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ABSTRACT OF THE DISSERTATION

Near-Field Based Communication and Electrical Syste

by

Umar Azad
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 2013

Professor Yuanxun Wang, Chair

A near-field power transfer equation for an induety coupled near-field system is
derived based on the equivalent circuit model efdbupled resonant loops. Experimental results
show that the proposed near-field coupling equaisotrustworthy as it correctly predicts the
transferred power versus distance relationshiglifiberent values of loaded quality factors at the
transmitter and the receiver.

Capacity performance of near-field communicatio-QY links is analyzed for noise
limited and interference limited scenarios basedirdarmation theory. The analytical results
provide guidelines for design of inductively couplentenna systems as the power and capacity
budget of the link is carried out. Examples of iciileely coupled VLF NFC links are evaluated
for different operating scenarios, demonstrating éfficacy and importance of the proposed

near-field link budget.



However, in a conventional setup of inductively plea NFC link, the power coupled
through and the bandwidth must be traded off. Difedenna Modulation (DAMjs a feasible
scheme to break this dilemma. With DAM utilized NFC link, the power and bandwidth
product limit in a high Q system can be circumvdriiecause the non-linear/time-varying nature
of the operation allows high speed modulations dpleal from the charging and discharging
process of the high-Q resonator. In this work, theory of NFC link with DAM on the
transmitter is presented and validated with an exyntal setup. Improvement in reception of
the high-speed modulation information is observedhe experiment, implying that a superior
capacity performance of a NFC link is achieved tigto DAM versus the traditional scheme.

The resonant coupling efficiency is limited by hreduct of the quality factoi®, of the
transmitter and receiver and the coupling coefficie We observe that in order to achieve
maximum efficiency, the ratio of the load-to-losspedances at both the source and load should
be equal to a prescribed value. This is the samdion that yields simultaneous impedance
matching at source and load. The efficiency limithen calculated for single transmitter and two
uncoupled receivers. In that case, optimal efficyeis obtained when the load-to-loss impedance
ratio is equal to the same prescribed value fordaNices simultaneously. However, this
condition does not provide for simultaneous matglahthe source and loads, which turns out to
be impossible. The analysis is then generalized afosingle transmitter and N uncoupled
receivers and we find that as the number of recgiuecreases, the total efficiency limit also
increases. Finally, we present the efficiency knaihd optimal conditions for a system consisting
of single and multiple repeaters between transmdted receiver, which have been shown

previously to relay power to larger distances.
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CHAPTER 1

Introduction

1.1 ADVANTAGES OF NEAR-FIELD BASED SYSTEMS
Inductively coupled near-field system is a shoriga wireless technology which
allows the devices to communicate through the d¢ogpf magnetic field rather than the energy
radiation-interception process in far-field basgdtesms. The near-field system is a promising
alternative to transmit information through chafielg communication environments such as
underground and underwater scenarios, where thgagadion medium is no longer air but soil,
rock and water. In such environments, traditionalel#ss communication techniques using
electromagnetic waves suffer high path loss. Howetfeese mediums cause little variation to
attenuation rate of magnetic field in air since thagnetic permeabilities of each of these
mediums are similar. Near-field systems offer adages of low cost, high efficiency, and are
not affected by large propagation delays, multigathpagation and fading. Furthermore a NFC
system has better immunity to eavesdropping becaluge low range, can provide short-range
connectivity between mobile terminals and is léssly to interfere with other systems operating

outside its operational range.

1.2 APPLICATION AREAS FOR NEAR -FIELD BASED
SYSTEMS

Inductively coupled near-field based systems hagenbused or proposed in many

application areas such as for wireless power teans$ing self-resonant coils in the strongly
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coupled regime over distances up to eight timesdkeis of the coils [1-2], contactless power
and information transmission in drill machines atder professional tools subjected to rough
working conditions like water and dust where ittm@es essential to avoid electrical contacts as
much as possible [3], telemetric powering of diffteto-access sensor systems especially bio-
medical implants and neural prosthetic implanterafiy advantages like no skin penetrating
wires and absence of harmful materials which arenafised in batteries [4-7], wireless-powered
drug release system designed to deliver drug dasesontrolled manner over an extended time
[8], a neuro-stimulus chip for retinal prosthetievite in which intraocular system receives data
and wireless power transfer from extraocular systntelemetric inductive link [9], RFID
allowing tagged items to be individually identifidny a reader [10], health monitoring by
allowing short range connectivity between healtmitwing devices and mobile terminals due
to advantages of low price and lesser probabititynterfere with another RF system operating
outside the operational range of the near-fielstesy compared to other wireless technologies
like bluetooth and IrDA [11], real time location stgm by exploiting the phase difference
information between electric field and magnetiddiien the near-field regime [12], inductively
coupled electric highway system in which energyelsctromagnetically transferred from
powered roadway to moving vehicles [13], seamles®i@ge of littoral mine warfare operations

in shallow water, surf and beach zones [14], ardetiground communications [15].

1.3 PREVIOUS WORK  AND ORGANIZATION OF
DISSERTATION

The inductively coupled near-field wireless powmnsfer (WPT) system consisting of a
single transmitter and single receiver has beeiyaed by various research groups. A power
transfer efficiency (PTE) expression has been ddrifor an inductively coupled near-field

2



power transfer system using coupled-mode theord][Bnd it is observed that resonance plays
an essential role in power transfer mechanism amgraves the efficiency over the case of
inductively coupled non-resonant objects. A nealdfipower transfer equation is also proposed
in [16] in which the path loss concept is introddide incorporate different rates of path loss of
the electromagnetic field in a near-field systemxpé&timental setups are used to find the
optimum condition for wireless power transmissibrotigh resonant coupling and it is observed
that maximum PTE is achieved in the presence ofi blo¢ drive loop and the load loop in
addition to the transmitter and receiver coil [1Ifhe voltage gain expression for a magnetically
resonant wireless power transfer system consisiing transmitter coil and drive loop, and
receiver coil and load loop, is derived based engtuivalent circuit model [18-19] of the WPT
system. It is observed that maximizing the coilglity factor as well as the proper loading of
drive and load loops can result in improved rangd efficiency. In chapter 3 a simplified
wireless system, consisting of transmitter andiveceoils connected via appropriate impedance
matching network to source and load respectivelgnalyzed to address how the properties of
antennas and impedance terminations impact on énrmance of such a system. This is
achieved by deriving the power transfer relatiopsifiinductively coupled resonant loops based
on its equivalent circuit model. It leads to a dsedormulation called near-field power transfer
equation, which expresses the transferred powex fasction of distance between the loops,
dimension and intrinsic quality factors of the lsoand terminating impedances at both the
transmitter and the receiver. The results for bstlong and weak coupling case have been
reported in [20-22]. With insights gained from timear-field power transfer equation, a
comprehensive discussion is carried out for both gtrong coupling and the weak coupling

cases, aiming for applications in wireless powansfer systems, and near-field communication



systems respectively. It is observed that in tlmenst coupling case, for a given distance, an
optimal load termination condition exists which nmaizes the power transfer efficiency. For the
weak coupling case, the received power always emsadts maximum under the conjugate
matching condition; it falls off inversely with thexth power of the distance between the coils,
and increases with improving the quality factortloé transmitting and receiving antenna. The
experimental results in Chapter 3 validate the psegd near-field power transfer equation.

The received power increases with improving qudiictors of the transmitting and
receiving antennas in weakly coupled near-field mamication (NFC) link. However, the benefit
brought by the use of high quality factor coilsth® capacity of a NFC system is limited as
increasing quality factor eventually limits the damdth of the communication system. In
general, a loaded quality factor other than thgugate matching may provide the best tradeoff
between the received power and communication batidwor the maximum capacity. The
capacity performance of a NFC link is discusse€apter 4 based on Shannon’s information
theory [23] for both thermal noise and natural rifgeence limited scenarios. A VLF/ULF NFC
link in air is used as an example and its infororattapacity versus distance is analyzed with
numerical simulations for different setups of impede matching at frequencies 1kHz and 3kHz.
The NFC link operates at VLF/ULF since attenuatioconductive media due to eddy currents is
small at low frequencies. Antennas with diametess lthan 2 meters that can fit easily on those
platforms (sub-marines, air-crafts etc) are usexvd? supply required is also affordable (less
than 250 W for small aerial platforms). It concladkat there is an optimum loaded quality factor
selection for both transmitting and receiving lodpat results in the maximum capacity for a
certain distance of communication for both noisd aatural interference limited scenarios [24-

25]. Compact Air-Air NFC link provides coverage ah area of one square miles and is



impossible to be intercepted beyond that rangea aies higher than 1kbps are achieved within
the coverage area.

Propagation model and link budget of a NFC systempresented in [26], propagation
characteristics such as path loss, bit error retgpmunication bandwidth and capacity of
magneto-inductive communication channel versus adcg are considered for wireless
underground sensor networks [15,27] and underwabemmunication networks [28,29]. The
ultimate performance index for any communicatiostem is its capacity bound, which depends
on both the received power and bandwidth accorttinghannon’s law [23]. The study of NFC
link in Chapter 4 [22] concludes that the optimapacity of the link requires a trade-off between
the received power and bandwidth, due to the fatcoils with high quality factors increase the
received power, but reduce the bandwidth of compafin. In Chapter 5, it will be
demonstrated that involving non-linear, time-vagywperation in a NFC transmitter can achieve
capacity performance beyond the conventional Inesulting from the above trade-off. The so-
called direct antenna modulation scheme (DAM) teplm has been envisioned for efficient
radiation of broadband pulses through high-Q alsdty small dipole antennas [30-33]. The
bandwidth of high-Q antennas is often limited dod¢hte great amount of reactive energy stored
inside the antenna or in the adjacent area of titenaa, which needs to be charged and
discharged along with the modulation. The esseatiatept of DAM is to change the path of the
current flow in real time so that the current thgbuhe antenna can be modulated in a switching
mode, independent of the stored energy in the aatdn addition, the stored energy is preserved
approximately as a constant while the modulatiopagformed at a faster speed than what is
allowed in the conventional linear mode. If thetshing timing is selected properly, broadband,

efficient transmission of digitally modulated datn be achieved. Chapter 5 presents a discussion



on the conventional capacity performance of an dtidely coupled NFC link and how to
improve the capacity performance through the DAMesce. Then the transient behavior of the
transmitter and receiver resonators is analyzemdwee that DAM offers broadband transmission
capability no longer under the limit set by theesmma quality factor. Finally, the experimental
results are presented to validate the proposedytheo

High power transfer efficiency is desired in induely coupled NFC links [1-15] in
order to minimize the transmitted power and thiesitiierference with other electronic devices
in the vicinity, keep electric and magnetic fieldghin human exposure safety limits [34-35] and
avoid excessive heat generation at the transmittevas recently shown that there exists an
upper bound on the resonant coupling efficiency ERChereinafter simply referred to as
“efficiency”) calculated for a wireless power trégrssystem consisting of a single transmitter
and receiver using the coupled mode theory [1-Blivalent circuit model [18,36], and Z-
parameters describing the interaction between tmallsantennas in terms of TE10/TM10
spherical modes [37]. Previously, the condition dptimum efficiency was derived for the load
impedance only [18,38-43]. It was observed thatedgmce matching is important to achieve
optimum efficiency. However, a critical aspect afeless power transfer system design is the
knowledge of the optimal source and load impedatiw@dead to maximum efficiency, and their
variation with coupling. This is useful for desiggithe impedance matching networks at source
and load, assessing the impact on power amplifieiency (due to input impedance variations)
at the transmitter. The scope of Chapter 6 is ésgmt analytical expressions for the transmitter
and receiver impedances that lead to maximum effey. That is given two or more resonators
with specific quality factors and coupling coefénis between them, we predict the maximum

achievable efficiency of the WPT system. First, dexive the efficiency limit for a 2-coil



configuration based on the equivalent circuit mod&le observe that in order to achieve
maximum efficiency, the ratio of the load-to-losspedances at both the source/HR:;) and
load (R/R.2) should be equal to the same prescribed values fthins out to be the same
condition that yields simultaneous impedance matghat source and load. This RCE limit
agrees well with that previously derived based lom ¢oupled mode theory [1-2]. Then, we
consider the more practical case of a single trétesmand two receivers. This case was also
studied in [44], but analytical expressions for fioeirce and load resistances to achieve optimal
efficiency performance were not presented. It isepbed that for a wireless power transfer
system consisting of single transmitter and twenears, impedance matching at the source and
both loads, simultaneously, is not possible. The raf source-to-loss resistan€ByR, 1) is
observed to be same as that of the loads to tbgirective coil losses i.€R./R 2) and (Rs/R 3).
This analysis is generalized for a single trangnand multiple non-coupled receivers.

