c). The figure on the left corresponds to the high-coupling case with & = 0.3, while
the figure on the right corresponds to the low-coupling case with k£ = 0.03. From the results reported in
Fig. 10(c) it can also be observed that G'r has a peak at the operating frequency, and then it decreases
very rapidly. In order to verify the dependence of these results on the specific values assumed for Rg
and Ry, the cases of Rg = Ry, = 10€2, and Rg = 802 and Ry, = 102 have been analyzed. The achieved
results are summarized in Table 2; obviously, GG, is the same for all the analyzed cases because it only
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Table 2. Single-side matching through L-match network. Values of the components calculated by
circuital simulations for different combinations of Rg and Ry,.

Coupling Lml (HH) Csl (pF) CLl (pF) GT GP GA Gu
Rg = Rp =500

0.3 3.3 427 46 097 = = 0.9
0.2 2.16 619 68 097 = = 0.98
0.1 1 665 118 096 = = 097
0.07 0.6 700 116 095 = = 095
0.05 0.252 607 not necess. 0.92 093 = 0.93
0.03 0.308 975 not necess. 0.61 087 = 0.89
Ra =R, =109Q
0.3 3.17 479 49 087 = 0.88 0.99
0.2 2.33 333 75 087 = 0.88 0.98
0.1 1.3 390 155 087 = 0.88 097
0.07 1.03 364 227 086 = 088 0.95
0.05 0.72 525 328 086 = 087 0.93
0.03 0.56 431 563 0.8 = 0.8 0.89
R =80, R, =10Q
0.3 8.35 533 18 087 = 0.88 0.99
0.2 5.83 282 28 087 = 088 0.98
0.1 3 280 59 087 = 0.88 097
0.07 2.86 111 86 086 = 0.88 0.95
0.05 0.72 525 328 086 = 087 0.93
0.03 0.25 542 103 0.81 0.84 0.81 0.89

Table 3. Single-side matching through m-network. Values of the components calculated by circuital
simulations.

Coupling Lml (HH) Csl (pF) CLl (pF) GT GP GA Gu

0.3 2.33 256 68 097 = = 099
0.2 2 102 74 097 = = 098
0.1 0.523 653 401 096 = = 097
0.07 0.396 698 593 095 = = 095
0.05 0.330 676 764 093 = = 093
0.03 0.273 678 756 0.87 0.87 0.88 0.89

depends on the link. As per the values realized for the three gains by using the L-match network, it
can be seen that they are more or less close to G, depending on the values assumed for Rz and Ry.

In order to distinguish between the intrinsic limits of the single-side matching scheme and the ones
related to the use of the L-match network to implement it, Table 3 summarizes the performance which
can be achieved by using a single-side matching realized by a m-network. It can be seen that in this case
values very close to the optimal ones are obtained for £ > 0.05. However, also in this case for k < 0.05
the performance starts to get worse highlighting the limits of a single-side matching scheme.
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5.2. Conjugate Image Impedance Matching

The theory reported in Section 3 demonstrates that the ultimate gain is realized when the network is
conjugate matched at both ports, i.e., the network has to be terminated on Zg = Z,1 and Z; = Z.s.
In order to realize the conjugate image impedance matching, it is necessary to adopt the double-side
impedance matching scheme illustrated in Fig. 9(b). It is assumed that Rg = Ry = 50 and that the
IMNs are realized by m-type networks. For given values of the network to be matched, and then for given
values of the conjugate image impedances, the parameters of the IMNs can be calculated according to
Eq. (43), (44).

The same value is assumed for the virtual resistance R of the IMN at the input port and the one
at the output port; as consequence, being the analyzed WPT system symmetrical, the conjugate image
impedance matching is realized by two identical networks.

Also in this case values of k in the range [0.3, 0.03] have been analyzed; for all the analyzed cases
the virtual resistance R has been set to 15€). From theoretical formulas, the conjugate image impedance
are equal to Z.1 = Zq.o = 263.3 + j7.6€2 for k = 0.3, while they are equal to Z.1 = Z.o = 26.4 + j7.6€2
for k = 0.03. The parameters of the optimal IMNs as provided by theoretical formulas are summarized
in Table 4, and the corresponding values of the three gains are also reported. As expected, the analyzed
double-side matching scheme allows realizing the ultimate gain for each of the analyzed values of the
coupling coefficient. Fig. 10(d) shows the results achieved from circuital simulations for the case k = 0.3
(on the left) and the case k = 0.03 (on the right). By comparing Fig. 10(c) and Fig. 10(d), it can be seen
that the conjugate image impedance matching scheme provides decisively better performance in terms
of transducer gain. In fact, for the case k = 0.3, it can be seen that although at the operating frequency
both schemes are able to realize the optimum value, the Gr realized by the double-side matching
scheme decreases more slowly in frequency. In other words, it provides a wider bandwidth. For the case
k = 0.03, only the conjugate image impedance matching scheme realizes the optimal performance.

