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Abstract—Wireless power transfer has shown revolutionary
potential in challenging the conventional charging method for
consumer electronic devices. Through magnetic resonance cou-
pling, it is possible to supply power from one transmitter to
multiple receivers simultaneously. In a multiple-receiver system,
the overall system efficiency highly depends on the loads and
receivers’ positions. This paper extends the conventional circuit-
model-based analysis for one-receiver system to investigate a
general one-transmitter multiple-receiver system. It discusses the
influence of the loads and mutual inductance on the system
efficiency. The optimal loads, the input impedance and power
distribution are analyzed and used to discuss the proper system
design and control methods. Finally, systems with different
number of receivers are designed, fabricated and measured
to validate the proposed method. Under the optimal loading
conditions an efficiency above 80% can be achieved for a system
with three different receivers working at 13.56 MHz.

Index Terms—Wireless power transfer, multiple receivers,
efficiency analysis, optimal loads

I. INTRODUCTION

IRELESS Power Transfer (WPT) makes it possible to cut
the last wire for electrical devices and provides great
convenience for use. Currently, there are mainly three popular
WPT technologies, including far-filed radiation [1], [2], induc-
tive coupling [3], and magnetic resonance coupling [4], [5],
with their distinguished contributions in different areas. Each
technology has its own features on work frequency, power
level, and transmission range [6]. Among these technologies,
wireless power transfer using magnetic resonance coupling is
capable to deliver power with more efficiency than far-field
method, and in longer range than inductive coupling. In order
to built a well-performed WPT system based on magnetic res-
onance coupling, many research groups have made significant
contributions in different areas, such as, high efficiency dc-
ac power sources [7], [8], analysis and modeling of coupling
systems [9]-[14], optimum load control [15], [16], high effi-
ciency coupling system design [17], [18], magnetic shield [19]
and proper system design and control methods [20]-[25]. All
these achievements can work well for a one-receiver system,
however, there are still many unsolved problems to apply these
techniques for a multiple-receiver system.

Supplying power for multiple loads is one of the most attrac-
tive advantages besides eliminating the last wire. A practical
application scenario will be a single charging platform sup-
plying power for various electronic devices, such as wearable
devices, mobile phones, and laptops. These devices are usually
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different in size, power requirement, and charging condition.
Thus it is a challenging task to fulfill the aforementioned
situation. Over the past few years there have been several
research work to address such a multiple-receiver WPT system
from different perspectives. [26] used the coupled mode theory
(CMT) to explore the effect of multiple devices on the overall
power transfer efficiency. It showed this efficiency could be
improved by adding more receivers. While other groups tend
to use equivalent circuit models to analyze the same system
because it is more straightforward and easily understood. In
2000, [27] used the circuit model to analyze a multiple-
receiver system for high power low frequency application.
They investigated the system sensitivity, the power transfer
capability and controllability. However, in their model, the
receiving coils are identical and have the same mutual induc-
tances to the transmitting coil. Besides, the load variation is
not considered in the system analysis. [28] provided a method
to design the circuit parameters with different receivers. Also
they discussed the potential to compensate the efficiency drop
by resonant frequency tracking when more receivers are added.
The frequency tracking can improve the overall performance.
However it cannot control the power delivered to each indi-
vidual receiver and its associated efficiency. [29] discussed
the power distribution for a two-receiver system. But their
model does not consider the effects of parasitic resistances of
coils, which overestimates the system efficiency. In [30] we
show the existence of optimal load conditions to achieve a
maximum efficiency for a one-transmitter two-receiver WPT
system. The work of this paper extends the analysis of [30] for
a general one-transmitter multiple-receiver system under fixed
frequency. In such a system, the receiving coils have different
sizes and different mutual inductances to the transmitting coil.
It carries out a general discussion about the influence of
the mutual inductances instead of any specific placement for
coils. The parasitic resistances are taken into consideration
to accurately predict the efficiency and loading effect. The
optimal loads and source for multiple receivers have been
strictly proved based on the study of two-receiver systems.
Moreover dynamic power distribution to each receiver can
be achieved through the load control effectively. Besides, the
cross coupling effects are discussed and validated in both
simulation and experiment. To authors’ best knowledge this
is the first work to solve a practical multiple-receiver WPT
system with different receiver properties.