In Chapter 7, the optimal source and load impeesgtitat yield maximum efficiency are
derived for a transmitter, receiver and a repe@semwell as N-repeaters), which can be used to
relay power to longer distances [45].

The RCE depends on quality factor of coils and @ogpbetween the coils. The quality
factor of a coil placed on a PEC platform such asé ghone or laptop etc., drops effectively
reducing RCE. The coupling between two coils plazed PEC platform also decreases, further
reducing RCE. The impact of a PEC platform on tiERf a WPT system is studied in Chapter
8. Coupling between the coils is not only a functiof dimension of the coils and distance
between them, but it also depends on the relatiientation of the coils. The receiver colil in
applications [1-15] needs not be perfectly aligifealaxially aligned) with the transmitter coil,

effectively reducing the coupling between coilsd dnerefore the RCE. Coils in the same plane



with their centers displaced are said to be ldieralsaligned while coils with coinciding axis,
whose planes are tilted to form an angle are saitbet angularly misaligned. The coupling
between any two circular conductors has been akdilby snow but the formulas are very
complicated and there are problems about conveegehdhe series involved [46]. Mutual
inductance values for laterally displaced coilséhéeen computed and presented in graphical
form for laterally misaligned coils in [47]. Thewoling values are obtained in an analytical form
for co-axial coils and coils with lateral and arggumisalignment over the complete elliptic
integrals of the first and second kind and Heumé&ambda function [48-50], and for co-axial
coils in terms of Bessel functions [51-52]. In Cteap8, a simple expression for coupling
coefficient is derived using the magnetic field eegsions in the near-field of a small loop
antenna. Special cases of perfectly aligned cedsally placed angularly misaligned coils,
laterally displaced coils, and co-planar lateratlisplaced coils are discussed. Finally, a
transmitter configuration consisting of orthogonails is proposed to solve the problem of drop

in RCE due to receiver coil misalignment.



CHAPTER 2

Near-Field versus Far-Field Power

Transmission

2.1 HISTORY OF WIRELESS POWER TRANSFER

Power transmission by radio waves dates back tedhHg work of James Clerk Maxwell,
who predicted that power could be transmitted frome point to another by electromagnetic
waves (1873~1889) [53]. Heinrich Hertz experimegtdkmonstrated the electromagnetic wave
propagation in free space [54]. Nikola Tesla endezy to transmit power through space, and
wrote in a letter to George Westinghouse in 1906ie“transmission of power without wires will
very soon create an industrial revolution and saglhe world has never seen before” [55]. He
erected a 200 feet tall tower, as shown in Fig. @t wanted to use it for wirelessly transmitting
not just signals but also useful amount of eleatrpower to such things as airships in flights and
automobiles on the move. However, he failed becdusesfforts were decades ahead of the

necessary technology (1899-1910) [56].

2.2 CLASSIFICATION OF WIRELESS POWER TRANSFER
TECHNIQUES

Wireless power transfer techniques can be broddbsified into two categories
1. Far-field based power transfer.

i.  Directional far-field power transfer



ii.  Omni-directional power transfer

2. Inductively coupled near-field based power transfer

—

R .
_%ﬂﬂ_!lgi_pi [T 5

T
-_§a_::r;: WAL S

(@) (b)

Fig 2.1  (a) Promise offered by wireless power transfer technology to cut the last wire
(b) Nikola Tesla planned to use this immense tower to transmit power wirelessly

2.2.1 Far-Field Based Power Transfer
The modern history of free-space power transmis&wolved with the projects of

developing microwave-powered aircraft and solarp®sd satellites [57-58]. These projects
used propagating electromagnetic waves to trarefergy in the same way as radio waves
transmit signals. This far-field wireless powernsmission (WPT) technique can be used to
transfer wind energy from sea to land, solar enémgy a desert area to an urban area, and to
remotely power UAV (Unmanned air vehicle) etc., htutrequires sophisticated tracking
equipment and line-of-sight connection. AlternatjyydRF broadcast methods, which transmit
power with an omni-directional pattern, allow favwer transmission anywhere in the coverage
area. In this case the mobility is maintained, haavepower density decreases with square of the
distance implying a drop in power transfer effidgr{PTE), as the distance between transmitter

and receiver increases.

10



The microwave-powered helicopter was successfulyna@hstrated in 1964 [57], as

shown in Fig. 2.2.

Fig 2.2 Microwave-powered helicopter and solar-powered satellite

2.2.2 Inductively Coupled Near-Field Based Power Transfer

Wireless power transfer can also be achieved byciiMe coupling. Unlike the typical
RF-links operating at distance of many wavelengtiear-field links usually operate at distances
much smaller than the wavelength. The interest@guctively coupled WPT systems rejuvenated
after a research group in MIT successfully transfifpower over distance four times the radius

of the coil [1-2] as shown in Fig. 2.3.

Fig 2.3 Intel's wireless power system (Left) inspired by MIT’s (Right)

11



A practical wireless power transfer scenario inugdvmultiple transmitters, receivers
and repeaters is shown in Fig. 2.4. The transmittds are made large in order to have more
coupling range. Orthogonal coils for transmittee arsed to charge receivers with different
orientations. Receiver coils are small in size sititey have to fit inside the device e.g., cell
phone or laptop. Due to small size of receiver ssomhutual coupling between them can be
ignored. In this dissertation several interestinogngrios involving single transmitter and single
receiver, single transmitter and multiple receiyesmgle and multiple repeaters between a
transmitter and a receiver, and single transmaasisting of orthogonal coils and a misaligned

receiver coil are discussed.

Fig. 2.4  An inductively coupled WPT system consisting of multiple transmitters, repeaters and receivers

2.3 NEAR-FIELD VERSUSFAR-FIELD
The electric and magnetic field components of dimitesimal magnetic dipole of length

| and constant magnetic currépat a distance from it, as shown in Fig. 2.5, are given by [59]

E =E,=H, =0 (2-1)
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wherep=2z/). is the propagation constant, amds the wave impedance. A magnetic dipole of
magnetic moment | is equivalent to a small electric loop of radimsand constant electric
currentl, such that

|| =jSwu, (2-5)
where S= za’is the area of the loop, p is the permeability afdinm ando is the angular
frequency.

Near-field of an antenna refers to distances for which fpr<<1 , such that

>> >> 1 - . Applying near-field approximation to (2-2), (2-8nd (2-4), it is

By () (pr)

observed that only the magnetic field exists inriear-field regime of an electrically small loop

antenna, given by

H = (‘2—7'[){(%} cosd (2-6)
H, = %{(r%}sine 2-7)

The magnetic field carries the energy in near-frelgime of a small loop antenna, unlike the far-

field link in which energy is carried by an electragnetic wave. Furthermore, the path loss in

near-field regime isc iﬁcompared to path loss izin the far-field.
r
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Loop Area

Fig. 2.5 An electrically small loop antenna
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CHAPTER 3

An Inductively Coupled Power
Transmission System — The Principle and

Experimental Results

A near-field system consisting of inductively coegblresonant loops is shown in Fig.3.1
(a). Two circular coils, coiland coi}, of radiir; andr, are centered on a single axis at transmitter
and receiver respectively and separated by a dsfanThe coils consist oN; andN, closely
wound turns and carry currenttsand I, respectively. As the dimension of coils and diseanc
between the two coils under consideration are mswctaller than the wavelength of the
electromagnetic wave, magnetostatic approximaticars thus be applied, which lead to the
equivalent circuit model in Fig.3.1 (bR and R, are the resistances of the coils at the
operating frequency and include the ohmic lossstasce, radiation resistance and other losses
such as the absorption by the surroundibgsl, are the self-inductances of the coils &dC;
are the capacitors to make the transmitter’s aoéiver’s coil resonate at an identical frequency
o in order to create the maximum coupling sensitiviks and R_ are the source and load

impedances respectively.

External External

Capacitor Capacitor

Source Load

Transmitter Receiver
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AT~

source

e

(b)

Fig 3.1 (@) Inductively coupled near-field communication system (b) Equivalent circuit model

1
| .
r | & ﬁ
RS R Ll ) ¢ L2 RRX

3.1 SELF-INDUCTANCE, MUTUAL-INDUCTANCE AND
COUPLING COEFFICIENT

Under the assumption of infinitesimal thicknesstbé coil, the property of inside
homogeneous magnetic field in a solenoid is used aoarse approximation to the field
distribution of a loop antenna. The accuracy oséhapproximations is to be examined against
COMSOL simulation results in Chapter 4. An anabfi@pproach for calculating the self-
inductance of planar multi-layer rectangular shapeils is given in [60]. Curves have been
plotted for mutual-inductance between coils witingtlal planes for a variety of spacing between
them in [47]. More accurate expressions for mutugledance for various configurations, shapes
of single-layer and multi-layer coils, laterallysglaced coils, and angularly misaligned coils are
given in [48,61-64].

The self-inductance of transmitter and receivelscand the mutual-inductance between

the two coils in free space (See Appendirg given by

NZzr
L, =t é”l L

2
_ UN,7 T,

5 (3-1)
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Mo NN, I’12I‘22 <r
3 2—"1
2(«/ R® + rlzj
M =
Mo NN, r12"22 r<r (3-2)
3! 1—="2
z(w/ R + rzzj
For comparison, the exact expression for mutuaketahce given in [63] is
-1 1 1 5
M =2u,p (rlrz)z[(l—E p jK - E} (3-3)
where
2 2 21
p? =4rr, [(r1 +1,)° +R ] (3-4)

K andE are the complete elliptic integrals of the firatlahe second kind.

Mutual-inductance between two coils having samdusad2 cm each) and different
radius (2 cm and 10 cm) aligned along the sameisvagaluated for distance varying from 2 cm
to 50 cm using the derived mutual-inductance exmwes(3-2) and exact mutual-inductance
expression (3-3). The results are plotted in Fig, &hich shows good agreement until the two

coils are very close to each other.

