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A Cost-Effective Simultaneous Wireless Power and
Data Transfer System With High-Rate
Half-Duplex Communication

Yuying Luo
and Chi-Seng Lam

Abstract—In simultaneous wireless power and data transfer
(SWPDT) systems, which adopt coupling coils with taps, the se-
lection of the tap position to obtain good performance of com-
munication is a major problem. To solve the problem, this arti-
cle proposes a novel SWPDT system based on tapped coils with
ferrite cores. The proposed system is cost-effective while achiev-
ing high-rate half-duplex communication and improving power
transfer efficiency (PTE). In the proposed system, additional wave
trappers and coupling coils are not needed, reducing the costs and
size of the system. A double-sided LLCC compensation topology
is employed to filter most of the high-order harmonics generated
by the H-bridge inverter and rectifier, while suppressing common-
mode (CM) current. Zero-voltage (ZVS) switching is considered in
the compensation design to suppress electromagnetic interference.
Amplitude-shift keying (ASK) technology, which is low-cost and
easy to implement, is used for modulation. In addition, this article
presents a comprehensive parameter design method by analyzing
the data transmission gain and power interference. Finally, an
experimental prototype was constructed to validate the proposed
system. The prototype successfully achieved an output power of
545 W with a maximum PTE of 95.55% and a maximum data rate
of 1.25 Mb/s.

Index Terms—Amplitude-shift keying (ASK), half-duplex
communication, interference suppression, simultaneous wireless
power and data transfer (SWPDT), wireless power transfer (WPT),
zero-voltage switching (ZVS).

NOMENCLATURE

Uin DC voltage source.
Ry and R Resistive load and equivalent ac input
impedance of rectifier.
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Filter capacitors at the input and output
terminals.

MOSFET transistors in the full-bridge
inverter.

Diodes in the full-bridge rectifier.
Primary and secondary inductors.
Mutual inductance between primary and
secondary inductors.

Compensation inductors.

Equivalent compensation inductors.
Parallel compensation capacitors.
Series compensation capacitors.

Data signals transmitted from the pri-
mary and secondary sides.

Data signals received at the primary and
secondary sides.

Sampling resistors at the primary and
secondary sides.

Coupling capacitor of the data chan-
nel on the primary and secondary
sides.

Frequency and angular frequency of
power carrier.

Amplitude, frequency, and angular fre-
quency of high-frequency carrier.

Inner and outer diameters of the primary
coil.

Inner and outer diameters of the sec-
ondary coil.

Nominal gap between coaxial coils.
Number of turns in the outer windings
of primary and secondary coils.
Number of turns in the inner windings
of primary and secondary coils.
Primary and secondary coil taps.
Self-inductances of the outer and inner
windings at the transmitter side.
Self-inductances of the outer and inner
windings at the receiver side.

Mutual inductances between various
winding combinations.

Isolation transformers.
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Coil inductance of isolation transform-
ers.

Output voltage of inverter, root mean
square value of the fundamental har-
monic of usp, and input voltage of
rectifier.

Output current of inverter, input current
of rectifier, current flowing through L,,
and current flowing through L.
Maximum input voltage of the inverter,
turn-OFF current, junction capacitance,
and dead-time.

ESR of each turn of coil in primary and
secondary sides.

Inductance of each turn of coil in pri-
mary and secondary sides.

Mutual inductance between any two
turns of coil in primary and secondary
sides.

Parasitic capacitance between turns of
coil in primary and secondary sides.
ESR between turns of coil in primary
and secondary sides.

Ldp, Lds

uap, Uap, and Uy,

IaB, Lap, I1p, and I
U AB,max> [OFF,
Coss’ and tdead

RLpi and RLsi

Lpi and Lbl

Mpi,j and Msi,j

Cpiﬂ' and Csi,j

Rpi,j and Rsi,j

Up;and Uy Node voltage of each turn of coil in
primary and secondary sides.

I,;and I Current flowing through each turn of the
coil in primary and secondary sides.

M pgsh, Mutual inductance between any turn of
the primary coil and any turn of the
secondary coil.

Iing and Igny Current flowing through Cy, and C g, at

the xth node.

My Mutual inductance between any two
turns.
Cyu Turn-to-turn capacitance.

Tn1, Tyo,and Tys  Transmission parameter matrix of net-

work Ny, No, and Ns.

A,B,Yc1, Yoo, Z,, nxnmatrix.
ZS’ Mps, Mp9 Ms

U, U, I,1,, nx1 matrix.
I'm,p7 Iin,s

Current generated by data signal source
and current flowing through sampling
resistor at the receiving end.
Inductance of wingding and mutual in-
ductance between any two wingdings.

Itxp and Irxs

L., and M,

1. INTRODUCTION

IRELESS power transfer (WPT) technology has at-
W tracted significant attention due to its flexibility, security,
and high efficiency [1], [2], [3], [4]. Its applications span various
fields, including mobile phones, robotics, electric vehicles, and
medical equipment [5], [6], [7], [8]. Practical WPT systems
require real-time communication between the primary and sec-
ondary sides to maintain stability and reliability. While tradi-
tional technologies, such as bluetooth, radio frequency (RF),
ZigBee, and Wi-Fi, can facilitate the communication, they often
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introduce significant transmission delays [9], increase system
size and cost [10], and even are susceptible to interference from
wireless power transmission [11], [12]. To address these chal-
lenges, researchers have proposed integrating the simultaneous
wireless power and data transfer (SWPDT) technique into WPT
systems.

To achieve SWPDT, an additional pair of coils for simultane-
ous data transmission is introduced while retaining the original
coupling coils [13], [14], [15]. This approach is conducive to
achieving a larger data rate and higher power transfer efficiency
(PTE). Nevertheless, the size of the system will be increased
because of the auxiliary coupler, constraining the deployment of
this sort of system in space-constrained applications. To address
this limitation, SWPDT systems that achieve synchronous trans-
mission of power and data with the same pair of coupling coils
have been proposed. These SWPDT systems can be divided into
two types based on their data transmission mechanisms. The first
type transmits data by directly modulating the power carrier [ 16],
[17], [18], whereas the second type transmits data by modulating
the high-frequency data carrier that is injected at one side [19],
[20], [21], [22]. In detail, direct modulation of the power carrier
refers to altering the phase, amplitude or frequency of the power
carrier. However, this easy-to-implement method will limit data
rates due to the low-frequency power carrier and cause output
power fluctuations [23], [24]. Therefore, it is not suitable for
high-power and high-data-rate SWPDT systems. The second
type can help avoid the above limitations [9], [10], [11], [12],
[19], [20], [21], [22]. With data carrier frequency in the mega-
hertz range and power carrier frequency typically in tens of
kilohertz range, interference between carriers can be minimized,
resulting in high data rates without power fluctuations. Among
various modulation techniques, amplitude-shift keying (ASK)
and frequency-shift keying (FSK) are both common modulation
techniques. Compared with FSK modulation, ASK modulation
has lower design complexity and is easier for implementation.
Furthermore, ASK modulation maintains a constant data car-
rier frequency, ensuring the data transfer system remains at its
resonant frequency. These advantages led to the adoption of
ASK modulation in SWPDT systems with high-frequency data
carriers [12], [20], [25], [26].