The paper is organized in the following way. In Section II,
a general system structure is given with the system efficiency
definition. Then the circuit-model-based numerical analysis is
carried out for one-receiver, two-receiver and finally a general



multiple-receiver system. It gives the expression for overall
system efficiency, strictly proves the existence of optimal
loads, and discusses the input impedance and power distri-
bution condition. In Section III, based on coils’ parameters, a
two-receiver system is used as an example to help discuss
the control strategies and cross coupling effects. Then in
Section IV, various experiments are designed and carried out to
validate the analytical results. Finally the conclusion is drawn
in Section V.

II. SYSTEM ANALYSIS
A. System Configuration

~

Fig. 1. Multiple-receiver WPT system configuration.

Fig. 1 shows the basic configuration for a multiple-receiver
WPT system, where TX and RX are used to represent the
transmitter and receiver respectively. The system consists of a
TX and n RXs. At the TX side, a transmitting coil is driven
by a power source with source impedance Z,, and L;, C}
and R, are the inductance, capacitance and parasitic resistance
of the transmitting coil. At the RX side, L;, C;, and R; are
the inductance, capacitance, and parasitic resistance of the ith
receiving coil, and each receiving coil is followed by a resistive
load Zp,;. My; is the mutual inductance between the transmitter
and the ith receiver. The resonance is achieved by

1
jwlL =0, 1
Jwliy + JwC, (1)
. 1 .
The efficiency for each load is
P;
i = ; 3)
"= Pin

where P; is the power consumed by Z;; and Pry is the
input power to the transmitting coil. For each load, the input
power is first transformed to the coupled power Pry; with

a transmitting efficiency nrx; at the TX side (some loss
on R;), and then the coupled power is further transferred to
the corresponding load Z;; with a receiving efficiency 7ngx;
(some loss on R;). Therefore, the efficiency for each load can
be represented as a product form,

i = NTXiNRXi) 4
where
nrxs = LIV )
(2 PIN b
and P
== 6
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Finally, the overall system efficiency is
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= = i 7
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The following subsections first review and discuss the
optimal loads for one-receiver and two-receiver system with
numerical method. Then the method is extended to analyze a
general multiple-receiver system.

B. One-Receiver System
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Fig. 2. One-receiver WPT system. (a) Circuit model. (b) Equivalent circuit
model. (¢) Circuit model under resonance.

One receiver is a fundamental structure for WPT appli-
cations. As shown in Fig. 2(a), it includes a power source,
a transmitting coil, a receiving coil and a load Z;;. Using



a standard mutual inductance coupling transformer model,
the induced voltage in the receiver due to the transmitter
current [; is equal to jwMy Iy, while the reflected voltage
in the transmitter due to the receiver current I; is equal to
jwM;y1 1. Fig. 2(b) shows this equivalent circuit model. With
the Kirchhoff voltage laws (KVL), the following equations can
be obtained,

I(R; + jw%t + jwly) + LijwMy — Vi =0 ®
Li(Zry + Ri+ 556 +jwln) + LijwMp =0
Under resonance, I; and I; can be solved as
I, — (ZL1i+R1)V:
t = Re(Zr1+Ri)+w2ME )
I = — JwMi Vi :
L= TR(Zpi+Ry)twrME

The loading effect of the receiver on the transmitter can be
represented by a reflected impedance Zp1,
jwMﬂIl o wQMfl

I, Ri+Zp
Thus the circuit model can be simplified as shown in Fig. 2(c).
The input impedance is