7

10 T T T T
Derived mutual inducatance ]
3 —+ —Exact mutual inductance (Smythe's book) | 1

10 ¢
z
3
£ 10” |
i3]
=3
j
E— -10
E 10 E
=
=
=

10-11 L r= 2cm

r,= 2cm
12
10 | | | |
0 0.1 0.2 0.3 04 05

Distance {m)
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Fig. 3.2  Mutual inductance between two coils using the approximate derived expression (3-2) and
exact expression (3-3) in the literature

To quantify the strength of the coupling betweea tbils, the coupling coefficiert is

defined as it is in [10]

k= (3-5)

where M is the mutual-inductance induced by the inducteeipling between the two coils.
Substituting (3-1) and (3-2) into (3-5), the couglicoefficient between the two coils in free

space is yielded as

3
I"1r2
—— |, L <T
. R? +r1° e
= - 3 (3-6)
1°2
r,<r
2 ’ 1 2
R*+r,
3
1P
k= T , R>> r,r, (3-7)

It shows that the coupling coefficient between teamductor coils in free space is frequency
independent and varies with inverse cube of theanke i.e., B when the distance between
transmitter and receiver is much larger than tleusaof transmitter and receiver coils iR.>>
ri, ro. This coincides with the near-field of an infirsbmal loop, which is in the order of ¥ In
a homogeneous lossy medium, the attenuation effe¢he lossy material on the coupling
coefficient needs to be included. The coupling ficeht between the two coils in a lossy

medium is then modified to be,

k=e™|—=|, R>>r,r1, (3-8)



where, o is the attenuation constant of the medidror antennas other than loops, coupling
coefficient may take different forms but will in ggral be in the same magnitude unless higher
order resonant modes [65] are used, in which caseore directive coupling but a faster
attenuation rate versus distance is expected aicped by the spatial distribution of the near

field of those higher order modes.

3.2 NEAR-FIELD POWER TRANSFER EQUATION
To setup the inductively coupled resonant loopg omst use capacitofs; andC, to

resonate with the self-inductancds; and L, of the coils at the same frequency
o, =1/,/LC, =1/,/L,C, in both transmitter and receiver respectively.gbneral, the mutual

coupling between two coils affects the impedanes $eom both the transmitter and the receiver
side. As the self-reactance of the coils is cardetiut by that of the resonating capacitors, the
currentsi; andi, flowing at the transmitter and receiver satisfy filléowing relationship,

-Vs +i,Rs +1,R; — Jo Mi, =0

— jo,Mi, +i,R +i,R, =0 (3-9)
where Vs is the source voltage. Simultaneously solving tihe equations in (3-9) yields the

current in receiver coil

- jo,MVg (3.10)
i (Rs + RLl)(RL + RL2)+ (woM )2

Consequently the generalized expression for redgyosver is

2

20 M
° ReR. (3-11)

(RS + RLl)(RL + RL2)+ (a)OM )2

1,
P :§|I2|2RL =P
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whereP=Vs/8Rsis the available power from the source at the tratter. In Fig.3.1(b), applying

the definition of quality factors to both the tram#ting and receiving resonators yields

(!)0 Ll
RL1

(!)0 I—2

o, L
Ql = L RL
2

oL
—_—ot Q= 2
RS-i_RLl

’ Qz,int =

(3-12)

whereQ; andQ; are the loaded quality factors of the transmied the receiveQ inrand Qy int
are the intrinsic quality factors of the transmiftiand receiving antennas. Substituting (3-12)

into (3-11), the received power can thus be writera function of the quality factors,

2 Y., Q, Q,
P=P|— 2 | kQQ,|1- 1- _
f {1+k2Q1Q2j QQ( Qun J{ Qz,imj (313)

Equation (3-13) is so-called near-field power tfansquation, which reveals the impact of

impedance terminations, antenna quality factorstaedoupling coefficient on near-field power
transfer. Though the equation was derived basetherequivalent circuit of coupled resonant
loops, one can generalize this relationship foeottesonators coupled through near-field. The
intrinsic quality factors of antennas are limiteglthe loss at the coils including both radiation
and conduction loss. As typically antennas withreaxiely small electrical sizes are used in near-
field systems, their radiation loss can often lyergd and the intrinsic quality factors are limited
by the ohmic loss of the coils, which is determitgdthe conductivity and the cross-section of

the wire [5].

3.3 POWER TRANSFER UNDER STRONG COUPLING
ASSUMPTION

Whenk?Q,Q:is close to one, e.gw.M)? is comparable tgR-+R1)(R.+Ry2), it implies
the coupling is strong enough to have a non-ndiégeffect on the impedance match on either

the transmitter or the receiver. This is so-caléng coupling region [1-2] in which wireless
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power transfer often operates. It is evident fr@¥l8) that a high power transfer efficiency
requires the use of higQ coils such thaQ i« >> Q; and Qy it >> Q.. Equation (3-13) thus

reduces to

2
P, - P{ﬁ] QQ, 3-14)
It concludes from (3-14) that the received powemiaximized wherk’Q,Q, = 1, yielding a
perfect power transfer efficieney, e.g.,
Pr

n= Ft =100% (3-15)
Theoretically 100% efficient power transfer forstess coils can be obtained for any distance by
appropriate impedance transformation such k@tQ, = 1. This optimum matching condition
requires adjusting the source or load impedancdiftarent distances, which may be realized by
inserting variable ratio voltage transformers be&mwéhe transmitter/receiver and the coils. For

coils with finite quality factors, the maximum poweransfer efficiencysmax can be

approximately given by substituting the above nmrgd maximum power transfer condition

T max = {1_ QQ—lJ[l_ Q(Q_Zj (3-16)

3.4 POWER TRANSFER UNDER WEAK COUPLING
ASSUMPTION

K¥Q:Q,= 1 into (3-13),

For the case of weak coupling, the effect of theualucoupling between the two coils on
the impedance seen from the transmitter side camgmered. The currentg and i, at the

transmitter and the receiver respectively at tikemant frequency are given by,
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_VYs
(Rs +Ru1)

i _ ja)ok\/ I—1|—2 (3-17)

>R +R,)

I, =

The received power under weak coupling assumpsion i

1 .12 2 Ql Q2
P =Zi,|'R =4Pk?*QQ,|1- 1- 3-18
2|I | Q Q ( Q:Lint j( Qz,intJ ( ! )

The weak coupling case impli&g&:Q, << 1, as(w.M)’<<( R«+R.1)(R.+R.2) and as expected
the generalized power transfer equation (3-13)cesltio (3-18) by applying this approximation.
Near-field power transfer equation under weak-cogplassumption shows that the
received power through inductive coupling in nealdf communication system is proportional
to the square of the coupling coefficiédt the loaded quality factofd;, Q, and it rolls off at the
rate of 1R°, in contrast to the far-field power rolling off the order of . This rapid rolling
off behavior provides near-field system more adages for communications in short range as it
is less likely to interfere with other systems @igsa certain range [11].
The termination efficiency at the transmitter aadeiver is characterized by the coupling
factor 1- Q1/Qqintand 1-Q./Qyiny, respectively. To maximize the received power tigio the
coupling, the critical coupling condition [66] sHdWbe selected both at the transmitter and at the

receiver, e.9.Q:=Q1,ind2 and Q,=Q,,in/2 and the received power under this conditiomis

4

P =PRk’QQ, =Pk (3-19)

It is evident thatQ j,: and Q. should be made as high as possible to maximizepdiveer

coupled through under both the strong and weaklogupssumption.
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3.5 EXPERIMENTAL  VALIDATION OF NEAR-FIELD
POWER TRANSFER EQUATION

In order to validate the near-field power-trangfquation, two coils of 5cm radius and 24
tightly packed turns are built using a copper vafdmm radius. The self-inductance of the coill
computed using (3-1) is 58 while the measured value of the self-inductansi@githe HP
4342A Q-meter is GH. With 330pf capacitors attached to both the ¢diiie resonant frequency
is observed at 1.06MHz. The quality factor of btité coils at 1.06MHz measured using the HP
4342A Q-meter is 59. Therefore the transmitter swiver coil resistance calculated is &75
The transmitter is a signal generator with the daath 5@ output impedance and the receiver is
a digital oscilloscope with 8D input impedance. The source voltage is 10 volekfe-peak and
therefore the maximum available power from the dnaitter is 0.25 watts. The experimental
setup of the near-field power transfer is showikrign3.3. Two coils are placed normal to each
other with centers aligned in one line, which aparected to the transmitter and the receiver

respectively through voltage transformers.

Fig 3.3 Experimental setup for near-field power transfer measurements

By selecting the turn ratio of the voltage transfer among 8:3, 1:1 and 3:8, one can
obtain source and load terminations with threeedifit loaded quality factors of 29.5, 7 and 1.1

respectively. The received power is measured ftieréint distances and compared with the
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calculated received power in Fig. 3.4. The thremugs of curves plotted in Fig. 3.4 in different

colors correspond to high-Q, medium-Q and low-@nteations, respectively.

Power Received Versus Distance B/'w Coils

40 T T T T T
* -+ Power Transter Eq (Weak Coupling)
3 ng =72.1% Measured Received Power
kS k2°1°2=1-ﬂs = — —Generalized Power Transfer Eq
=0 - ¥ -
20 . 1
M 3 \1“=21.1%
N K*0,0,=1.06

E
9
£ 10
$
a \1“=23%
a
g2 . | 1*0,Q,=0.15
o
L]
o
i

=10

=20 -

-30 1 | 1 | 1

o 10 20 30 40 a0 a0

Distance between coils in cm

Fig. 3.4. Measured and calculated received power (dBm) plotted using generalized power transfer
equation (3-13) and power transfer equation derived under weak coupling assumption (3-18) versus

distance between same coils (cm) for different values of loaded Q of transmitter and receiver

Within each group, solid lines, dashed lines andtedolines are representing the
measured received power, the calculated receiveiposing the generalized near-field power-
transfer equation (3-13), and calculated receivedlgp using the power-transfer equation (3-18)
derived under the weak coupling assumption. In gdnall the curves within each group
converge at far distances when coupling is weak. dikcrepancy between the dotted curves and
other curves at close distances can be attributethé weak coupling assumption used in
deriving (3-18), as the measured result agrees widll the calculated result without such an

assumption even at close distances. The couple@mpimereases monotonically when distance
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draws closer until the coupling is strong enougtaftect the impedance matching so that the
condition ofk’Q:Q,<< 1 no longer holds. It is observed that the coupledqy indeed reaches
to the peak at the proximity of the distance switisf k’Q.Q,= 1 for all cases except the low-Q
case where the distance satisfying such a condgiont of the measured range.

Among the three groups of curves, lower power iseoked for lower Q case at far
distances, while the high-Q case exhibits the lEgheceived power as it operates at the critical
coupling condition. However, the medium-Q casedraster measured power transfer efficiency
than that in the high-Q case at close distanceth@strong coupling condition kicks in. The
measured maximum power transfer efficiency for disyance is 72.1% for the medium-Q case
and 21.1% for the high-Q case versus the theotgtredictions of 77.7% and 25% respectively

given by Eq. (3-16).