Table 4. Double-side matching: two m-networks, one at the input port and one at the output port, are
used. Values of the components calculated by theoretical formulas. The values reported for the gains
have been obtained from circuital simulations.

Coupling Ly (WH) Ca1 (pF) Cri (pF) Gi Gp Ga Gy

0.3 0.98 358 180 099 = = =
0.2 0.84 358 216 098 = = =
0.1 0.66 358 282 097 = = =
0.07 0.58 358 311 095 = = =
0.05 0.52 358 323 093 = = =
0.03 0.44 358 272 089 = = =

The achievable performance in the case of a variable load ia also investigated; the achieved results
are summarized in Fig. 11. The figure compares the transducer gain of the link without matching with
that achieved by using a single-side matching and a double-side matching. It can be noticed that by
using a double-side scheme realizing the conjugate image impedance matching, a nearly constant value
of Gt is obtained on a very wide range of variation of Ry .

6. EXPERIMENTAL DEMONSTRATION

In order to verify the theory presented in the previous sections, the WPT system illustrated in Fig. 12
has been arranged and experimentally analyzed. The coils are fabricated by copper wire with a diameter
of 300 mm and are series connected to a 120 pF capacitor and a variable capacitor. The diameter of
the copper wire is 2mm. Table 5 summarizes the parameters (inductance and resistance) as calculated
from measurements performed by using a VNA. The variable capacitors are the TZB4Z250BA10R00 by
Murata, which have a capacitance range of 4-25 pF; the values of these capacitors were carefully tuned
in order to make the coils resonating at 13.56 MHz.
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Figure 11. Transducer gain as function of the Figure 12. The experimental setup for
load: comparison between different optimization measuring efficiency, output power and scattering
schemes. parameters.

Table 5. Parameters of the fabricated coils.

TX coil inductance Ly (nH)  1.06

RX coil inductance Lo (uH)  1.05
TX coil resistance Ry (2)  0.35
RX coil resistance Ry (€2) 0.4

Operating frequency (MHz) 13.56

Measurements were performed in order to verify the achievable performance when two m-networks
are used for for realizing the conjugate image impedance matching. In particular, two different
approaches were adopted for determining the three gains. A first set of measurements was performed
by using the procedure described in [19] (see Fig. 7 of [19]) for measuring all the powers of interest for
calculating the gains. In this first set of measurements data were collected for different values of the
distance between the two resonators and for different values of the load. The results achieved in this
way for the gains were compared with those calculated from scattering parameters. In particular, the
VNA was used for measuring the scattering parameters of the link for all the configurations of interest.
In this second set of measurements, the case of a variable load was realized by varying the impedance
adopted for normalizing the scattering parameters at port 2.

For each specific configuration of the link, the conjugate image impedances Z,; (i = 1,2) have been
determined, and the components of the IMNs realizing the conjugate image impedance matching have
been calculated by using Eqs. (43), (44). In this regard, it is worth observing that for the IMN at the
input (output) port, the virtual resistance R has to be chosen to be smaller than the impedance to be
realized, Z.1(Z.2), and the impedance Rg(Ryr). By denoting Ryrn as the lower impedance between
Ze1(Ze2) and Rg(RL), the wider bandwidth is obtained by choosing the virtual resistance very close to
Ryin.

It should also be noticed that another critical aspect is related to the additional losses introduced
by the IMNSs; in this regard a key role is played by the inductors which should have a good quality
factor Q).

The parameters of the IMNs for each of the analyzed configurations are reported in Table 6 for the
case of a variable distance and in Table 7 for the case of a variable load. With regard to the realization
of the IMNs, it should be observed that, for small variations of k or Ry, the IMNs can be implemented
as reconfigurable networks by simply using two variable capacitors for C; and C; and a fixed inductor
in series with a variable capacitor for L,,;. Accordingly, the reconfigurability can be achieved by using
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Table 6. Values of the elements of the IMNs for the case of a variable distance.

Distance (mm) L,,; (nH) Cg (pF) Cr1 (pF) L2 (nH) Cs (pF)  Cra (pF)
60 290 294 258 286 304 275
110 246 432 223 242 453 270
160 202 588 112 195 617 126
260 150 905 106 144 950 127
310 133 1057 108 128 1105 128
Table 7. Values of the elements of the IMNs for the case of a variable load.
Ry (Q) Lya nH) Ca (pF) Cri (pF) Lz (nH) Cs (pF)  Cra (pF)
20 202 588 112 109 864 126
50 202 588 112 195 617 126
100 202 588 112 286 452 126
200 202 588 112 410 325 126
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Figure 13. Measured gains achieved for the Figure 14. Results achieved by varying the load

experiment illustrated in Fig. 12 by varying the
distance between the two resonators. Comparison
between the results achieved for the link without
IMNs and those obtained by adding two -
networks realizing the conjugate image impedance
matching at the input and the output ports.

only three reconfigurable capacitors.

impedance. Comparison between measured data
with and without IMNs. For the link with IMNs,
the results achieved form circuital simulations are
also reported.