ZR1 =

(10)

w2 M?
ZiN=Ri+Zp = Ry + —— 2. 11
IN + + Zr1 R ZL (11)
The transmitting efficiency is
ZR1
e 12
X1 = g (12)
The receiving efficiency is
Z11
== 13
MRX1= B (13)
Thus the system efficiency is
I 52—
n= M =Nrx1MRX1= —5— Tl (14)

Ri+Zp1
The optimal Zj1, for a maximum 7, can be calculated by
taking the first-order derivative of 7, and then it gives

w?M?
Z = Riy/1 tL 15
L1,0PT /14 Rk, (15)
With this optimal load, the corresponding input impedance is
w2M?
A = Ryy/1 £ 16
IN,OPT 1+ RR, (16)
Seen from the source, for no power reflection, it requires
Zs.0PT = Z?N,OPT' A7)
Let
w2M?2
A =41 £ 18
1 + RtRl ) ( )

then ZLI,OPT = R1A; and ZS,OPT = R;A;. It can be
observed that

Zs,opr : Zii,0opT = Rt Ry. (19)

Besides, under the optimal load, the maximum efficiency can
be calculated and simplified as

A -1

norpr = A, 11

(20)

C. Two-Receiver System
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Fig. 3. Two-receiver WPT system. (a) Circuit model. (b) Circuit model under
resonance.

Fig. 3(a) shows a two-receiver WPT system, which is the
most fundamental multiple-receiver system. Similar to the
derivation in Section II-B, three KVL functions can be applied
and solved to get the relationships between I;, I; and Is.
Under resonance, the circuit model can be simplified by the
reflected impedances with

w2 M?
Zp = ——4H 21
R = R 2D
and
w2M?2
Zpy = ——12 22
RS R (22)

refer to (10). And the simplified circuit model under reso-
nance is shown in Fig. 3(b). Based on this model, the input
impedance is

2
Zin=Ri+ Y Zpi.
i=1

(23)

The transmitting efficiency and receiving efficiency for each
load is

Zri
Nrxi = —— (24)
Ri+ > Zgi
=1
and
A%
NRXi = S (25)

R, +Zp;’



for i=1, 2. The system efficiency is

2
2 > Zrimity
n= Z NTXiNRXE =~ (26)
=1 Ri+ > Zg;
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The optimal loads for maximum 7 can be obtained by
solving the two partial derivative equations,

on  __ 0
agﬁl _0- 27
0Zr>
The solution is
Zri,opr = Ry \/1 + ¢ QM“ + “’;A/Jféj
w M 2;\4 (28)
Zr2,0PT ZRQ\/1+ Rtéi + Rté; :
Similar to the one-receiver system [refer to (18)], let
szt12 w2Mt22
Ay =4/1 , 29
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then P Rid
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’ . 30
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Substituting these two optimal loads into (23), it has
Zs,opr = Zin,opr = RiAs, (€29)
and
Zs.orT : Z11,0PT - Z12,0PT = B 1 Ry @ Ra. (32)

The optimal efficiency [refer to (26)] can be calculated and
simplified as
Ay —1

prEa Gy

Nopr =

which is similar to (20).

D. Multiple-Receiver System

The same numerical method can be applied for the multiple-
receiver system as used in Section II-B and II-C. Assume there
are n receivers, thus a (n+1) ports network can be given and
described by its impedance matrix (34) [refer to Fig. 1]. Taking
Z1i = —V;/I; into the first n rows of (34) can give

JwWiMtidy jwMyi Iy

I = — e [1,n].
R+ZL1 e[ n]

Since Z;n = V;/ 14, taking (35) into the last row of (34) gives

(35)