SWPDT systems utilizing a shared inductive link with high-
frequency data carriers have gained significant attention due
to its advantages of low cost, compact size, high data rates
and stable power transmission. In [12], parallel transmission of
power and data are proposed. Wave trappers are added into the
system, ensuring that data transmission does not interfere with
power transmission. However, this design affects the system’s
PTE. In addition, the tightly coupled coils limit practical ap-
plication scenarios. In [19], double-sided LCCL compensation
and loosely coupled transformers (LCT) of receivers are utilized
to prevent power interference with data transmission. However,
this design makes the system bulky. In [21], a SWPDT system
that achieves high output power and bidirectional communica-
tion with four resonance dual-rejection structure is proposed.
However, it employs numerous wave trappers in the transfer
channels that potentially compromise PTE. In [12], [19], and
[21], the circuits for data carrier injection and extraction are
directly parallel to the shared coupling coils. Wave trappers
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or additional trap inductors need to be added to the power
channels to mitigate the interference between power and data
transmission. These additional passive components not only
increase the system’s complexity, size and cost but also easily
cause significant power loss in power transmission. To overcome
this problem, [20], [25], [27], [28] use partial coupled coils as a
medium for data transmission. In [20], an effective data injection
solution is proposed. It injects the data carrier through taps on
the coupling coils. In detail, the coil is divided into two parts
with taps, one for data transmission and the other functioning
as an equivalent trap inductor. Therefore, tapping coils not only
conserve space but also avoids PTE degradation. However, the
accuracy of the analysis needs to be improved because the skin
effect and proximity effect of the tightly wound coils are ignored.
Furthermore, the applicability is poor since there are no magnetic
cores. Wei et al. [25] injected the data carrier into one of the D
coils. Additional wave trappers are not required; thus, high PTE
can be achieved. However, it has limited applicability due to
the specialized coil structure. Furthermore, it only implements
forward data transmission and only reaches an output power
of 150 W. In [27], a SWPDT system with a hybrid injection
communication method utilizing part of the receiving end (Rx)
coil, transmitting end (Tx) coil, and an additional transformer
for data transmission is proposed. The PTE can reach 92.25%
under a coupling coefficient of 0.11. However, only backward
data transmission is implemented. In all the above research on
SWPDT, the power interference generated by the inverter is un-
avoidable, which may lead to spike voltage on the data channel.
Fan et al. [26] effectively filtered the high-order harmonics of
the power using LCLC compensation topology. However, the
tightly coupled coils limit practical application scenarios, and
the performance of the system with an output power above
300 W needs further research. Wang et al. [28] effectively sup-
pressed the common-mode (CM) interference generated by the
inverter utilizing double-sided LLCC compensation. In addition,
it considers parasitic parameters when analyzing the gain of the
data transmission channel. However, similar to [25] and [27],
the impact of tap positions on signal-to-noise ratio (SNR) was
not studied. Based on the above literature, there is currently a
lack of research on the selection of tap positions in a SWPDT
system based on tapped coils with ferrite cores, considering high
frequency effects.

To address the aforementioned challenges, this article pro-
poses a novel SWPDT system that utilizes tapped coils with-
out the need for additional wave trappers. Double-sided LLCC
compensation is applied, thus the high-order harmonics as well
as the CM interference from the inverter can be effectively
suppressed. A simplified high-frequency distributed parameter
model is used to analyze the transfer characteristics for the
data channel. A comprehensive parameter design method is
given after analyzing the data transmission gain and power
interference. A prototype that operates at 545 W transmission
power with 95.55% efficiency and a maximum data rate of
1.25 Mb/s verifies the effectiveness of the proposed parameter
design method. Furthermore, the robustness of the proposed
system under varying load or coupling conditions is validated.

Hence, the main contributions of this work are as follows.

1) Development of an SWPDT system based on tapped coils

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 1, JANUARY 2026

2) Establishment and simplification of a high-frequency
distributed-parameter model for data channel character-
istics with derivation of comprehensive SNR expressions;
Proposal of a novel tap-positioning method for SWPDT
system with ferrite cores accounting for parasitic
parameters.

Experimental validation of an SWPDT system based on
tapped coils with ferrite cores under varying load/coupling
conditions.

The rest of this article is organized as follows. Section II
presents an overview of the system. Section III introduces the
equivalent circuit of the power channel. Section IV analyzes
the data channel based on high-frequency distributed parameter
model. Section V discusses the interference between power
and data transmission. Section VI gives the design method
of the power and data transfer channel. Section VII provides
experimental validation of the theoretical analysis and compares
it with other studies. Finally, Section VIII concludes this article.

3)

4)

II. OVERVIEW OF THE PROPOSED SWPDT SYSTEM

The system proposed in this article consists of the power
channel and data channel, as illustrated in Fig. 1. The power
channel employs a double-sided LLCC compensation topology,
which can offer constant current output. Moreover, the com-
pensation inductors Lyi1, Lyia, Ly21, and Lyoo can effectively
filter out higher order harmonics generated by the H-bridge
inverter and rectifier and mitigate CM electromagnetic inter-
ference (EMI) generated by the switching [28]. Consequently,
it effectively suppresses interference between power and data
channels.

The power channel comprises several key components. Uiy
serves as the dc voltage source, while R represents the re-
sistive load. Filter capacitors Cg and Cy, are positioned at the
input and output terminals, respectively. The full-bridge inverter
is composed of four MOSFET transistors, Q1—Q4, while the
diodes D1—D, form the full-bridge rectifier on the secondary
side. The loosely coupled transformer includes primary and
secondary inductors (L, and L), with M representing their
mutual inductance. Other components include parallel com-
pensation capacitors (Cy; and Cyo), and series compensation
capacitors (C,, and C,) on both primary and secondary sides,
respectively.