3.6 APPENDIX

3.6.1 Derivation of Expression for Self-Inductance of a Coil

When the radius of a coil is much smaller thanwaelength and its length, one can
assume the magnetic field inside the coil is unifigrdistributed (solenoid approximation). The
self-inductance of a cas defined as the ratio of magnetic flux linkagetfte current through the

coil [67]

L= 4, _Bi(z=0)N,S, (A1)

Il I1
where ¢; is the magnetic flux through ceihaving N; turns, and each turn areaSs The
magnetic flux density at the center of the coiBi$z=0) due to currenit flowing through the

coil.
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Magnetic flux density at a point on the axis of tiod carrying current; is given by [67]

2
Bl(Z)Z 5 HoNylr (A-2)

(7]

At the center of the coil (z = 0),

~ 1o Ny
B,(2=0)= 27 22 (a-3)
1

Substitute (A-3) and5 = iﬂrf into (A-1), the self-inductance of the chils given by

2
_ M N 7Ty

L, >

(A-4)

3.6.2 Derivation of Expression for Mutual-Inductance between Coils
The mutual-inductanckl,; between coil and coi} is defined as the ratio of flux linkage

@21 to coib due to currenk; in coil; [67]

M21:%: — (A-5)

where, coi hasN, turns, and area of each turrSs B, (z = R), which can be obtained from (A-
2), is the magnetic flux density at the centerhef toib. It should be noted that the magnetic flux
density through the areis assumed to be uniform and identical to the dribeacenter in (A-
5). This condition may only be true when either tiwl, is much smaller than cgilor the
distanceR is far greater than the radius of the c@lubstitute (A-2) ands, = 27rr22 into (A-5),

the mutual-inductanc#,; under the assumption of infinitesimal thicknesstted coil and the

homogeneity of the magnetic field in the area adf.ae given by
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M,, = ot NN, r12"232 _
2(1/R2 +r12j

Notice that (A-6) does not satisfy symmetry inaigression due to the smaller gagsumption

12 (A-6)

made when (A-5) is derived. Taking considerationsginmetry between the coils, a more

general form of mutual inductance between two deilgelded as follows:

2. 2
HoTNN, 1T,

()

2.2
HoT NN, 1T,

o)

2SN

(A-7)

P
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CHAPTER 4

Capacity Performance of an Inductively

Coupled Near-Field Communication Link

The Shannon-Hartley theorem [23] defines the capani a digital communication
system

P
C= BW I092£1+ P—J (4-1)

N
where B, is the bandwidth in HzP, is the received power arfe, is total noise power at the
receiver over the bandwidy,. Therefore, when a digital communication link iglbupon near-
field coupling mechanism, not only the transferqgower, but also the bandwidth of the
communication system is of importance to the cdpaperformance of such a link. The
fractional bandwidth of a NFC system can be esgohdtom the loaded quality facto@ and

Q: of the transmitter and the receiver respectivietgugh the following equation,

1
B _BW_ al’ If Q1>Q2 (42)
AT I ]

fo o if Q,>0Q

wheref, is the center frequency. A termination based dical coupling increases the signal to
noise ratio by improving the received power, yehdy not offer the optimal system capacity as
the signal bandwidth may be sacrificed. It suggt#ssthe transferred power and the bandwidth

of a NFC system must be traded-off for the opticasgdacity.
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The source of noises in the receiver can be eithaural interferenc8f dominated or
thermal noiseP§; dominated, and the total receiver nogis the sum of natural interference
and thermal noise. The capacity performance of sugystem is further discussed as follows.
NOISE

4.1 CAPACITY PERFORMANCE IN THERMAL

LIMITED SCENARIO
According to Planck’s blackbody radiation law, thbermal noise powerP} is

approximately given by

Pl\tl = KTsystean

where,K is the Boltzmann’s constant having value 1.38%1@0/K) andTsys is the system noise

(4-3)

temperature measured in Kelvin. By substitutindl83; (4-2) and (4-3) into (4-1), the capacity
of a NFC system in a situation where the thermasenes the dominant source of noise is

expressed entirely as a function of loaded quédityors of the transmitter and receiver.

4Ptk2QfQ{1— S j(l‘ o ]
gmg2 1+ - 1": 2/ Q >Q,
1 system' o
C= (4-4)
4R:k2QlQ22 l— Ql 1_ QZ
fo Ql,int Qz,int .
Q—|092 1+ KT f ’ If QZ 2 Ql
2 system’ o

Hence, one needs to search through all the posshies of loaded quality facto@ andQ; in

both the transmitter and the receiver respectif@yan optimum pair that maximizes the system

capacity of a NFC link given by (4-4).
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4.2 CAPACITY PERFORMANCE IN NATURAL
INTERFERENCE LIMITED SCENARIO

In many situations, natural interference causedlighytning in the ionosphere may
become the main source of the receiver noise. iBhjgarticularly the case when the system
operates at low frequencies such as ELF/VLF ba@dk [The received interference powrdr

from ELF/VLF noise over a bandwid, is (See Appendix),

PS = Xr)B, Q 1—& (4-5)
fo Qz,int
27[2 Biiterferencef 2 17
where X = =16x10"
Ho

The capacity performance of such a system is thuendy,

3 Q
4P, Ql[l_ Q ] (4-6)

1int
B
X " R®
f

C=B,log,|1+

(0]

s 8

1int

XR ’

LIog2 1+
1

Q=2Q
(4-7)

3 Q
4R1 121_
rQQ( 0 j

1,int

XRP '

LIog2 1+
2

Q=2Q

The first equation in (4-7) shows that in the cthed the transmitter limits the system bandwidth,
the capacity performance becomes independent ditieeand the quality factor of the receiver

antenna.
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4.3 COMPARISON OF THERMAL AND NATURAL
INTERFERENCE

The ratio of natural interference to thermal nars¢he receiver is obtained by dividing
the natural interference noise picked up by receivéd-5) by the thermal noise power in (4-3)

PE_X 5Qf; O |

o

The natural interference can be comparable tohteertal noise in power depending on the size
of coil, loaded quality factor, termination efficiey and temperature at the receiver. The noise
temperature of a receiver can vary between 100K4&@K. Termination efficiency factor (1-
Q2/Q2iny in general varies between 0.5 for high Q recemwben R =R, and 1 for low Q
receiver when R>>R\,. In general, for receivers with low loaded, @he thermal noise is
comparable or higher than the received naturatference since large receiver bandwidth leads
to more thermal noise, while for receivers withthigaded @, the received natural interference

can be dominant since high loadegr€ceiver intercepts greater amount of naturalfietence.

4.4 SIMULATION RESULTS FOR AIR-AIR LINK
An inductively coupled NFC air-air link operating\ALF frequencies is examined in this
section to demonstrate the impact of quality fectir the capacity performance of a weakly
coupled near-field communication system. The sitia are carried out in the following steps.
First, the commercial software COMSOL Multiphysissused to extract the equivaleRt L
parameters and the coupling coefficigrdf the coils by performing quasi-static electromeiic
simulations. One can calculate the quality factooen the extractedR andL parameters, which

are then substituted into (3-18) to lead to thesikexd power versus different distances. Finally,
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equation (4-1) is used to compute the capacityoperdince of NFC link for various distances.
Due to the axial symmetry of the coils, the simolais performed in the two-dimensional space
of the wire cross section. In all the simulatiorers&rios, two identical circular coils made of
copper with loop radir;=r,=a=0.5m, and wire radiub=1cm are chosen as the antennas at the
transmitter and receiver. The coils consist of 5@umd turns and the spacing between two
windings next to each other $s2cm. Two identical circular coils centered on rgi axis and
separated by distande in free space form a communication link in the dine simulation is
performed when the coils are operating at two rasbfrequency point$,= 1 kHzandf = 3 kHz,
respectively. The obtained resistance of the twis é@mm simulations iR ;=R,,=39.32m?2 at 1
kHz and R ;=R ,=74.81n12 at 3 kHz The self-inductance of the two coils from simigdatis
L:=L,=1.0mH at bothl kHzand3 kHz In contrast, the analytic value of the self-inidnce,
obtained from (3-1) isL;=L,=2.5mH at both1 kHz and 3 kHz This is because that the
uniformity assumption of the magnetic field madeifside the solenoids and the loops, leads to
overestimations of self-inductance for loops thha simulated results. The intrinsic quality
factor of the coils from the simulation @, j,=Q2in=159.8at 1 kHz and Q1 in=Q2,in=252 at3
kHz

Figure 4.1 shows the variations of the simulateduauinductanceM and coupling
coefficientk versus the separation distarR@®etween the transmitter and receiver in free space
in the range of 1km to 10km, in comparison to atedy results obtained from equations (3-2)
and (3-5). The solid blue curve represents theyéinalalue of mutual inductance and coupling
coefficient and the asterisk and circle lines &re éxtracted results from the simulations. The
analytic and simulation results of the mutual indnce show very good agreements between

each other within the communication range from XkmiOkm, which verifies the applicability
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of the assumption of the ignorable thickness of abthe receiver and homogeneity of magnetic
field in the area of the coil at the receiver. Hoee the extracted coupling coefficients k from
simulations is around 2.5 times of the analyticueal due to the discrepancy between the
simulated self-inductance and those derived amaljyi Furthermore, the simulation results
show that the variation of coupling coefficidgnbetween the two coils in free space is almost
independent of their operating frequency and itsdoml off at the rate of inverse cube of
communication distancB. The coupling coefficienk drops from 3.1e-10 to 2.5e-13 whin
increases from 1 km to 10 km.

To generate the capacity versus distance curvess aissumed that the available
transmitter poweP;is 60W and the noise temperature of the systefg s400K. The received
power is calculated using (3-18) and the noise pas¢he superposition of the thermal noise
power (4-3) and natural interference power (4-5her€fore, the capacity versus the
transmitter/receiver loaded quality factor is comapufor bothf=1 kHz andf=3 kHz and plotted
in Fig.4.2 (a) and (b) for several choices of dis&s. It shows that there exists an optimal quality
factors for each distance that maximizes the linkacity as the transferred power and the
bandwidth of the link must be traded off. It issebved that the optimal data rate of the system
operating af = 3 kHz is approximately 2.5 times that of the sgstoperating at=1 kHz. For
example, aR=1.5km, the highest data ratefaB kHz is 1900 bps achieved at transmitter and
receiverQ of 5, while, att=1 kHz it is only 800 bps achieved at the transmatel receivef) of
4. Fig.4.3 shows the effect of available power freource on the capacity performance of the
same link with a separation distanceRs3 km. The available transmitter powrvaries from
125W to 375W. The maximum data rates for diffeardilable power level are 720bps at 375W,

600bps at 250W and 440bps at 125W. The correspgiidinsmitter and receiver Q are at 12, 14
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and 16 respectively. A lower available power frdme source leads to a lower optimal capacity

of the system and a higher loaded transmitter Qirexpent.