Zin=Ri+ Y Zpi. (36)
i=1

where

JwMyli W M®
I R+ Zpi

And Zpg; is the reflected impedance of RX; on TX like

Fig. 2(c) and Fig. 3(b). The transmitting and receiving effi-

ciency for the ith load is

Zri =

(37

ZRi
nrx: = ———m >
Ri+ Y Zg;

i=1

(38)

and 7
Li
= —. 39
NRXi = R (39)
Thus the efficiency for the ith load is
Zhi ZrLi
o= Rl (40)
Ry + 3 Zr;
i=1
Finally the system efficiency is
.Z ZRi R; +LZIL1',
=" (41)
R; + Z ZRi
i=1

In order to derive the optimal values for n loads, a s-
traightforward method is to solve n partial derivative equations
simultaneously like (27). However, it is complicated to solve
them directly. Instead, by observing the optimal loads for
one-receiver system and two-receiver system [refer to (15)
and (28)], the results are of the same form. Therefore, for
a multiple-receiver system, it is reasonable to assume that the

optimal load for the ith receiver is
Zriopr = RiAn, (42)

where
w2 M,,;>

(43)

R

[refer to (18) and (29)]. The sufficient conditions for the
optimal loads are

0
827; =0, i€[l, n. (44)
3
Applying (44) to (41), it has
D u}thszIJ
R, —Zp; _ng Ri+214)" 45
Ri+Z“_(R+zn:“’2M’72)' 45)
t j=1 Rj+Z1;
Substituting (42) into the left side of (45), (45) becomes
- WMyt
1-— An jgl Ri+Z15)
1+An n 0-)2Mtj2 (46)
(R¢ + g§1 RJ+ZLJ)

It can be proved that (43) is the solution of (46). In sum,
(42) and (43) satisfy (44), thus the assumption is true for the
multiple-receiver system. With the optimal values,

ZS,OPT = Z;NyopT = RtAna (47)

and A )
= 48
NOoPT 1,71 (48)

The power flow management among different loads is
another important issue in a multiple-receiver WPT system.
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With a given input power Py, power ratio between any two
receiver can be represented as

P M2(R; + Z0,)2 70,
Po_m  MulB 4 205) Z0i ooy

; (49)
Pj 77j ME](RZ +ZL7;)QZL]‘

It shows that a receiver can share more power by getting closer
to the transmitter or properly controlling the loads when the
parasitic resistances are fixed.

In order to have more insights about the multiple-receiver
WPT system, the equivalent system model will be derived.
By observing (20) and (48), it finds that any multiple-receiver
WPT system can be represented as an equivalent one-receiver
system. Choose

Mgo?
Ao =1/1+ —" 50
EQ + RiRpo (50)
and let Apg = A, which gives
> My
Mpq® = "=, (51)
2w
Jj=1

and

Rpg=Ri || Ry || R (52)

A special case is that a multiple-receiver WPT system has
n identical receivers with the same coupling to the transmitter,
ie., My, = Mgayg for i € [1, n]. Then its equivalent
model has MEQ = MSAME, and REQ = RSAME/n, where
RsanE is the parasitic resistance of each receiving coil. It
shows that if a one-receiver system is replaced by a multiple-
receiver system, the system efficiency can be improved due to
the reduction of equivalent parasitic resistance.

Based on above derivation, for a general multiple-receiver
WPT system, following conclusions can be made:

1) The optimal loads and corresponding optimal source
impedance satisfy that

ZsoprT:Z11,0PT - LinoPrT =R Ry:.. Ry, (53)

which is defined as the optimal impedance ratio in this
paper.

2) Under the optimal condition, all the loads share the same
receiving efficiency, i.e.,

Zriopr  _ An
R+ Zriopr An+1
3) The overall system efficiency is proportional to A,,.

So higher efficiency can be achieved by increasing the
coupling between the transmitter and receivers, lowing

NRX: = (54

0 JwMy I
0 JwMi I

: : : (34)
R, JwMip I,
JwMiy, R, I

the parasitic resistance of coils or increasing the number
of receivers.

4) The power distribution among receivers can be con-
trolled by the loads.

5) A multiple-receiver system can be represented by an
equivalent one-receiver system.