The communication channel of the system shares a pair of
coupling coils with the power channel. The coupling coils are
divided into two sections, with high-frequency carrier signals in-
jected through taps on the coils. This design eliminates the need
for separate communication coils, reducing system complexity
and size. Urx, and Urx represent the data signal transmitted
from the primary and secondary sides, respectively. Urx, and
Urxs are the data signal received at the primary and secondary
sides, respectively. R4, and R ;¢ are the sampling resistors at the
primary and secondary sides, while C;, and C 4, are the coupling
capacitors of the data channel on the primary and secondary
sides. Ty, and T, are isolation transformers for data carrier
injections. The data channel is connected to the system via taps
of the coils. The power carrier frequency f,, is set to 85 kHz, and
the data carrier frequency f; is set to 27.7 MHz.
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Fig. 1.

Fig. 2. Planar circular coils with taps and ferrite core. (a) Geometry view of
the coils. (b) Equivalent model of the coils.

sides, as illustrated in Fig. 2(a). The coupling coils are wound by
Litz wire with a diameter of 4 mm. R,,_;, and R ,_¢ represent the
inner and outer diameters of the primary coil. R,_j, and R,_oyt
represent the inner and outer diameters of the secondary coil.
D, is the nominal gap between coaxial coils. Ny,; and N3
denote the number of turns in the outer windings of primary
and secondary coils, respectively. N2 and N,y represent the
number of turns in the inner windings of primary and secondary
coils, respectively. T, and T are the primary and secondary

Backward Data Transfer

Topology of the proposed SWPDT system with high-rate half-duplex communication.

Wik

- Avpe Spligl
—_— >
Urx U
>
Voltage Envelope Voltage
Follower Demodulation Comparator
Fig. 3. Signal demodulation circuit.

coil tap, respectively. Fig. 2(b) illustrates an equivalent model
of coupling coils with taps. L,,; and L, correspond to the self-
inductances of the outer and inner windings at the transmitter
side, respectively, while L,,3 and L,,4 correspond to the self-
inductances of the outer and inner windings at the receiver side.

My, (p=wl, w2, w3, w4, qg=wl, w2, w3, wd, p + q) denotes
the mutual inductances between various winding combinations.
For data transmission, the proposed system employs ASK mod-
ulation, which can be expressed as [21]

{

where A,,, and w 4 represent the amplitude and angular frequency
of the high-frequency carrier, respectively. In this configuration,
the absence of a carrier signal represents a “0,” while a sinusoidal
wave indicates a “1.” Then, the signal demodulation process is
facilitated by the circuit shown in Fig. 3, which consists of a
voltage-following module, an envelope extraction module, and
a voltage comparator. In detail, the demodulation process begins
with voltage following, proceeds through envelope extraction,
and recovers the baseband signal via comparison. Table I gives
the values of the main parameters utilized in the following
theoretical analysis.

0 bit =0

F®) Ay sin(wgt) bit=1 M
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TABLE I

MAIN PARAMETERS UTILIZED IN ANALYSIS
Symbol  Value Symbol Value
L, L 286 uH Ryins Roin 0.02m
G, Cs 17.71 nF, 20.15 nF Ryous Ry-ous 0.14 m
Cp, Cp 39.84 nF Not, Nus 7 turns
Lp, Lp 88 uH Ny, Nya 23 turns
G Co 1000 uF L, Lus 40.9 uH
Cap Cas 560 pF Ly, Lua 161.7 uH
f 85 kHz Moyginzy Myyza 412 uH
fi 27.7 MHz Mo 7.2 uH
k 0.26 Mo 41 uH
R, 60.5Q Moytar Moows 17.5 uH
Dy 10 cm Rips Rus 50Q
U, 181V Lap, Las 4 uH

III. ANALYSIS OF POWER CHANNEL OF THE PROPOSED
SWPDT SYSTEM

A. Characteristics of Power Channel

In the subsequent analysis, a frequency-domain equivalent
circuit is adopted and only the fundamental component is con-
sidered here for simplicity based on fundamental harmonic
analysis. The fundamental component approximation is suffi-
ciently accurate for a high-quality factor resonant circuit that
works near resonance, where the tank—inductor—current and
tank—capacitor—voltage waveforms are mostly sinusoidal [29].

The dc power supply Uiy, is converted into a square wave U4
through the full-bridge inverter. U 4 g represents the root mean
square value of the fundamental harmonic of u 4 p and can be
expressed as

Uap =

24/2U;
L. )
T
The equivalent ac input impedance of the rectifier R4 can be
expressed as
8RR,
— )

R =

eq T

Here, Zcp_rTx represents the impedance of the primary data
transmitter at the CD port and Z.q_rx represents the impedance
of the secondary data receiver at the CD port, which are derived

as follows:

1 jWLddep
Z _ = 4
OPTX T 50Cy | Rap + jwLay )
1 jWLdsts
Zed RX = — ] 5
ARX T S Cs | Ruas + jwlas )

where w refers to signal angular frequency, and L g, (Lg,) refers
to the coil inductance when T4, (Tgs) is regarded as an ideal
transformer. Given that w = w,, = 27 f,,, the impedances Zcp-Tx
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Lz Ly C,

Uy ( 5 C/1-|_

Fig. 4. Simplified equivalent model of power transfer channel with mutual
inductances between two inductors L, and L.

and Z.q_rx are high enough to ignore their impact on the power
transfer channel due to the substantial difference between the
power carrier frequency and the data carrier frequency [19].
Hence, for the analytical simplicity, we can omit the data channel
entirely and focus on a simplified model of the power transfer
channel, as depicted in Fig. 4. In this simplified model, Z,
represents the equivalent impedance of the circuit at the right
side of L, which can be formed as
1 (Req + jwpLy2)

Zs =~ + - - . (6)
JwpCs 14 jwpCra(Req + jwpLya)

Compensation inductors Ly (Ly21) and Lyig (Lya2) form
the equivalent compensation inductor Ly (Lg2). Ly can be
expressed as

Ly =Lysin+ Lo +kpin/LpinLgio (N
where ky is the coupling coefficient of Lyi1 and Lo
Ly> can be expressed as
Lo = Lo + Lyoo + kgar/Lga1 Lo (8)

where ky; is the coupling coefficient of Lyo1 and Lyo. To simplify
the analysis, the value of Ly;1 (Ly21) is consistent with the value
of Lyia (Ly22). Since Lyiq (Ly21) and Lyia (Ly22) are wound on
the same core, kfy (ky2) is greater than 0.9 [28].