Analytic resulis
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Fig. 4.1 Variation of (a) Mutual inductance ‘M’ and (b) coupling coefficient ‘k’ versus distance between
coils
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Fig. 4.2. Capacity versus transmitter/receiver Q of the near-field link for three difference distances (a) at
f=3kHz (b) at f=1kHz

4.5 APPENDIX

The voltage Vinterterence received at the receiver due to ELF/VLF naturéérference at an

angular frequency can be found using Maxwell’'s equation,
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Vinterference™— § E dl __§ B. dS == J @ ntereferenc!\I AZ (A'l)

Where,BinterterencelS the magnetic flux density due to ELF/VLF Nof&sor. N, is the number of
turns andA; is the cross-section area of the loop. The redepaver at a particular frequenty
is,

Q, ]
QZ,int ( A-2)

2
PE . EV_LZ o (Ct)BintereferenC(L\IZAZ)2 [ RL J — 27[2

= = | N
N 2 RL ZRL RL + RLZ RL mterference AZ(

Total received power due to ELF/VLF interferenceliained by integrating the received power
for all the frequencies within the bandwidth

2
2
PNE - _[27[ Interferencef N Az[ Q2 ] df

2,int

(A-3)
Vertical electric and horizontal magnetic flux digyss given in dB in relative th_Z in [25]. In
(A-3), B needs to be integrated over the bandwigithof the system. The value & is

approximately 18* for frequencies up to 0.1MHz. Hence the receivatlral noise power is

given by

2
I:)NE ZI;Z. B|r21terferencef N 22 A22 (1_ &] BW (A'4)
L

2,int

Substituting the ared, = nrr#, and termination factat-Q./Qzint = R/( R+ Ri2) in (A-4), the

received power takes the form

N2 2nf
I:)NE |: 27[ Blﬁt erferencef }|: :uo : ﬂrZ } : ' 1 r23 1 - Q2 BW (A'S)
H 2 f R +R. Q2,int

o [0}

Using the definition of self inductance (3-1) améded quality factor at receiver (3-12), (A-5)

takes the form
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2 NZ2zr, |2xf
I:)NE ~ |:2L Bi?]terferencef ? :||::u0 — } : ' 1 r23 1_ Q2 BW
2 f RL + RLZ Q2,int

o [0}

PNE — Xr23BW% 1_ QZ e—ZaR
f0 Qz,int

where

272_2 B-2 f 2
X = int erference =16x 10_17
Ho
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Fig. 4.3. Effect of the available power from transmitter on the capacity performance of the near-field link.
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CHAPTERS

Direct Antenna Modulation for Enhanced
Capacity of Near-Field Communication

System

5.1 NFCLINKS THROUGH COUPLED L OOPS

Shannon’s capacity theorem (4-1) shows that thedapacity is determined by both the
transferred power and the bandwidth of the comnatitio system. As NFC is often used for the
lower band of radio frequency spectrum such as ¥LF/bands, natural interference (e.g.,
caused by lightning in the ionosphere) is often tha&n source of the receiver noise. The
capacity of a NFC system in which received noissggdrom ELF/VLF interference noise is the
main source of noise, is given by (4-6) [22]. Itasident from (4-6) that the link capacity
depends on neither the quality factor nor the dsmenof the receiver antenna as long as the
ELF/VLF interference dominates the source of thesenan the receiver. On the other hand, the
intrinsic quality factor of the transmitting loopetgérmines the capacity performance and it is
always beneficial if the transmitter coil can bed®awith its highest possible intrinsic quality
factor. With a linear, time-invariant terminatiadhg bandwidth of the NFC systey, is limited

by the loaded quality factor of the transmitter][22

B, <=* (5-1)
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The selection of); can follow the aforementioned critical couplingnddion to maximize the
received power. However, critical coupling does metessarily lead to the maximized capacity
according to (4-1). It suggests that the transtepewer and the bandwidth of a NFC system
must be traded-off for the optimal capacity.

The primary purpose of introducing DAM here is égmiove the constraint of the system
bandwidth imposed by the quality factor of the srawtter as shown in (5-1). The capacity bound
of NFC link can thus be improved in a way similarhow an ultra-wide band communication
system can offer better capacity than a narrow-lwamimunication system. The NFC link with
DAM differs from the traditional setup by insertiagsingle pole double throw (SPDT) switch on
the transmitter side, which connects the induding antenna to either the source or the ground
at the proper time of the modulation cycle. Theieajent circuit model of a NFC system
utilizing DAM scheme is shown in Fig. 5.1.

Assuming a binary data sequence of ‘1's and ‘O’seist with DAM. To transmit bit ‘1’,
the SPDT switch connects the transmitter coil ®dburce via an external capaci@r Under
the weak coupling condition, the impact of the negeon the impedance of the transmitter can
be ignored. Thus resonance is formed in the tratesmioop in a way similar to any series LC
resonator. At resonance, the reactive energy altesnbetween the forms of electric energy
stored in capacitor and magnetic energy storetieninductance of the loop antenna. The total
amount of reactive energy remains approximatela aonstant except the dissipation on the
source and inductor resistance. To transmit bjttife2 SPDT switch connects the loop antenna to
the ground and disconnects from the source andretteapacitor. The transmitter in this case is
a first order circuit and no longer supports treoreance. The current through the loop antenna is

re-directed to the ground and remains approximatelst constant. There is no path for current to
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flow through the source and the capacitor so thatcharge stored in the capacitor, if any, also

remains as a constant.

3

vs@[)

Fig. 5.1  Equivalent circuit model of a NFC link utilizing DAM scheme

The switching moment can be selected either astiraent when the voltage across the
capacitor is zero and the current through the itaiuis at its maximum or when the voltage
across the capacitor is at its maximum and theentithrough the inductor is zero. To simplify
the discussion, it is assumed in this chapter thatswitching is incurred at the maximum
inductor current. At this moment all the reactiveergy of the system is stored in the inductor in
the form of DC magnetic field and no energy dissgrais caused by the switching action alone.
However, there will be a small amount of dissipatio the stored inductive energy due to losses
on the coil resistance and the on-resistance oswhich, which is to be replenished during the
next cycle of bit ‘1’ transmission. When the tramssion of the next bit ‘1’ is initiated by SPDT,
the LC resonator is already charged at the proyiwiitits maximum reactive energy state and
does not require a completely new charging proststing from scratch. Therefore, data rate as
high as 100% of the carrier frequency can be aelie@ven with a high-Q transmitter resonator.

The conventional limit of the modulation bandwidtscribed by (5-1) is now modified to

B <f (5-2)

w (¢}
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which indicates that the modulation bandwidth in NDAssisted NFC link is regardless of the
selection of the transmitter loaded quality factoritical coupling condition can thus be applied

to the transmitter in this case for the optimalazaty.

5.2 TRANSIENT ANALYSIS OF LINK MODULATION
BEHAVIOR
5.2.1 Current in the Transmitter Loop in Traditional Modulation
The traditional NFC link setup is shown in Fig. @)1 The modulated signal sourde
drives the transmitter resonator with a constant@resistance during the transmission of both
bit ‘0’ and bit ‘1’. The transmitter curremg rrapcorresponding to transmission of bit ‘1’ is given

by (See Appendix Al)

\Y/

w4t
i1 mRAD = m"‘(iinmm _ﬁ)e_zq Coia)ot) (5-3)
whereQ; = woL1/(RstRL1) is the loaded quality factor of transmitt®f, is the amplitude of the
sinusoidal voltage source over the bit “1”. The dimmonstant of the series LC second order
resonant circuit i3=2Q¢/w,. The initial and steady state currents duringttaesmission of bit ‘1’
are respectiveliniia COSot) andV, cos@ot)/(Rs+Ry1).
Similarly, the transmitter curremg trapcorresponding to the transmission of bit ‘0’ is

given by (See Appendix A2)

w,t

itO,TRAD = iinitial COS@Ot)e 2 (5'4)

Equation (5-4) shows that the transmitter currergimusoidal during the transmission of bit ‘0’

with an exponentially decaying envelope. The timastant of the transmitter 152Qi/w,. If a
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high Q; transmitter is used to improve the power transféiciency as suggested by (3-18), a

great number of carrier cycles are required bettoedoop antenna is fully charged or discharged,
which sets the limit to the modulation bandwidthtleé¢ link. The transmitter resonator current

for traditional modulation scheme correspondingdéda sequence 10101010 is simulated and
plotted in Fig. 5.2. The sequence is modulatednencarrier at the rate of one bit per RF cycle,
with the modulated signal shown in the dash linEig 5.2. It is assumed that transmitter is with

aQ of 25. It is evident from Fig. 5.2 that the trantten loop current does not follow the source

modulation well and the modulation information isstly lost.

Transmitter Resonator Current for Traditional Modulation Scheme

Transmitter Resonator Current
t —— —Data Stream [10101010]

L+
S 04
g o2t
<
0 L
02
04
08 .
_03 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8
time x 10 &

Fig. 5.2. Transmitter resonator current corresponding to the data stream 10101010 [Traditional
modulation scheme]

5.2.2 Current in the Transmitter Loop in DAM

The transmitter loop current pam for DAM scheme during the transmission of bit ‘4" i

given by (See Appendix Al)

i1 pav = l% + (i initial _(RV—OJe_% ] COE{a)Ot) (5-5)

Rs + I:\)Ll S + RLl)

When bit ‘0’ is transmitted, the current of thensanitter loop is (See Appendix A2)
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Wt

itO,DAM = linital eiQTO (5-6)
where Qi = woL1/(RswiteitRL1) IS the quality factor of first order transmittesreesponding to
transmission of bit '0'. Assuming that switchingnsurred at the maximum inductor current, the
current in the loop antenna decreases exponentrally its peak value. For higQ, the time
constant is far larger than the carrier cycle s the current can be approximately considered as
a constant within the time frame of a few carrigles.

A circuit simulation is carried out to illustratee concept with the simulation results
plotted in Fig. 5.3, where the solid curve shows tlormalized source voltage while the dash
line shows the switch control signal applied on 8RDT switch for transmission of data stream
corresponding to 10101010. A high switch contrghsai corresponds to the transmission of bit
‘1’, while a low switch control signal corresponidsthe transmission of bit ‘0’. From Fig. 5.3, it
is observed that switching is incurred at the maxmminductor current, which is the same
moment when the source voltage reaches its maximum.

Carrier and Switch Control signals for DAM Scheme

Carrier signal
—— = 8witch Control signal

)] p— —_———— —_ —_————

05

Amplitude
o

05

0

-
[ ]
)
E-Y
t
()]
~l
w

time
Fig. 5.3. Normalized source voltage and switch control signal corresponding to the data stream
10101010 [DAM scheme]
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The corresponding transmitter resonator curreplaied for DAM in Fig. 5.4. It is assumed that
the loaded quality factor of the transmit®r is 25. It can be seen from Fig. 5.4 that the
monocycle sinusoidal current flows through the srattter corresponding to bit ‘1. The current
decays exponentially during the transmission of @it However, with a large time constant,

very little change in value change of the currerdbserved over the period of one RF cycle.