III. EXAMPLES AND DISCUSSION

The numerical analysis in Section II focuses on the power
transfer in the coupling system, i.e., from the transmitting
coil to the receiving coils. In a complete WPT system, the
transmitting coil is driven by a power source, and each
receiving coil is followed by a rectifier. A dc-dc converter
following the rectifier can be used to achieve load control [16].
Sometimes, an impedance matching network is required after
the power source to reduce power reflection [31]. Therefore,
when discussing the transfer characteristics of the coupling
system, it is indispensable to evaluate the interactive relation-
ships between the coupling system and other subsystems. The
influence of the coupling system can be analyzed by its input
impedance (seen by the power source) and the loads (seeing
into the rectifier). Finally, a whole system design optimization
can be conducted instead of subsystem improvements.

Here, a two-receiver coupling system is used as an example
in circuit-model-based simulation to illustrate more details.
Fig. 4(a) shows the system structure, i.e., one transmitter (7'X)
in the middle with two different sizes receivers (RX; and
RX5) at either side. The coils’ sizes are given in Fig. 4(b),
which is fabricated and used in the final experiment. The
distance between the transmitter and each receiver is d. Mean-
while, all the coils are tuned to resonate at 13.56 MHz with
external series capacitors. Using a vector network analyzer
(VNA), the coils’ parameters and the mutual inductances
between coils are measured and summarised in Table I and II.
It shows the mutual inductance between the receivers (M72)
is much smaller than M;; and M;5. Therefore, it is reasonable
to ignore the influence of M;-. Based on the parameters and
the numerical analysis in Section II, the optimal loads and
the input impedance will be illustrated and discussed in the
following parts.

TABLE I
COILS’ PARAMETERS

Large coil | Small coil
Parasitic resistance (£2) 2.05 1.04
Inductance (uH) 3.93 2.01
Capacitance (pF) 37.2 72.5
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Fig. 4. Coils’ layout. (a) Position. (b) Dimension.

TABLE II
MUTUAL INDUCTANCES BETWEEN COILS
d(mm) | My (uH) | Mip(@i) | Miz (uH)
10 0.130 0.232 0.0071
15 0.113 0.206 0.0066
20 0.094 0.165 0.0063

A. Optimal Loads

Fig. 5 shows the system efficiency when sweeping Z1,; and
Zr19. The optimal point (triangle in Fig. 5) is Z;, = 11 €,
Zro = 22 Q and nopr = 0.82, which lies on the optimal
ratio line Zyo = Zp1Re/R;. If the overall efficiency is
the only concern, the maximum power point originally can
be found by sweeping each load, which requires strong and
intelligent control algorithm. With the conclusion of this paper,
the maximum power point tracking for any multiple-receiver
system can be easily achieved by sweeping the loads along the
optimal ratio line [see Fig. 5] instead of the whole available n-
dimensional vector space. However, the designers usually have
to consider the available control range for loads. In order to
evaluate the influence of loads on efficiency instead of a single
optimum point, several constant efficiency contours are plotted
in Fig. 5. It shows that there is a range for loads to maintain
a significant system efficiency, for example 80%. In order to
discuss the influence of the mutual inductances, two different
cases are shown in Fig. 6 with different distances. It clearly
shows that the optimal point is moving along the optimal ratio
line. Besides, larger mutual inductances can provide higher
nopr and allow larger controllable range for Z; and Zp.
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Fig. 5. Efficiency for different loads when d = 15 mm.
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Fig. 6. The influence of mutual inductances on efficiency. (a) d = 10 mm.
(b) d = 20 mm.