Here, L, L,, and M are expressed by the following equations:

Lp = Lwl + Lw2 + 2Mw1w2
Ls = Lw3 + Lw4 + 21\471131114
M = Mwle + Mwlw4 + Mw2w3 + MwaéL-

€))

The compensation parameters of the double-side LCC topol-
ogy are tuned by the following equations:

1
{prp T %,C, wpLly1 =

1
1 wpCia
wplis = a7 = wpliya =

(10)

wpCra’

The currents generated by U 4 g and U,,;, and the input power
of the inverter can be expressed as follows [33]:

Lan = g 1tn
Iy, = j“?pAigfl e8Y)
Uw = IabReq-

B. Consideration of Zero-Voltage Switching (ZVS)

To eliminate switching losses and severe EMI, it is significant
to implement ZVS during the MOSFET turn-ON [30]. To achieve
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TABLE II
PARAMETERS OF THE COMPENSATION NETWORK

Symbol Design Value
Lp 88 uH
Lp 88 uH
Chp 39.84 nF
Cp 39.84 nF
C, 17.71 nF
C, 20.15 nF

ZVS, a negative current must flow through the MOSFET’s body
diode prior to turn-ON. It means ensuring a positive turn-OFF
current for one MOSFET to facilitate zero-voltage turn-ON of its
complementary MOSFET in the same bridge arm. This condi-
tion necessitates an inductive input impedance for the resonant
network. Furthermore, ZVS operation requires the turn-OFF
current to be large to discharge the junction capacitors within
the dead-time, which can be represented as [31]

20055 UAB,max

Iorr >
tdead

(12)

where C,gs represents the MOSFET junction capacitance,
U AB,max represents the maximum output voltage of the in-
verter, and f4eaq represents the dead-time. For this study, the
SCT3120AL N-channel SiC MOSFET was selected as the in-
verter switch. Given the specific parameters of this MOSFET,
calculations indicate that the turn-off current must be at least 1
A to successfully achieve ZVS. In this article, ZVS is achieved
by slightly increasing the series capacitor C, on the secondary
side [32]. Initially, the system parameters were designed based
on (8). The inductors Ly and Ly, that serve as reactive power
compensators are typically designed to be significantly smaller
than the main coils [33]. After determining the preliminary
compensation parameters, simulation results yielded a curve
illustrating the relationship between the relative change in ACj
/C, and turn-OFF current, as depicted in Fig. 5. This analysis
reveals that the turn-OFF current increases proportionally with
AC;. Notably, the turn-OFF current exceeds the required 1 A
threshold when AC/Cy surpasses 0.13. Based on these find-
ings, the values designed for the compensation network were
determined and are presented in Table II.
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Simplified equivalent circuit of data transfer channel.
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Fig. 6.

IV. PARAMETER DESIGN AND COMMUNICATION-FREE
CONTROL STRATEGY

A. Characteristics of Data Channel

The impedance of Ly, Ly, Cy1, and Cyo, as well as the ratio
Q1 and Q-, can be expressed as

Zrp1 = jwalysi, Zpgs = jwalyo

_ 1 — 1
ZCfl _Z JjwaCiyr1” Zcf2 p jwaCya (13)
_ Zip _ Zrp2
Ql—Zcf1> Q2_Zcf2

where w g = 27 f.

By substituting the parameters from Table I into (13), the

following results can be obtained:
|Q1] > 4100
{Qg > 4100. (14
Therefore, the compensation inductance branch on both the
primary and secondary sides can be considered as an open
circuit. Cj, and Cyq, as well as C and Cyp are in series. Ceq1 and
Coq2 are introduced as the equivalent capacitances, expressed as

_ CnGy
Ceql - C 1+Cp (15)
C — fQCs
eq2 Cya+Cy

Then, the symmetry of the data transfer channel allows for
simplification of the analysis by using forward data transmission
as a representative example. The simplified equivalent circuit
of data transfer channel is given in Fig. 6. It is significant to
note that inductors and transformers behave differently at high
frequencies compared to low frequencies. In high-frequency op-
eration, tightly wound coils introduce parasitic parameters due
to skin effect and proximity effect. The parasitic capacitances of
the winding cannot be neglected [34]. Hence, the conventional
lumped-parameter circuit model loses accurate [28], and the
distributed parameters of the coils need to be considered.

To address these high-frequency effects and provide a more
accurate analysis of the data channel’s transfer characteristics,
this study employs a high-frequency distributed-parameter cou-
pling coil model, as depicted in Fig. 7. The circuit model consists
of coil self-inductances, coil mutual inductances, turn-to-turn
capacitances and equivalent series resistances (ESRs). Rp,,; and
L,; are ESR and inductance of each turn of the primary coil. Ry,
and Lg; are ESR and inductance of each turn of the secondary
coil. M,; ; is the mutual inductance between any two turns of
the primary coil. M,; ; is the mutual inductance between any
two turns of the secondary coil. Cp; ; and R,,; ; are the parasitic
capacitance and its ESR between turns of the primary coil. Cg; ;
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Fig. 7. High-frequency distributed-parameter coupling coil model of data transfer channel.

and R; ; are the parasitic capacitance and its ESR between turns
of the secondary coil. U,,; and U, represent the node voltage of
each turn of the primary and secondary coils, while /,; and I
represent the current flowing through each turn of the primary

and secondary coils. Here, i = 1,2, ...,n,j=1,2, ...,n, i #
J. n refers the number of turns. Mpge, (€ = 1,2, ...,n, h =1,
2, ..., n) represents the mutual inductance between any turn of

the primary coil and any turn of the secondary coil. 1y, and
Igin, represent the current flowing through Cg4, and Cy, at the
xth node, respectively.

The ESR of per turn of the primary and secondary coil in air
can be represented by the following formula [35]:

Tpwir

63 (16)

Ripi = Rrgi =
where 1 is the permeability of medium and r; is the radius of the
loop in meters. The self-inductance of per turn of circular coil
with ferrite core can be calculated as

Ly' = pa (ln 8ry

[
Ly = g _ 2)
i
Ly = Ly’ + Mppirpin + Mppippie + MppiLpis (17
!
Ly = Lgi' + Mrpsirsin + Mrpsirsia + MrsiLsis

where 7, is the cross-sectional radius of the loop. L; (Ls; ) is
the self-inductance of per turn of circular coil without ferrite
[36]. L,; (Ly;) is the self-inductance of per turn of circular coil
with ferrite core. L; 1, Ly 2, and L,,; -3 are self-inductances after
mirroring [37]. The mutual inductance between any two turns
can be calculated as

Ry Ry
Ry Rs3

J200] f’T
(R2—R1)(R4a—R3) JO
cos 0dOridriradrs
\ /2Q2 +1r1241r32—27r115 COS 0

Mturn/ =
(18)

Miwrn = Mpsizpin + Mpsippjr2

where i is the magnetic permeability of the vacuum. Rs and
R, represent the outer radii of the two turns, respectively. Ry and
R3 represent the inner radii of the two turns, respectively.

zq is the axial distance between the two turns, Myyrn 1S
the mutual inductance between any two turns without ferrite
[38], and My, is the mutual inductance between any two turns
with ferrite cores. Ly;1 and L,;» are self-inductances after
mirroring [37].