Transmitter Resonator Current for Direct Antenna Modulation Scheme

Q=25 Transmitter Resonator Current
12 t ———Data Stream Il

1

Amplitude
& o o o o o
o [ ] o [\ FS [22] w

5
=]
1

b
DO:!
-
M
-
.
|-
o -
~
w

time X 10-6

Fig.5.4. Current of the transmitter loop corresponding to the data stream 10101010 [DAM scheme]

5.2.3 Current in the Receiver Loop

The induced voltage on the receiver loop is propoal to the rate of current change in
the transmitter i.e.,
di,

Vind — Wy E

(5-7)

whereMy, is the mutual-inductance between the transmittep land the receiver loop. Assuming
the receiver is terminated with a low loaded quditctor, the current in the receiver loop can

thus be calculated approximately by dividing theéuced voltage with the total resistance, e.g.
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M,
"" "R +R, dt (5-8)

For both traditional modulation and DAM, the re@zicurrent for bit “1” is

o.M V V o
. ~ o) rt o -. 3 _ 0 2Q, 1 t _
li1TRAD R +R, [(Rs N RLl) + (lmmal (Rs + RLl)je :lsm(wo ) (5-9)

When the bit “0” is received, the receiver curreah be derived in a similar way for both the

traditional modulation scheme and DAM scheme, whighrespectively,

ot

, oM, . , o
I oRAD & R R initia sm(a)t)e '
L L2 _ﬂ (5-10)
i vt @My o,
ro,DAM ~ initial
Qto RL + RL2

In the DAM scheme the receiver current for biti®'signficantly smaller than that during bit ‘1’
if Qww>>1. On the other hand, when the transmitter loadeadity factor is high, there is almost
no discernible difference in the traditional modigia scheme between the current at both states.
This implies the transmission of the binary datatigh DAM is successful while in traditional

modulation the high speed binary modulation infarorafails to pass.

5.3 EXPERIMENTAL SETUP AND M EASURED RESULTS
In order to validate the improvement in capacityf@enance offered by DAM over the
traditional modulation scheme, two coils of 5cmiugadand 24 tightly packed turns are built
using a copper wire with radius of 1Imm. The measwaue of self-inductance and intrinsic
quality factor of coils using the HP 4342A Q-metge 74H and 35 respectively. 4700pF
Capacitor is attached to both the transmitter awkiver coil and the resonant frequency is

observed to be 270 kHz. The transmitter coil isnemted to a signal generator with(bOutput
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impedance and the receiver coil is connected tosailloscope with 5Q input impedance, both
with transformers. Using impedance transformendnaitter is matched to source under critical
coupling condition with th€); value of 17.5. The transforming ratio at the reeeis selected to

obtain a low load); value of 0.7. The data sequence to be transmgt&d101010.

5.3.1 Measured Results for Traditional Modulation Scheme

In traditional modulation scheme, the modulatec dsatpplied directly to the transmitter
high Q; resonator. The data rate is chosen to be the smmthe carrier frequency. The
modulation source in the transmitter and the cpoeding receiver current are shown
respectively in Fig. 5.5 (a) and (b). From (5-3d&®-4), the transmitter resonator requires
approximately 6 cycles to charge to 63% of its &rlergy or discharge to 37% of its full energy.
Shown in Fig. 5.5, when the modulation is at thee raf 1-bit per RF cycle, the transmitter
current does not follow the modulation voltage walle to the bandpass effect caused by the
high transmitteQ. In the receiver, the current is sampled at a §amfrequency of 50MSPS.
The spectrum of the received signal, computed tiivddFT, is displayed in Fig. 5.6 where the
spectral lines at index +/-16 correspond to thei@afrequency. It is evident from Fig. 5.6 that
while some carrier power is transferred througte thodulation tones are invisible which

indicates the loss of the modulation informationha link.

5.3.2 Measured Results for DAM Scheme

The testing setup for DAM is shown in Fig 5.7. Tekix arbitrary waveform generator
AWG 520 generates the carrier signal, while Tekirarbitrary function generator AFG 3021
generates the data sequence, which controls thd $Pthe transmitter. Commercially available

SPDT ISL43L220 is used because of its low on rasct (0.22 Ohm). The frequency of
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Tektronix AWG 520 and Tektronix AFG 3021 is locke®lFG 3021 contains a digital phase

shifter, which is used to generate appropriatechwig timing.

Source Voltage for Data Rate =

0.4
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Fig. 5.5. (@) Modulated source voltage (b) The corresponding receiver current, for the data stream
10101010 in traditional modulation. [Data rate = carrier frequency]

The data sequence 10101010 is generated at theatiatquals to the carrier frequency and both

the RF carrier and the switch control signal angtwad on the oscilloscope shown in Fig. 5.8,
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which indicates that the switching moments arehatrhaximum RF voltage or the maximum

inductor current in the transmitter loop.

DFT of Measured Receiver Current {Data Rate = fo)

30 T T T T T
I Receiver Current for Traditional Modulation Scheme
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Fig. 5.6.  Spectrum of receiver current corresponding to data stream 10101010 in traditional modulation
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Fig. 5.7. Testing setup for the DAM scheme

Fig. 5.8 The waveform of the RF carrier voltage and the switch control signal captured on screen when
switching is at the maximum inductor current in DAM

The received current is captured and shown in tbe bne in Fig. 5.9, with the theoretical
prediction made from (5-9) and (5-10) overlaid lnie same figure. The data pattern modulating
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on the carrier can now be clearly identified. Thearetical results agree very well with the

measured result.

Current through receiver for DAM scheme (Data Rate=fu) [Maximum current switching]
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Fig.5.9. Measured and analytical receiver currents corresponding to the data stream 10101010

transmitted using DAM [Data rate= carrier frequency]

The spectrum of the receiver current through DFplagted in Fig. 5.10. The modulation tones

on the two sides of the carrier tone are now ¢jeadible.

DFT of Measured Receiver Current {Data Rate = )
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Fig. 5.10. Spectrum of the receiver current through DFT for DAM

The same experiment is carried out for differendoiation data rates frony/8 to % and the
amplitudes of modulation tones in the received aign those data rates are plotted in Fig. 5.11

for both the traditional and DAM schemes. For loatad rates, both schemes show similar
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performance. However, for higher data rates allvtlag to the carrier frequency, the link with
DAM transmits the modulation information for up 18dB stronger than the traditional scheme

does, which indicates its potential for a bettgragdty performance.

Modulation Tone Level for Traditional Modulation Scheme and DAM Scheme
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Fig. 5.11. Comparison of the modulation tone amplitudes versus different data rates for traditional

modulation scheme and direct antenna modulation scheme

5.4 APPENDIX

5.4.1 Transmitter Current during Transmission of Bit '1'

As NFC link is typically established in weak coungliregime, the impact of receiver current on
the transmitter impedance match is often negledtbd.transmitter can thus be considered as a
resonator in isolation and the current’ ‘through it can thus be calculated. The transmitte
configuration during the transmission of bit ‘1’tise same for both traditional modulation and
DAM. The equivalent circuit of the transmitter cesponding to the transmission of bit ‘1’ is

shown in Fig. A-1. Applying Kirchoff's voltage lam time-domain yields,

di . 1.
Li?ttl + (& + RLl)Itl +a_|.|tl dt=0+V, = 0+V, COi{a)Ot) (A-1)

50



In
R, § L

Vi E\J g Rua

Fig.A-1 Equivalent circuit of transmitter during transmission of bit ‘1’ for both DAM and Traditional

modulation scheme

The solution of the differential equation (A-1) fOrstimulus represents the natural response
‘Itnnaural Of the system, while the solution to stimulgost) represents the forced response

‘Itnforced - The total response is the superposition of bo¢hniatural and forced responses

+1 t1, forced (A-2)

Itl = Itl,na’tural

In Laplace transform domain, (A-1) for zero stingitan be written as,

S

2
Q§M&+&ﬁ+£:m%}q+
C:1 W,

S

Qo

+1=0 (A-3)

where o, =1/,/L,C, =1/,/L,C, andQ=woL1/(Rs+RL1). The variabless, andQ; are sufficient to
capture the properties of a second order serieselsGnant circuit. The roots of the quadratic

equation (A-3) are

P tjo, |1- 1 ~ Do * jo, forQ, >>1 (A-4)

2Q, (2Q) 2Q

The natural response of the system is thus

Wt

; _ jot — jat _2Q
11 natural = (Aie + AZe k l (A-5)
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where A and A are the unknown coefficiencts determined by thialiconditions.

Equation (A-1) for the forced response can be amitis,

d?i di 1
t1, forced t1, forced .
+(R, + Ru)— +

1 T dt C_lltl, forced — _a)ovo Sln(a)t) (A'G)

ASSUMING |, 0.0 = B COY@,t )+ B,sin(w,t) and substituting the first and second derivatioés

i1 forcediNtO (A-6) yields

V, 3
Bl —W,Bz —O (A-?)

The forced response of the transmitter to a simag®oltage during transmission of bit ‘1’ is

forced — V—ocos(a’ t) (A-8)
t1, force (RS + R|_1) o

The total response of the system is obtained byngdithe natural response (A-5) and forced
response (A-8),

Wt

t1=(A&e"”°t+A2e"”°t)e_2_Qt+(Rs Ru)cos(w ot) (A-9)

The corresponding voltagé/éy’ across the capacitor iCduring the transmission of bit 1,
assuming>>1, is

ot

(A& o _ pgiod e )sm(a) o) (A-10)

a)(+

Ctl
C

The state variables here are the current throudrciori;; and voltage across the capachfy.
The initial circuit conditions of state variableseaused to determine unknown coefficients A

and A.
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Assume that switching is done at the maximum cunestant. If iia’ IS the current through
the resonator at the switching moment for the r@kiof information and the corresponding
voltage Vcy' across the capacitor iCis zero, then the intial conditions of the tranten

resonator at the maximum current switching momest a

itl (0) = iinitial , Veu (O) =0 (A-11)
The unknown coefficiencts 2and A are determined by substituting initial conditiayigen by
(A-11) into (A-9) and (A-10), yielding

VO

(.
A=A= Llinitial - (Rs+ RLl)J /2

(A-12)

The current through the transmitter resonator spwading to the data bit ‘1’ is thus obtained by

substituting coefficients Aand A from (A-12) into (A-9)

(.

k — (Rs Ru Jcos(co t)e % + Z"Ru)cos(a)ot) (A-13)

The first term and second term in (A-13) repredéet natural response and forced response

respectively.

5.4.2 Transmitter Current during Transmission of Bit '0'

5.4.2.1 Traditional Modulation Scheme
In the traditional modulation scheme, transmitt@nfoguration remains same during the

transmission of bit ‘1’ and ‘0’. However, zero vadfe source is a generalized short circuit, which
leads to equivalent circuit of the transmitter shaw Fig. A-2 for the transmission of bit ‘0’.

The transmitter curremp rrapfor bit ‘0’ is thus described by the differenteduation,

di . 1
L, t(gtRAD +(R + Ry, )ItO,TRAD + C_l I lio1rap dt=0 (A-14)
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Rs Lo, TRAD

Fig.A-2 Equivalent circuit of transmitter during the transmission of bit ‘0’ for traditional modulation scheme

The solution for the current contains only the raltuesponse of the second order LC resonant

circuit in (A-5),

w,t

I — jwot - jwot 72Q
hOIRAD__(Ele + Eze )3 t

(A-15)

The corresponding voltag€ci, trap across the capacitor; @uring transmission of bit ‘0’,

assuming>>1, is

(gem - ge) L 19

1

VCtO,TRAD =

Assuming that the switching action is performedthe maximum inductor current and zero

capacitor voltage, the initial conditions at thetsting instant are
. (O) =linigal VCtO,TRAD(O) =0 (A-17)

ItO,TRAD

The initial conditions at the switching instant givby (A-17) are now substituted into (A-15)

and (A-16) to determine the unknown coefficientg &d ‘E,’, which leads to

w,t

- _ - _2Q
lorRAD = liniial COS@,1)€

(A-18)
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5.4.2.2 DAM Scheme
In DAM, during the transmission of bit ‘0’, the inductorsisort circuited, while the capacitor is

disconnected from the circuit such that there iglnsed loop path for the capacitor to discharge.
Assuming that the switching is incurred at the mmaxn current moment, the inductor stores all
the energy at the switching moment while the stoeedrgy in the capacitor is zero. The

equivalent circuit of DAM transmitter during thetrsmission of bit ‘0’ is shown in Fig.A-3.