B. Input Impedance

It is important to analyze the input impedance of the
transmitting coil, because it is the direct load seen by the power
source. For a WPT system working at kHz, the inverter usually
serves as the power source. According to Zy, the inverter can
achieve various proper control methods and techniques, such



as frequency control, current control, voltage control, or soft-
switch operation [24], [25]. For a MHz WPT system, a power
amplifier should be used, whose performance highly depends
on Z;n [8]. The optimal source impedance can be obtained
by Zs = Zj,. Currently, most power amplifiers use load-
pull method to find the acceptable load range and provides
impedance requirement for the circuits after PA. In order to
design a well-performed PA for WPT, it is significant to obtain
the variation of the loads for PA, i.e. Z;n. Based on (36),
it reveals that Zjy, like 1, depends on the loads (Zr;), the
mutual inductances and the number of receivers. Here, the
two-receiver system in Fig. 4 is still served as an example. It
shows that the Z;n opr = 22 ) under optimal loads [refer
to (31)]. If Z; is required to be a constant value or allowed
to vary in some range, such as from 20 to 25 €2, then the
controllable range for the Z1; and Z» will have the constrains
as illustrated by the white lines (constant Z7y) in Fig. 7. It
means that the loads can be used to adjust the input impedance
to satisfy the requirement of the power source, especially the
requirement of reducing the power reflection.

100
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Fig. 7. Constant Zjn curves and efficiency for different loads.

C. Cross Coupling Effects

It is important to consider the influence of cross coupling
when the receivers get close to each other. In the original setup
[see Table II], the cross coupling M, is negligible compared
to My; and M;s. This simulation evaluates the effects of
M5 numerically by assigning Mo with different value and
fixing My and Myo. Fig. 5 is again chosen as the reference
group. For different M5, the efficiency differences between
the original efficiency in Fig. 5 and the efficiencies under cross
coupling are given in Fig. 8. The area of negative difference
(bounded by the zero-difference curves) means the efficiency
decreases under cross coupling. This efficiency drop is small
for small M5, even when M;2 (100 nH) is compatible to My
(113 nH) and M;s (206 nH). A obvious drop occurs for large
M5 (400 nH). The same effects have also been observed and
evaluated in [28], [32].

In Fig. 8, efficiency improvement can also be observed in
narrow regions. These regions correspond to those extreme
loading conditions. For example at the point where Z;; =

50, and Z;s = 1, RX5 will behave like a repeating coil to
enhance the coupling instead of a load extracting power. It
means that the cross coupling between RX; and RX5y can
actually enhance the equivalent coupling between RX; and
TX. There are several papers discussing the use of multiple
coils to increase system performance [13], [14]. However, in
real multiple-receiver systems each receiver is supposed to get
power. Therefore, those extreme loading conditions are usually
avoided in application.
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Fig. 8. Efficiency difference under different cross coupling. (a) M2 = 100
nH. (b) M2 = 200 nH. (c) M2 = 400 nH.



IV. EXPERIMENTAL VERIFICATION
A. Experiment Setup

The experiments should measure the efficiency for different
loads in a multiple-receiver system. A four-port vector network
analyzer (VNA), as shown in Fig. 9(a), can be used to measure
the system response for at most three receivers. The part
number of this VNA is ES071C, Agilent ENA series. With this
setup, there are two methods to change the load impedances in
the experiment. The first one is to use an internal function of
VNA, which is called port-z conversion (PZC). This function
can correct the measurement and display the results as if the
VNA port impedance had been made into specified values.
Actually, this method is a software-based simulator and the
physical port impedances are still 50 €.

The other method to change load impedance is to use exter-
nal impedance transformation circuits as shown in Fig. 9(b).
An LC circuit is used. In this paper, in order to reduce the
parasitic resistance from the LC circuit, the external inductor is
avoided. Instead, the inductor for LC circuit (L,,;) uses the self
inductance of the coil (L;), and the rest of the self inductance
(L.;) is tuned to resonance by Cp;. So L; = Ly; + L.
Based on this method, the VNA port impedance 50 2 can be
transformed to the target impedance Ziqrget (Ztarger < 50 £2)
with the following circuit parameters,

C L \/Ztarget(50_ZtaTget)
me 50WZtarget

L _ \/Ztarget(so_ztarget)
mi — )