The turn-to-turn capacitance can be calculated as [34]

(—1+VB3) (2, +In 52)
(14+v3)/In B2 (2¢r+1n BY)

2¢, arctan {

C = €oly (19)

\/2& In g—‘c’ + (In %‘:)2

where € and ¢, refer to the absolute permittivity in vacuum

and the relative permittivity of the medium, respectively. /; is
the turn length. Dy is the outer diameter of the wire, including
the thickness of the insulation layer. D, is the inner diameter
of the wire. Ferrite core is non-conductive, so, we don’t need
to consider the parasitic capacitance between coil and core
[39]. Only turn-to-turn parasitic capacitance is considered in
this article.

B. Voltage Gain of Data Channel

This article uses the theory of two-port networks and transmis-
sion parameters to calculate the voltage gain of the data channel.
The circuit shown in Fig. 7 is equivalent to a cascade of three
two-port networks (N1, No, and N3), as illustrated in Fig. 8.
Txn1 and Tys represent the transmission parameter (ABCD
parameter) matrix of network N; and network N3, respectively,
which can be directly obtained from the circuit structure as

A B 1 =
Ti = [C, D,} = | i, (20)
SLdp sszpLdp
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Fig. 8.  Cascade of two-port networks N1, Na, and N3.
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where s = jw,.
By applying the nodal analysis to the circuit shown in Fig. 7,
the following equations can be obtained:

YU, +BI, =1I,,,
AU, = Z,I, + sM,I, + sM,.I,
YCQUS + BIS - Iin,s

AU, =Z s+ sM I, + sM,.I,.

(22)

Matrices for the above equations are shown in the appendix.
From (22) and (42)-(52), the impedance parameter (Z parame-
ter) matrix of network Ny can be written as

| Znu Zio
ZW‘[ZQl ZQJ

where Z11, Z12, Z>1, and Z»5 can be calculated as (53), as shown
in the appendix.

The ABCD parameters of N5 can be converted from Z petame-
ters, and then T 5 can be expressed as

(23)

A" B Zi1  ZiZea—Zi12Z2n
— _ | Z Z
TN2 - |:C// D//:| - 121 Zg; (24)
ZZl ZZl

The ABCD parameter matrix of the two-port network shown
in Fig. 8 can be calculated as

Ty =Tni1TNoT ns. (25)

Here, Urxp, ITxp, Urxs, and Irxs can be obtained by (23)
as

U Urxs Urxs
Tl =Ty | T =TT Tvs | 100 | (26)
Irxy —Irxs —IRrxs
From (23), the forward voltage gain of the data channel can
be expressed as

Urx s 1 1

G e - - .
o [Tn]y  [TviTN2Twsly

According to the symmetry of the system, the backward gain
G gy of the data channel is equal to the forward gain G4, G4 is
used to represent the data channel gain, which can be expressed
as

27)

Gap = Gdf = Gy. (28)

Research presented in [40] gives the distribution of parasitic
capacitance between coil turns when operating planar disk coils

1437

at MHz frequencies. The results indicate that the parasitic ca-
pacitance between neighboring coils is significantly larger than
other parasitic capacitances. In fact, the parasitic capacitance
between nonadjacent turns is so small that it can be considered
negligible for practical purposes. Based on these observations,
our analysis focuses primarily on the parasitic capacitance be-
tween neighboring turns since this is the dominant factor affect-
ing high-frequency behavior. Furthermore, to further enhance
the simplicity of the analysis, we have chosen to disregard the
ESR of the parasitic capacitances. Then, the high-frequency
distributed-parameter coupling coil model of data transfer chan-
nel of the proposed SWPDT system is simplified as shown in
Fig. 9.

V. ANALYSIS OF INTERFERENCE

According to the analysis in Section IV, the compensation
inductance branch on both the primary and secondary sides can
be neglected. Furthermore, given that the power level of the
data carrier is much lower than that of the power carrier, we
can reasonably ignore the effect of data transfer on the power
channel in this system. However, the power signal will generate
interference in the data channel. Therefore, it is necessary to
evaluate the impact of the power signal on the data channel.

Based on kirchhoff’s voltage law (KVL), the voltage of pri-
mary and secondary coils Uy, and U in the simplified circuit
shown in Fig. 4 can be derived as

{ULP = jprp-.Z.—Lp - ijM-.I:Ls

. ; (29)
Urs = ]prILp - ]prS[LS'

By substituting (11) into (29), the following equations can be
obtained:

: ) M?R
U _ Uap (L 2 eq)
Lp = Ly (7P wLpa? (30)
UL — MUap (1 _ ]LsReq
S Lfl U.)po22

From (30), the power interference transfer gain from the
inverter output to the primary coil Gr,,-4 g and the power inter-
ference transfer gain from the inverter output to the secondary
coil G, 4 g can be obtained as

U 1 JM2R
G _ = — Lp = - L — €q
FrmAR T aw T T AP Ly 31)
G — [.]LS — M _ ]L:. Req
Ls—AB UAB Lfl prfQQ .

As the taps divide a pair of coils into four inductors, the
mutual inductance M between the primary and secondary coils
can be considered as the sum of the mutual inductances among
these four inductors. The simplified equivalent model of power
transfer channel showing mutual inductance details is presented
in Fig. 10. By applying KVL and (9), the following equations
can be derived:

ULp = jprijp — jprjLs ) (32)
0=jw,MIr, — jw,Lslrs — Zss.
Then, /1, and I, can be obtained as
P jwpLat+Z, .
{ILP - —wszpLs+§prL/Isz+wp2N12 ULy (33)
_ G, .
Ips = w;,,QLpLS+jwi,Lsz+w,,2M2 ULp-
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Fig. 9. Simplified high-frequency distributed-parameter coupling coil model of data transfer channel.
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Fig. 10.  Simplified equivalent model of power transfer channel with mutual inductances between four inductors Lq,1, L2, L3, and Ly,4.