L

i
S

Ron § lwo,paM

! Ru

A_AL

Fig.A-3 Equivalent circuit of transmitter during transmission of bit ‘0’ for DAM Scheme

Ron is the switch ON resistance. IdeallyRwill be of very small value. The energy stored in
the inductor will decrease exponentially during tresmission of bit ‘0’ due to losses on coil

and switch resistances. The transmitter currenbeatescribed by the differential equation

di .
L1 %"' (RON + RLl )ItO,DAM =0 (A-19)

In Laplace domain (A-19) can be written as,
Lis+(R+Ry)=0 (A-20)
which leads to the time-domain solution of the $raitter current for DAM,

Wt

_ Qo
lio.oam = liniga © (A-21)
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whereiiniiar IS the current through the inductor at the swiighnstantQy is the quality factor of

transmitter during the transmission of bit ‘0’, ishefd byQio=wolL1/(R.1tRon).
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CHAPTER 6

Resonant Coupling Efficiency Limit for
Single and Multiple Receivers In a

Wireless Power Transfer System

6.1 RCE LIMIT FOR SINGLE TRANSMITTER AND SINGLE
RECEIVER BASED ON COUPLED M ODE THEORY

The expression for the efficiengybased on the coupled mode theory [1-2] is

r'w K2
2102

]|

where, [',r = overall decay rate at Load = 2%’ =TI,+T,,;
2

n= (6-1)

W,
)
2 Ql,int
W,

ZQZ,int ,

K = Coupling Fact W, M Do
= Ltoupiin actor = — =

Quin, andQ, int are the intrinsic quality factors of source caitldoad coil respectivel\Q; is the

['; = Source Coil decay rate =

[', = Load Coil decay rate =

loaded quality factors of load cot, is the operating frequency in radiahs,andL, are the
self-inductances of source and load coils, M is iiingual inductance, ankl is the coupling

coefficient.
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Assuming perfect matching at the source side, tlael Iresistance which yields upper

bound efficiency was given as

(woM)?

2, R
L. e,R—; = \/1 + k2Q1,inth,int = |1+ (6-2)

Rp1Rp
Here,R., R.1, andR ; are the load, source coil and load colil resistanesgectively. Impedance
matching was achieved by varying the coupling ¢oefiits Ks and Ky at source and load

respectively, using the 4-coil configuration shawrrig. 6.1.

Source Load
loop loop
K/ K/
K
Source Coil Load Coil
I-1 rZ

Fig. 6.1. An inductively coupled WPT system consisting of loop-coil at both source and load side (4-coil

configuration)

6.2 RCE LIMIT FOR SINGLE TRANSMITTER AND SINGLE
RECEIVER BASED ON EQUIVALENT CIRCUIT MODEL

6.2.1 Resonant Coupling Efficiency (RCE)
Resonant coupling efficiency (RCE) for a singlensiaitter and receiver is obtained by
dividing received power expression (3-11) by traitenpower.

_Pr_ 4(woM)?RsR],
1 b T (Re+RLD) (RL+R1z) + (o M)Z]2

(6-3)
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6.2.2 Input and Output Impedances
Using (3-9), current, in the receiver resonator is expressed as a iimat currenti;
flowing in the transmitter resonator,

= —o 1 6-4
(RLtRL2) (6-4)

i3
Input Impedance seen by the souRsgurceiS calculated by substituting from (6-4) into (3-9)

and calculating/diy

(woM)zil _

=V +ii(Rs + Ry1) + RLiRL) (6-5)
— E _ _ (woM)Z
Rsource - iy Rs - RL1 + RL+RLo (6'6)
Similarly, it can be proved that output impedaneersby the loa&ry is
_ (woM)Z
Rpy = Rpp + RotRLs (6-7)

6.2.3 Optimal RCE and Conditions to Achieve Optimal RCE
The efficiency expression (6-3) is differentiateihwespect to source and load resistance
Rs andR_ and the derivatives are set to zero to obtaincgoand load resistance values that yield

maximum efficiency.

on _ [(Rs + R (R, + Ryp) + (woM)?*4(w,M)*R,

OR; [(Rs + Ry1) (R, + Rpp) + (w,M)?]*

4(woM)?RsRL2[(Rs+R11)(RL+RL2)+(woM)?|(RL+RL2)

6-8
[(Rs+RL) (RL+R 1) +H(wgM)2]? (©-8)

Setting the derivative to zero yields,
[(Rs+R11) (RL+RL2)+(@oM)2[4(@oM)2RL=8(woM)*RRL(RL+RL2) _ (6-9)

[(Rs+Rp1)(RL+RL2)+(woM)?]3

59



The source resistance which gives optimal efficyeac

_ (‘UOM)Z
Rs =Ry + -2 (6-10)
Similarly, it can be shown that load resistanceclvheads to optimal efficiency is
_ (woM)Z
R, =Ry, + Rt RLD (6-11)

Equation (6-10) and (6-11) show that source and feaistances which yield optimal efficiency
are same as the input and output impedance sesoubge and load respectively.

Source and load resistances can be written asctidarof mutual inductanck! and coil
resistance® ; andR , only, by simultaneously solving (6-10) and (6-11%ing (6-10),

(‘UOM)Z

R; + R, = 6-12
Lt R =0 (6-12)
Substituting load resistance for optimal efficierygyen by (6-11) into (6-12) yields
(woM)Z (woM)z
2R;, = — 6-13
L2 (Ry—RL1)  (Rs+RL1) (6-13)
2
Rg = R,y |1 + et (6-14)
RpiRL2
Similarly, it can be shown that
2
RL = RLZ 1 + M (6'15)
RpiRL2

For coils having different coil resistances theoraf source and load resistané&#R_should be

same as the ratio of respective coil resistaRcgR -,

Rs _ R

= 6-16
Ry Ryo ( )

Furthermore, the ratio of source to source coiistaace(Rs/R 1), load to load coil resistances
(RU/R.2) should be same and equal to the value speciii¢@-17) to provide optimal efficiency

for a wireless power transfer system consistingingle transmitter and receiver,
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Rs R, (woM)?

=—= |1+ = \/1 + kZQlintQZint (6-17)

R4 Ri» Rp1Rp2
The load impedance which results in optimal efficie performance given by (6-17) is equal to
the load impedance derived based on coupled mede\tin (6-2).
The corresponding optimum efficiency under simwdtaus impedance match at source and load

is then

Nopt = [ : Z (6-18)

(o) e
k2Q1intQ2int/ *VQ1intQzint

6.2.4 Comparison of Optimal RCE derived based on Coupled Mode Theory and
Equivalent Circuit Model

The optimal efficiency expression based on equitad&cuit model (6-18) is compared
against the efficiency derived based on coupled entteory given by (6-1), when load
impedance satisfies (6-2), in Fig. 6.2. It is olkedrthat upper bound on efficiency derived based
on coupled mode theory is same as that derivedyusguivalent circuit model. For a certain
coupling between coils with a given quality factdinjs curve sets the limit on maximum

achievable efficiency.

Optimal efficiency is plotted versus/QyinQzint, Which is equal taw,M/\/R 1R, in
Fig. 6.2. As seen, the higher the valueugM/m, the higher is efficiency. This is why
coils used in wireless power transfer are prefetoeldave very small loss resistance. Therefore,
the equivalent series resistance (ESR) of the dampsaused to resonate the system, or any

additional resistances introduced due to intercotmmg wires and solder will lower the system

efficiency. Efficiency is degraded more when theteyn is operating at lower,M/\/R; 1R},

61



values. As an example, assume that coils are desigich thaiw,M//R.1R,,= 4; then looking

at Fig. 6.2 the maximum efficiency is expected ® 6D%. However, if ESR of capacitor,
possible interconnects, and soldering on both tnétter and receiver add resistance equal to the
coil resistance, then the value mgM/m drops from 4 to 2, and the corresponding

efficiency drops from 60% to 40%.

. I 0.5
0.0 | Efficiency limit verlsus k[Q?inthinq

e
e
.

: : : ®  Equivalent Circuit Model
............ Coupled Mode Theory |-

e
o
.

e
(-]
T

=
[,
T
i

=
=

ot
(X

Resonant coupling efficiency
o=
o

01 SO S R TSR ]

0.5
I(I:Q1 intQ2inl.'.I

Fig. 6.2. Comparison of efficiency limit for a wireless power transfer system consisting of single

transmitter and receiver derived using coupled mode theory and equivalent circuit model.

RCE versus Distance between Coils

1 T
Q1mt Qth 100 z
osl === Qi = Qi =5 | T
""""" Q1mt Qth 1000
—_—Q, =Q_ =2500
lint 2Zint
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w .
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X ™ \ A
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\n
\.
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Fig.6.3 Optimal RCE versus distance for perfectly aligned coils
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The coupling coefficient between the co-axiallygakd coils is given by (3-6). Using (3-
6) and (6-18), optimal RCE, under the conditiorsiofiultaneous impedance match at source and
load, is plotted for two co-axially aligned coil§ equal radii versus the spaciRjbetween the

coils, for realistic values of intrinsic qualitydt@r of coils in Fig. 6.3.

6.3 TUNING MECHANISM  FOR OPTIMAL RCE
PERFORMANCE IN 2-COIL AND 4-CoIiL CONFIGURATIONS

The mutual inductance between source and loacthaiiges as the distance between the
two coils changes. Effectively, impedances seethbysource (6-6) and the load (6-7) change. A
dynamic impedance matching network is required &ictn the source and load resistarfee,

andR,, to varying input impedancé&, ceandRrx respectively.

6.3.1 Impedance Matching Technique for 2-Coil Configuration
In a 2-coil configuration, a transformer with \ale turn ratio can be inserted between
source and source coil, load and load coil respelgtias shown in Fig. 6.4 to provide dynamic

impedance matching capability.

6.3.2 Impedance Matching Technique for 4-Coil Configuration
A 4-coil configuration is analyzed based on equawaélcircuit model, shown in Fig. 6.5,
in [18]. The ratio of load voltag¥|,a¢4 t0 source voltag&/seurce for the same source and load

resistances, and the same coil and loop paranadtbrgh source and load side is

31,2 2
| Vioad wKjckecLlcoiiLioopRioad (6-19)
- 4 42 2 4 2 2 -
Vsource kchcoilLloopw +ZcoilZloop+

2 2 2
[0)2 (2 kchloochoilZlooleoop+kchcoilZloop)
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Source Coil Load Coil

Impedance Impedance
Source Load
i Transformer ‘ {M (M ‘ Transformer .

Fig. 6.4 Impedance matching scheme for 2-coil configuration: Impedance transformers with variable turn ratios

Dnve Loop Tx Cail Rx Coil Load Loop
| | | |
I [
Cy Cy
o Rz Rps R4
R source C2 Cs ;
- T R
l'-"'rs-:mrce Ly Lz LE La % Foad
kFZ k}?&' k3.¢

Fig. 6.5 Equivalent circuit model of 4-coil WPT system (Each antenna is modeled as series resonator)

where,
~ . j
Zloop - Rsource (OT RLoad ) + Rloop +](‘)Lloop - a)Cl
oop
. J
Zcoit = Reout + jwLeoy — C
coil

ki, = k3q = ke and ky3 = k.