However, in the present example, the large range of variation

assumed for k and Ry, requires a large range of variation for the elements of the IMNs which realize the
conjugate image matching for the various analyzed configurations. As a result, for the analyzed case it
is not possible to cover the entire range of necessary values by simply using three variable capacitors;
instead, a more complex design, such as the ones suggested in [16, 17, 31], should be adopted.
However, the focus of this paper is on validating the possibility of simultaneously maximizing
the three gains by means of appropriate IMNs rather than on the design of the reconfigurable IMN.
Accordingly, in order to speed up the experimental validation, measurements were performed by using
different IMNs for the different analyzed cases.
In particular, the values necessary for the capacitors were realized by using a fixed capacitor
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combined with the variable capacitor TZB4R500BA10R00 (capacitance range equal to 7-50 pF) by
Murata, while the inductors were realized as spiral coils.

Figure 13 shows the gains calculated from measurements performed by varying the distance between
the two resonators from 60 mm to 310 mm; measurements were performed with Rg = Ry, = 50Q2.

The figure compares the measured data of the link without IMNs and the ones achieved by using
two IMNs. It can be observed that for small values of the distance (smaller than 60 mm) the link
without matching exhibits high values of Gp and G4 but very low values of Gp. The addition of the
two IMNs allows realizing the ultimate gain at all the analyzed distances, thus leading to a consistent
improvement of the performance especially for increasing values of the distance. More details on the
measured data of the link with and without matching are provided in Table 8.

Finally, Fig. 14 shows the achievable performance in the case where the load impedance is varied;
the figure compares Gp (black) and Gr (red) of the link without IMNs and the ones corresponding
to the link with IMNs. For this last case, measured data are compared with those obtained from
circuital simulations by using ideal components for the IMNs. Similarly, in the case of a variable
distance, a consistent improvement of the performance has been obtained by adding the two IMNs.
The improvement is particularly evident for the transducer gain. However, it can be seen that the
non-ideality of the components (both losses and deviation of the actual values of the components with
respect to their nominal ones) leads to a performance slightly below that theoretically obtainable.

Referring to the use of matching networks for improving the performance of WPT systems, Table 9
compares the different approaches proposed in the literature and the one presented in this paper.
Both [14] and [16] employed a matching network to optimize the efficiency defined as |Sa1|?. In [14],
an optimal resonant load transformation with L-type network has been exploited to achieve maximum
efficiency. In [16], an automated impedance matching system has been designed by minimizing Sii;
the switches were used for selecting the specific capacitor for the matching network in Tx. The
approach proposed in this paper is to explore impedance matching networks to optimize the three
gains simultaneously, instead of only for transducer gain, by realizing the conjugate matching at input
and output ports. As a result, all the three gains are maximized, and the network realizes the ultimate
gain.

Table 8. Measured gains achieved for the experiment illustrated in Fig. 12 by varying the load
impedance. Source voltage is set to 1V, corresponding to an available input power Psyg = 2.5 mW.

Distance (mm) P, (mW) P, (mW) P4 (mW) Gp Ga Gr
60 before 0.95 1.14 1.75 0.83 0.70 0.38
after 2.24 2.5 2.24 0.9 = =
110 before 0.41 0.63 1.46 0.65 0.58 0.16
after 2.07 2.5 2.07 083 = =
160 before 0.16 0.41 0.93 0.4 0.37 0.065
after 1.91 2.49 1.91 0.76 = =
260 before 0.033 0.314 0.272 0.1 0.11 0.013
after 1.74 2.5 1.75 0.7 = =

Table 9. Comparison with previous impedance matching method.

| | Optimization | Method | Topology | Elements
[14] Transducer Matching only L-type 1 Capacitor
gain in Rx network and 1 inductor
Transducer Matching only L-type or inverted 19 Capacitors with matrix,
[16] . . . .
gain in Tx L-type network 2 inductors and 21 switches
This Three Conjugate matching m-type 4 Capacitor
work gains both in Tx and Rx network and 2 inductors
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7. CONCLUSION

The case of a WPT link based on resonant inductive coupling has been analyzed, and the possibility
of compensating the dependence of the performance on the distance and on the load impedance by
using appropriate matching networks has been investigated. The well-established power gain definitions
commonly adopted in the context of active networks have been used for describing the link behavior. It
has been shown that in order to simultaneously maximize the three power gains (i.e., the power gain, the
available gain and the transducer gain) the link has to be terminated on its conjugate image impedances;
as a consequence, appropriate matching networks at the input and output ports are necessary when the
source and the load impedances differ from the conjugate image impedances of the link.

The results achieved for both a single-side (only one matching network at the input side) and a
double-side matching scheme (two matching networks, one at the input and one at the output ports of
the link) are reported. It is shown that only the double-side matching scheme guarantees the achievement
of the optimal performance. However, in some cases, depending on the distance and on the terminating
impedances, performance very close to the optimum can be realized also by using just one matching
network. Experimental data validating the theory have been reported and discussed.
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