The voltages U gy, Ugs, and Urs can be expressed as

Uap = (jwpLuwt + jwpMutw2) Ly .
—(jwpMurws + jwpMyp1ws) I Ls

Uas = (jwpMurws + jwpMuzuws) L1y (34)
. _(.?'Wpr3w4 + jprwS)ILs
Ups = ZsIps.
The inductance of winding can be calculated as
Lw/ _  ponw? Ra  cos0dOridriredrs
2(Ra— Rl O Rl Ry \/7“12+r2272r1r2 cos 6 (35)

Lw = Lw + MLw’Lw’l + MLw’Lw’Q + MLw’Lw’3

where n,, is the number of turns [41]. L, is the self-inductance
of winding without ferrite [36]. L,, is the self-inductance of
winding with ferrite core. Ly, L2, and L, 3 are the self-
inductances after mirroring [37]. The mutual inductance be-
tween any two windings can be calculated as

Homimn2

(Rz Rl (R4 R3 fO R,y Rs3
cos 0dOridriradrs
1/ZQ2+7'12+T'22—2T1T26059

Mww = MLw’Lw’l + MLw’Lw’Q

M !
(36)

where n; and no are number of turns [41]. M., is the mutual

inductance between any two windings without ferrite [38], M,
is the mutual inductance between any two windings with ferrite
cores. The voltage gains from Uy, to Ugy, and Up to Uy, are
expressed as (54), as shown in the appendix. The voltage gains
from Upggp to Ugp and Uggs to U gs are obtained as

_ Ude _ JwpLapRayp
Gde—d;D - ‘Udp " (Rap+jwpLap)Zop-1x (wp) 37)
G _ U.Rda _ ]w[,Lda Rds
Rds—ds Ui (Ras+jwpLlas)Zeq-rx (wp)”

Then, the interference gains Grgp- 4 g from U4 g to Uggy, and
GRas-Ap from U 4 to Uggs can be expressed as follows:

GRdp-AB = % = GRrap-dpGap-pGrLp-AB (38)
GRds—AB = g& = GRas—dsGas—1sGrLs—AB-
AB
The forward SNR related to power signal is defined as

Urxs UrxpG UrxpG

SNR; = - RX UrxpGyp . UrxpGu
UapGras—ap UapGras-ap  UapGras ap
(39
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Fig. 12.  Interference gains Grap- A B and G rys- A B versus Nyy1 (Ny3) when

Cap (Cgs) = 560 pF.

Due to the symmetry of the system, the backward SNR related
to power signal can be expressed as follows:

Urxyp

UrxsG UrxsG
SNRb:. TX db TX d

UaBGRrap-AB B UapGrap an B UapGrap-ap
(40)

In SWPDT systems, SNRs are crucial indicators of the power
transfer’s interference with data transmission. To optimize SNRs
in the system, it requires increasing data transfer gain while
minimizing power interference transfer gains. From the above
analysis, it can be concluded that G4, Grap- 4B, and Gras-aB
are related to the turn number of the outer windings N,,; and
N,,3 and the capacitances C g, and C 4, at both sides. Therefore,
itis essential to select appropriate values for N, (N,3) and Cg,
(Cgs) for improving SNRs. Generally, for data carriers operating
above megahertz frequencies, the series capacitance in the data
channel is usually below 1 nF [19]. In this system, the capacitor
Cg4p and C g are initially set to 560 pF, forming high-pass filter
with Lg;, and L, respectively. Fig. 11 shows the data channel
gain G4 versus N1 (Ny3) and f, where only integer values of
N1 and N,3 are considered. The results indicate that higher
G4 can be achieved at N, (N,3) = 5 and 7. Specifically,
when N, (Ny3) = 7, the peak G4 is approximately 0.201 at
27.7 MHz, while N,,; (Ny3) = 5 yields a peak G, of approx-
imately 0.15 at 17.5 MHz. To ensure adequate communication
quality this system, G4 should not be below 0.2. Therefore, N,,;
(Nys3) is selected as 7, with the data carrier frequency fy set to
27.7 MHz. Fig. 12 shows the power interference gain Grgs-Ap
and GRrap-aB versus Ny (Ny3) when Cg, (Cgs) is equal to
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Fig. 13.  Voltage gains GRrap- A B, GRds-AB,» and G4 versus Cgp, (Cgs) When
Nyt (Nw3) =T.

560 pF. When N1 (Ny,3) =7, the gain G ggs. 4 1s 0.004, and the
gain GRrgp-ap is 0.005. Fig. 13 shows voltage gains Grap- 4B,
GRas-ap and Gg versus Cgy, (Cgs) when Ny (Ny3) = 7. The
results confirm that with N,,; and N3 set to 7, a capacitance
value of 560 pF for Cy,, (C 45) maintains interference gains below
0.005 while ensuring a data channel gain above 0.2, thereby
optimizing the SNRs. Consequently, both Cg4;, and C4, can be
finally designed as 560 pF in the final system configuration.

In conclusion, this section derives SNR expressions and out-
lines the process for selecting appropriate Ny,1 (N,3) and Cg,
(Cg4s) values to enhance SNR. The selection criteria for these
parameters are as follows.

1) Data transfer gain G4 greater than 0.2.

2) Forward power interference G r4s- 4 g below 0.005.

3) Backward power interference G rgp- 4 p below 0.005.

VI. DESIGN METHOD FOR POWER AND DATA TRANSFER
CHANNEL

To achieve stable transmission of power and data, the pro-
posed SWPDT system needs to meet the requirements as shown
in the following:

2CosUa B max
tdead

Iopr >
Gy >0.2

GRras—aB, Grap—ap < 0.005
SNRy, SNRy, > 20dB.

(41)

Fig. 14 illustrates the parameter design flowchart. The de-
sign process begins with establishing fundamental parameters
including input voltage, load value, power carrier frequency, and
coupling coils parameters based on the specific requirements.
Subsequently, setting the values of double-winding inductors
(Lf11, Lyi2, Ly21, and Lgoo). Then, calculating the values of
equivalent compensation inductances (Ly and Ly) according to
(7) and (8) and confirming the values of compensation capacitors
(Cr1, Cp2, Cp, and C,) by (10). The value of the capacitor C,
should be adjusted to fulfill the requirement of turn-off current.
After finalizing the parameters of the power transfer channel,
start designing the data transfer channel. The values of Ny
(N.3) and f; are confirmed according to the peak G4. Cg), (Cys)
should be designed to meet the requirements of the data transfer
gain G, the interference gains Grgs-ap and Grgp-ap. Then,
calculating the SNRy and SNR;, using (39) and (40). If either
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Fig. 14.  Design flowchart of power and data channel parameters.