Cri =

(55)

[ S
w?(Li—Lmi)

The parameters of the two size coils [see Fig. 4] have
been given in Table I. A three-receiver system is built with
the coils. RX; uses the small coil and the others use large
coils. The basic coils’ positions are illustrated in Fig. 9 (c).
The transmitter (7°X) is placed in the middle, and three
receivers (RX;, RXs and RX3) are localized right around
the transmitter with a horizontal distance w. Through different
experiments, the measurement rule for the VNA is, Port One
for T'X, Port Two for RX;, Port Three for RX5, and Port
Four for RX3. With the setup in Fig. 9 (a) and (c), the one-
or two-receiver systems can be easily defined by removing two
or one receiver from the three-receiver system as below.

e One-receiver system: Only 7X and RX; are used; RX»
and RX3 are removed. n = |S21|%/(1—511]?) [see Fig.9
@1
o Two-receiver system: 7'X, RX; and RX, are used; RX3
is removed. n = (|S21|%+[S51/%)/(1 — [S11]?) [see Fig.9
(@)].
e Three-receiver system: All the coils are used. =
(|S21‘2 + |S31‘2 + |S41|2)/(1 — |Sll|2) [see Fig.9 (c)].
For systems with different number of receivers, w is always
used to denote the distance between the transmitter and each
receiver. By changing w, it can vary the mutual inductances.
This planar configuration is sufficient to evaluate the influence
of the mutual inductances for a general system with measure-
ment conveniences. In the final experiment, different positions
are used and their corresponding mutual inductances are given
in Table. III. Three different cases are defined, case A for large
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Fig. 9. Experiment setup. (a) Measurement platform for three receivers. (b)
LC impedance transformation circuit. (c) Three receivers. (d) Two receivers.
(e) One receiver.

mutual inductances, case B for medium mutual inductances
and case C for small mutual inductances. This table can give
all the mutual inductances for systems with different receivers.

TABLE IIT
MUTUAL INDUCTANCES FOR DIFFERENT POSITIONS
Label | w (mm) | My (uH) | Miz (uH) | Mes (uH)
A 10 0.130 0.232 0.215
B 15 0.113 0.206 0.187
C 20 0.094 0.165 0.158

B. Influence of Loads and Mutual Inductances

Table IV-VI give the results for three different systems
with positions defined by Case B [refer to Section IV-A].



For each table, three different results are given and compared.
The first one is obtained through numerical calculation (Cal)
given in Section II. The with the given circuit’s parameters, it
can directly calculate the optimal load resistances, efficiency,
input impedance and power division ratio. The second one is
obtained by using the VNA’s function port-z conversion (PZC),
which has been described in Section IV-A. And the last one
is using LC circuit to transform the standard port impedance
(50 ) to the required value [refer to Section IV-A]. Thus the
system response comparison under different load impedances
can be made and used to validate the numerical analysis. By
observation, it can be founded that the optimal impedance ratio
(Zs,opr : Z11,0PT © - ¢ Zin,0pT) €quals to the parasitic
resistance ratio (R; : Ry : ... : R,) as the numerical analysis
[see (53)]. Also the overall system efficiency can be improved
by increasing the number of receivers.

The influence of receivers’ positions (mutual inductances)
is shown in Table VII. Here a two-receiver system is tested
for Case A, B and C as defined in Table III. It shows that the
system efficiency increases as the mutual inductances increase.
Instead of the single optimal point in the tables, Fig. 10 gives
a global view for a two-receiver system for Case B. It shows
the results for Cal, PZC and LC are well matched to each
other. The frequency response is given for Case B in Fig. 11.
It also shows that the system efficiency is improved by using
optimal loads (Z;1 =11 Q and Z, =22 Q).