Fig. 15.

Experimental platform of the whole SWPDT system.

SNRy or SNRy, fall below 20 dB, Urxp and Urxs are required
to be adjusted again.

VII. EXPERIMENTAL VERIFICATION

To validate the proposed SWPDT system, a 545-W prototype
was constructed as shown in Fig. 15. The setup comprises ten
key components including the coupler, resistor load, inverter,
auxiliary power supply, signal demodulation circuit, rectifier,
power amplifier, signal generator, dc power supply, oscilloscope,
and power analyzer. These are indicated by circled numbers 1
through 11 in Fig. 15. Table III provides a comprehensive list of
system parameters.

For data transmission, we employed ASK modulation. In the
data demodulation circuit, the voltage follower is THS4001, and
the voltage comparator is TLV3501. In this scheme, the presence
of a data carrier wave represents a binary “1”, while its absence
indicates a “0”. The data reception and demodulation process
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TABLE III

EXPERIMENTAL PARAMETERS IN THE PROPOSED SYSTEM
Symbol  Value Symbol Value
Ly, L 286.8 uH, 286.5 uH | Ry.in, Rin 0.02 m
C,, Cs 17.78 nF, 20.1 nF Ryouts Ry-out 0.14 m
Cn, Cp 40.08 nF, 40.1 nF N1, N3 7 turns
L, Lp 87.82 uH, 87.93 uH | Ny2, Nys 23 turns
Cpi, Cp, 1000 uF Ly, Lys 41.58 uH, 39 uH
Cyp C4s 560 pF Lyo, Lys 164 uH, 164.8 uH
o 85 kHz Moo, Mysa 40.86 uH, 41.4 uH
1 27.72 MHz Mys 7.83 uH
k 0.266 M4 40.98 uH
R, 60.5Q Moy1y4s Moy 18.71 uH, 16 uH
Dy, 10 cm Rap, Rus 50 Q
Ui 181V Ly, Las 3.85 uH

involve several stages, as shown in Fig. 3. First, a voltage fol-
lower tracks and isolates the received data signal at the sampling
resistor. Next, an envelope demodulation module extracts the
signal’s envelope. Finally, a voltage comparator recovers the
transmitted data by comparing the extracted envelope with a
reference voltage.

A. Experimental Results

The proposed SWPDT system operates with a power carrier
frequency of 85 kHz, a 60.5 €2 load, and a data carrier frequency
of 27.7 MHz. Figs. 16 and 17 show power and data transmission
waveforms. The output voltage and current of the inverter, input
voltage and current of the rectifier, dc input voltage and current,
and dc output voltage and current are shown in Figs. 16(a) and
17(a), while Figs. 16(b) and 17(b) display the output voltage and
current of the inverter, output voltage of the transmitter, input
voltage of the receiver, and demodulated data.

Power transmission waveforms in Figs. 16 and 17 show neg-
ligible high-frequency carriers, indicating minimal influence of
data transmission on power transmission. The turn-OFF current
exceeds 1 A, and the voltage leads to the current in the inverter,
thus ZVS is achieved, aligning with our theoretical analysis in
Section III. The bit rate of data transmission is 1.25 Mb/s. Fig. 18
shows that with an input power of 570.4 W and an output of
545 W, the system achieves a PTE of approximately 95.55%.

Fig. 19(a) shows the waveforms of Ur,;, and Uy,. Fig. 19(b)
shows the waveforms of Uy, and U 4,. The amplitudes of Uy,
ULs, Ugp, and Uy, are 843, 825, 240, and 229 V, respectively.
Thus, the calculated values for Gg;,_r,, and Gg,.rs in the exper-
iment are 0.285 and 0.272, respectively. The theoretical values
calculated by (56) are 0.275 and 0.268, respectively. It was
found that the experimental values closely matched theoretical
values. The correctness of the inferences in Section V is verified.
Fig. 20 shows the spectrums of the data channel. From the
spectrums, the amplitude around 85 kHz is very small, not
exceeding —30.06 dB. In addition, the amplitudes of Urxs and
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Fig. 16.  Waveforms of power and forward data transmission. (a) Output

voltage and current of the inverter, input voltage and current of the rectifier,
dc input voltage and current and dc output voltage and current. (b) Output
voltage and current of the inverter, output voltage of the primary transmitter,
input voltage of the secondary receiver and demodulated data.

Urxp can be estimated as 3.22 and 3.38 V, as shown in Fig. 22,
indicating that SNR and SNR;, are both larger than 20 dB. The
amplitude of Urx,, (Urxs) is 16 V, thus, practical G4, and G4,
can be estimated at approximately 0.201 and 0.211, respectively.
These findings are aligned with the analysis in Fig. 11. The above
experimental results confirm the simultaneous transmission of
data and power in our SWPDT system.

In addition, the system’s performance is also evaluated under
different load/coupling conditions. Fig. 21 illustrates the PTE
versus load resistance Ry, under different coupling coefficient
k. It can be inferred from Fig. 21 that the proposed system can
maintain the PTE above 90% across both load resistance (20 €2
< R;< 60 ) and coupling coefficient (0.187 < k < 0.266)
variation ranges. Fig. 22 shows the waveforms of power and data
transmission under R;, = 20 2 and k = 0.187. The bit rate still
remains at 1.25 Mb/s. These experimental results demonstrate
that the proposed SWPDT system has great robustness under
load variation or coupling misalignment. Fig. 23 illustrates the
PTE both with and without the data transfer channel. The output
power with the data channel is almost identical to that without
the data channel, indicating that the added data channel has little
impact on power transfer.
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Fig. 18.  Power and PTE of the proposed system.