TABLE IV
ONE-RECEIVER SYSTEM (CAL: CALCULATION)

Cal PZC LC
Z11,0PT 6.93 6.86 7
Zs.0PT 13.67 12.35+3) | 12.2+3j
Optimal impedance ratio 1:0.5 1:0.56 1:0.57
n 0.7391 0.7203 0.7201
TABLE V

TWO-RECEIVER SYSTEM

Cal PZC LC
Z11,0PT 10.85 10.9 11
Z12,0PT 22.24 23.3 22
Zs,opPT 22.24 21.8+0.8] | 22.5+0.8;
Optimal impedance ratio | 1:0.5:1 | 1:0.5:1.07 | 1:0.5:0.98
n 0.8312 0.8271 0.8268
TABLE VI
THREE-RECEIVER SYSTEM
Cal PZC LC
Z11,0PT 13.58 13.4 13
Z12,0PT 27.84 28.4 28
Z12,0PT 25.13 24.8 25
Zs 0PT 27.84 26.4-3.5j 26.6-2j
. Optimal . 1:0.5:1:0.9 | 1:0.51:1.08:0.94 | 1:0.49:1.05:0.94
impedance ratio
n 0.8629 0.8537 0.8534

C. Input Impedance and Power Distribution

In order to achieve a target Z;y when Zp is given, Zy9
can be calculated by solving (23). In the experiment, 22 ()

TABLE VII
EFFICIENCY FOR A TWO-RECEIVER SYSTEM WITH DIFFERENT POSITIONS
Cal PZC LC
Case A | 0.8508 | 0.8464 | 0.8454
Case B | 0.8312 | 0.8271 | 0.8268
Case C | 0.7981 | 0.7913 | 0.7908

is set to be the target impedance for Z;y. For each Zpq,
the required Zo is shown by the blue line in Fig. 12. Both
PZC and LC are used to change the load impedance, and
the corresponding input impedances are recorded and shown
in Fig. 12. The consistence between experiment results and
calculation validates the proposed method to adjust Z;n by
controlling loads.

Fig. 13 gives the power distribution ratio with different load
impedance ratio (Zp, : Zp2), for a two-receiver system in
Case B [refer to Table III]. In the experiment, Zo is fixed
at 10 Q, and Zp; is adjusted from 10 to 50 Q. The power
distribution ratio can be obtained by

Py : Py = |S1)? 1 |S31]?. (56)

It finds that curves of two kinds of port impedance transfor-
mation methods (PZC and LC) are both well matched to the
calculation from (49). It is reasonable to manage the power
flow in a multiple-receiver system by load control.

D. Cross Coupling Effects

In order to evaluate the cross coupling effects, the exper-
iment setup for two-receiver system [refer to Fig. 9 (d)] is
modified by moving RX5 up to a different plane z = 30 mm
as shown in Fig. 14. O;, O; and O, are the centers of TX,
RX,, and RX5 respectively. 6 is the angle between O;O- and
x axis. During the experiment, O; and O are fixed and O,
rotates along a circle from 8 = 0° to § = 180°. Mo varies
from nearly O to 455 nH during the movement. The system
efficiencies under different cross coupling are recorded for
Zr1 =11 Q and Zy5 = 22 . An efficiency drop is observed
and both PZC and LC give consistent results as calculation
predicts.

V. CONCLUSION

In this paper, a detailed numerical analysis is carried out
on the efficiency analysis of a multiple-receiver system. A
circuit-model-based method is first used to derive the optimal
loads and source impedance for one-receiver and two-receiver
system, based on which, a general multiple-receiver system
is further analyzed. Through numerical method, it gives the
expression for overall efficiency, derives the optimal loads and
source impedances, discusses the power distribution condition
and gives the equivalent one-receiver model for any multiple-
receiver system. Some numerical results are further illustrated
with a two-receiver system, and proper system design and
control method are proposed and discussed. Finally, various
experiments are carried out to verify the numerical analysis.
Future work is to evaluate how to compensate the cross
coupling effects, especially the efficiency drop.
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