B. Comparison With Previous Works

Table IV summarizes a comprehensive comparison between
the proposed system and previous research. In detail, the authors
in [25] and [27] only implemented one-direction communica-
tion. The authors in [12], [19], and [21] added multiple wave
trappers or trap inductors into the system, increasing the overall
size and cost. Fan et al. [26] successfully realized bidirectional
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TABLE IV
COMPARISON BETWEEN THE PROPOSED SWPDT SYSTEM AND THE PREVIOUS WORKS
Reference [12] [19] [20] [21] [25] [26] [27] [28] This
Work
Number of Shared Inductive Link 1 1 1 1 1 1 1 1 1
Communication Mode Half- Full- Full- Full- Simplex Half- Simplex Full- Half-
Duplex Duplex Duplex Duplex P Duplex P Duplex Duplex
Modulation ASK ASK FSK ASK ASK ASK ASK FSK ASK
Coupling Coefficient 0.94 0.21 0.222 0.3 - 0.8 0.11 0.29 0.266
Transferred Power / W 250 500 300 600 150 300 200 518 545
Maximum Data Rate / kb/s 19.2 600 500 80 166.7 40 30 700 1250
Bidirectional or Unidirectional B B B B U B U B B
Number of Additional Passive 3 12 4 20 6 9 6 6 4
Components
PTE 86.08% 84% 90.1% 86% 90% 90.5% 92.25% 92% 95.55%
Analyze D}str{buted Pgrameter with No No No No No No No No Yes
Considering Ferrite Cores
Optimal Tap Position Nyi(Ns) Not Not 3 Not Not Not Not Not 7
analyze analyze analyze analyze analyze analyze analyze
Verification qnder Coupling No Yes Yes No Yes No Yes No Yes
Variation
Verification under Load Variation Yes Yes No Yes No No No No Yes
Note: The shaded areas mean the desirable performance.
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communication and achieved high transmission efficiency. How- (27.7 MHz, 1.01 4B)
ever, the performance of the system in [26] still requires further (85 kHz, -30.06 dB)
study when the output power exceeds 300 W. Yao et al. [20] / [
considered the optimal tap position. However, it does not con- it L .N,,,‘DULWM
. . . . . YT bkl |
sider distributed parameter with ferrite cores. Wang et al. [28] F !
simultaneously considered the parasitic parameters of the coil,
and the system has excellent performance. However, it does not
consider the optimal tap position and lacks performance analysis T AL _
under varying coupling or load conditions. Compared with these ey e
works, the proposed SWPDT system has several advantages. It
achieves high power output, efficient power transfer, and high-  Fig. 20. Waveforms of the data channel with data transmission. (a) Spectrum

rate communication while requiring minimal additional passive
components, resulting in a cost-effective and scalable solution.

of Urxs. (b) Spectrum of Urxp.
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Furthermore, it comprehensively considers both distributed pa-
rameters of coil with ferrite cores and tap position selection, with
the performance verification provided under varying coupling
and load conditions.

VIII. CONCLUSION

This article proposes anovel SWPDT system based on tapped
coils with ferrite cores. The proposed SWPDT system enables
the synchronous transmission of power and data through a shared
inductive link. The equivalent model of power channel was
established to analyze power transfer. A distributed parameter
model for data transfer is established and simplified. It allows for
thorough analysis of communication performance and crosstalk.
Then, a systematic parameter design method for both power and
data channels is proposed. The experimental prototype demon-
strates the system’s viability, which can achieve an output power
of 545 W, 95.55% PTE, and 1.25 Mb/s bidirectional half-duplex
communication.

APPENDIX

Matrices for the (22), Z11, Z12, Zo1, Zo2, de-Lp and Gys.rs,
are shown as (44), (47) (53), (54) shown at the bottom of this
page, follows:

1 0 0 0
-1 1 0O ... 0
A_ |0 -1 1 ..o @2)
0 0 -1 1
1 -1 0 0
0 1 -1 0
B=AT=10 0 1 (43)
E -1
0 0 0 1
_SLpl + Rrpi 0 0
Zp _ 0 SLp2 + RLp2 O
L 0 0 SLpn + RLpn
(45)
[sLg1 + Rps 0 0
0 sLgo + Rrsa ... 0
Z, = . .
L 0 0 SLgy + Rrsn
(46)
Upl Usl
Up2 Us2
Up = . 7US = . I (48)
Upn Usn
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[y —5Cp(2.3) —5Ch(2,n) 0 |
K=1,K#2 Crr)  TH5C,¢.5 Rpea) 1+5Cp2,n) Bp(2,n)
—5Cp(3,2) - 7 —5Cp(3,n) 0
1+5Cp(3,2) Rp(3,2) K:%{;&B Cos3,,) 14+5Cp(3,n) Rp(3,n)
Yo = (44)
—1
—5Cp(n,2) —5Cp(n,3) K
14+5Cp(n,2) Rp(n,2) 1+8Cp(n,3) Rp(n,3) KZ::1 YCP(n,K) 0
i 0 0 0 $Ceq1 ]
i Zn: Yo —5C(2,3) —5Cs(2,n) 0 1
s(2,K 1+sC, Rg(a.: 1+5Cs2,n) Ra2,n
K=1,K#2 210 TG Ha23) +5Cs(2,n) fs2,n)
7505(3,2) w 7505(3,77,)
1+5C,(3,2) Rs(3,2) K:lZ,:K#S Yorom ErTeRryny
Yoo = (47)
—1
7505(71,2) 7503(71,3) jE
14+5Cs(n,2) Rs(n,2) 1+5C5(n,3) Rs(n,3) Kzl YCs(n,K) 0
L 0 0 0 5Ceq2
Iy = e = L =
T | axo=0  {Yor1+B[Z,+sM,—s> M2, (AY (L B+Z.+sM,) ' A},
oo — Usye _ 1
22 IRXs I =0 Y BlZ 2 2 A _1 —1 —lA
TXp= {YeotB[Z+sM.—s>M; (AY o B+Zp+sM,) | }II
Zig = ;2= = :
Tnxslrpy,=0 {Y oA (Zs+sMy)s "M, (A+Z,B 'Yc1+sM,B Y1) — sMpB Y] 3
-1 -1 -1 -1
+Bs'M,[(A+Z,B 'Y 1 +sM,B 'Y 1)},
Ty = = T T = T T
Trxp | px=0~ {Y 1 A N(Z, + sM,)s "M, (A+ Z,B Y co + sM,B 'Y 1) — sM,sB Y ¢s)]
-1 -1 -1 -1
+Bs M, (A+Z,B 'Y c3 + sM,B 'Y c2)},,
G _ Uip _ —wpLsLuwi—wpLsMuyiw2+iZs Lwi+jZs Mwiwa+wp M (Myiws+Muwiws)
dp—Lp = U, — —wpLpLo+iLyZstwy, M2 (54)
G _ Uge . (Mwrws+Muw2ws)(JwpLs+Zs)—jwpMMyzwa—jwp M Luys
ds—Ls — Urs Z.M .
) 0 0 0 M12 M1y,
Ipl '[51 Mle 0 Ms2n
Lo Iso : : M = (52)
Ip = . ;Is = ,Iin,p = ITXp ;Iims = IRXS : : . :
: . : : Msnl Msn2 e 0
_Ipn I . .
0 0
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