6.3.2.1 Frequency Tuning
If the coupling between loop and ck is stronger than the critical coupling vakigical,

then the system is said to be over-coupled andiémrecy tuning can be done to achieve optimal

performance.
1
Keriticar = @ + klchloop (6-20)

and the corresponding optimal RCE at the criticalping point is
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2
_ 1
77FrequencyTuning - 1+ 1 (6-21)

k7-Q1o0pQcoil
6.3.2.2 Coupling Tuning
However, frequency tuning might not be a very pecattoption if the wireless power
transfer frequency band is narrow. Alternativelytgoil configuration, optimal RCE can also be
achieved by varying the coupling between the lowgh the coil in order to provide an impedance
match. If the applied frequency is same as thenaasidrequency of the circuit andy>>Rioop,

then the ratio of load to source voltage is

2 2
klckCCQcoilQloop

Vioad _
2 02 2
wW=wq [kcchoil+(1+klchoochoil)2]

(6-22)

Vsource

The optimum coil-loop coupling coefficient that e optimal RCE is obtained by

differentiating (6-22) with respect tq.kand setting the derivative to zero

[kcz'cngil-l'(l + klchloop Qcoil)z] 2klckccQ(,%oilQloop

- klzckccngilQloop (4’ klchoilQloop)(1 + klchloochoil) =0
(6-23)

Zklckcchgol'lQloop + (1 + klchloochoil)(ZklckccngilQloop - Zklgckccngilleoop) =0 (6'24)

2
2klckcc3Q(l:}oilQloop + 2klckccngilQloop (1 - [klchloochoil] ) =0 (6'25)
kccngoil + (1 - klc4ngilleoop) =0 (6'26)
1 1
Qloop k(:c2 + % = klc,optimum2 (6'27)

The corresponding optimal RCE achieved by varyivegdoupling between loop and coil in a 4-
coil configuration is expressed by substituting dmimum loop-coil coupling factokic,optimum

given by (6-27) into (6-22),
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N(kjtuning) = (6-28)

1
2
1 v o1+ 1
kecQcoil kec® Qo

The optimal RCE (6-28) derived for 4-coil configtioam, assuming same source and load

coils and loops parameters, is exactly same as IR@Eprovided for 2-coil configuration in (6-
18). Hence, in 4-coil configuration, optimal RCErfpemance can be achieved by varying the
loop-coil coupling which has the same effect asyivar the turn ratio of impedance matching
transformer in 2-coil configuration. However, vdni@a loop-coil coupling tuning in 4-coil
configuration requires a mechanism to mechanicadiplace coils to vary coupling between

them.

6.3.2.3 Comparison of frequency tuning and coupling tuning
In order to compare performance of a 4-coil WPTtayswhich has frequency retuning

capability to a system which has loop-coil couplowgfficient tuning capability, the parameters

assumed for source and load are given in table 6.1.

Component Value Component| Value
L 100p 0.965 uH L coil 39.1 uH
Cioop 449.8 pF Ceoil 11.04 pF
Rioop 0.622 Ohms Recoil 6.19 Ohms
Rsource 50 Ohms Rioad 50 Ohms
Qioop 0.91 Qcoil 304.3
fo 7.65 MHz fo 7.65 MHz

Table 6.1. Loop and coil parameters for comparing loop-coil coupling tuning and frequency tuning

The performance of frequency tuning for differesdp-coil coupling values is compared against

the loop-coil coupling tuning for 4-coil configuram in Fig. 6.6.
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RCE Comparison{Frequency Tuning versus Loop-Coil Coupling Tuning)
1 T T T T T T I I L
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Fig. 6.6. Optimal RCE comparison for frequency tuning and Loop-Coil coupling coefficient tuning

6.4 RCE LIMIT FOR SINGLE TRANSMITTER AND TwO
RECEIVERS

The RCE limit is now evaluated for a WPT systemststimg of two receivers. Both the
receivers are coupled to the transmitter; howewersimplicity, coupling between receivers is
assumed to be negligibly small. This is the casenwthere is a large transmitter and small

receivers or small receivers on opposite side @tthnsmitter, as shown in Fig. 6.7

6.4.1 Impedance seen by Source and Loads
A wireless power transfer system consisting ofrglsi transmitter and two non-coupled
receivers can be represented in the matrix forrarghelow,

j(,l)Mlz R2 + RLZ 0 iz =10
JwM;3 0 R; + R 31 lis 0

Rs+R,,  joMy, JjwM;; Iy Vs
[ ] (6-29)
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where, R, Ry, R; are source and load’s resistances,, R, R are source and load coll
resistances, M and M3 are mutual inductances between source coil astriceiver coil, and
second receiver coil respectively. The currentublothe transmitter and two receivers;isii
and g respectively. The input impedance seen by tramsnand receivers is

(wM;3)? (wMy3)?
(RL2+R2)  (Rp3+R3)

Rsource = (RLl) + (6-30)

(wM1;)?
(wMq3)?
(RL3+R3)

Rpyz = (Rp2) + (6-31)

(RL1+R5)+

(wM;3)?
(wMq32)?
(RL2+R2)

Rrys = (Rp3) + (6-32)

(RL1+RS)+

We report that it is not possible to simultaneousigtch the transmitter and both
receivers. Under low loss assumption i.es>R 1, R:>>R, and R>>R 3, and matching the

impedance seen by the receivers to their respeldads i.e., Rxx = Ry and Ry = Rz in (6-31)

and (6-32)
_ (wM1,)? yields 2 _ (wM3)?
R, = RS+(Q,,Z;3)2 (wM13)* = R, (Rs t ) (6-33)
_ (wMy3)? yields 2 _ (wM13)?
Ry = i —— (0M;)” = R, (Rs + 5222 (6-34)

R

Now, substituting the conditions (6-32) and (6-8%)impedance matching at receivers into (6-

30)

2 2
Rsource _ ZRS 4 (wM;3) n (wMy3)

o o * Ry (6-35)
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k,; : Negligible

—

RX; | Tx Rx,
k12 k13
Rrx2 Rpsa
WA———8 AN
Rz R3
Rx2 C; =~ =~ G Rx3
Re L, L; Ris
A AP ﬁ(—\ﬁo L D(ﬂ(-\(-\ A A A &
M.’[Z \ / MH
— Y Y e AN ——
Ll RL‘[
recil Tx
Rs v

k k
. 12 - ) 13 -
RX; |- ﬂ X | | RX;
(wM;3)? nJMm)Z
(Rz + Ry) (Rrz + R3)
k k
- 12 N - 13 _
RX, I-> 1T I-> RX;
(wM;3)?
(00M122(2”M )2 (RL3 + RS)
(Rux + Ra) + TR ps 4 Ry

Fig.6.7.  Single transmitter and two receivers with negligible mutual coupling, Equivalent circuit model,

Impedance seen by the source, and Impedance seen by receiver R,,

This clearly shows that if the loads are matchednttihe source cannot be matched

simultaneously. Either source will be matched oo twceivers will be matched. For practical
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reasons and because the power levels at the triisame multiple times those at the receiver,
any mismatch at the source side will lead to exeeskeat generation. On the other hand a
mismatched receiver will not receive power. Thereféo maximize efficiency we assumed that
source is matched to the input impedance (6-30)fandd the load impedances which lead to

optimal efficiency.

6.4.2 Efficiency expression for each receiver and total efficiency

The efficiency for receivers Rx2 and Rx3 using matrodel in (6-29) are

_ 4(wM12)%RsR;
TI21 - (R2+RL2)(U)M13)2 2 (6-36)
[(Ro+Ru) (Bt Rug)+ bty 24 (et RLD M1
_ 4(wM13)?RsR3
N31 = (Rs+Rp3)(@M12)2]? (©37)
[(RS'*'I‘?L1)(R3"‘RL3)+(001"113)2+ s = ]
(R2+Rp32)

Matching the source resistané® to the input impedance seen at the source B@fce

efficiency expressions given by (6-36) and (6-3f) be written as

a 1
= 6-38
N21 a+1 a+1 L(“+1)<k132Q1intQ3int> ( )
k12°Q1intQ2int Pt \k12%Q1intQ2int
= _F L (6-39)
731 p+1 1+ B+1 +(B+1)<k12201inthint>
k13°Q1intQzint ¥t/ \k13%Q1intQ3int
R, R;
where a = 0 =
L2 R, 3
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wl4 wL, wlLs

y oint = yU3int =
RLl RLZ RL3

Q1int =

The total efficiency is obtained by adding the@éncies at Rx2 and Rx3,

Ntotal = M21 + M31 (6-40)

6.4.3 Optimal RCE for Single Transmitter and Two Receivers
Total efficiency expression given by (6-40) is di#fntiated w.r.tt andp and derivative
is set to zero. Two equations are simultaneouslyedoand values o6 and  which yield

optimal efficiency performance are

Apest = Bpest = \/1 + klZZQlintQZint + k132Q1intQ3int (6-41)

Substitutinge. andp for optimal efficiency performance into (6-30),

Ry _ Rp R3

TR Jl + k12" Q1ine Qaine + K13° Quine Qaine (6-42)

Rpi Rpz2  Rys
Hence optimal efficiency is obtained when the rafieource resistance to source coil resistance,
and ratio of load resistances to their respectoieresistances are same and equal to the value
specified in (6-42) which is consistent with thesetvation for a wireless power transfer system
consisting of a single transmitter and receivere Torresponding efficiencies at two receivers

are

2 2
\/1 + k12" Q1int Qzint + k13" Q1int Qzine
M21 = X

\/1 + k122 Q1ine Qaine + k13°Quint Qzine + 1

1

(6-43)

2 2
, , . , 2
1+\/1""‘12 Q1intQ2inttk13 QllntQ3lnt+1L<k13 Qlinthint>

2 2
k127Q1intQ2int k12°Q1intQ2int
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2 2
Jl + k12" Q1ine Q2int + k13" Q1int Q3ine
N31 = X

Jl + k12°Q1intQaine + k13° Q1ine Qaine + 1

1

(6-44)

2 2
1.J1+k12 QintQ2inttk13 QlintQSint"'ll<k122Q1intQ2int>

2 2
k137Q1intQ3int k137Q1intQ3int

6.4.4 Validation of Optimal RCE Expression using ADS
In order to validate the results, efficiency abRrd Rx%, and total efficiency given by (6-

43), (6-44) and (6-40) respectively are plottedarnaptimal source and load conditions given by
(6-42), for a fixed coupling between transmitterdaRx; in Fig. 6.8(b). Coupling between
transmitter and Rxis varied as shown in Fig. 6.8(a). The efficiescige also calculated from
equivalent circuit model in ADS software and thedfetical and simulated (ADS) results
exactly correspond to each other. It is observed ifhone of the receivers is coupled much
strongly to the transmitter compared to the otleeeiver, then almost all the power goes to the
strongly coupled receiver. When both the receiwvesegually coupled to the transmitter, then

they share the received power equally.

6.4.5 Optimal RCE Contours

Efficiency contours are plotted for efficiency akR Rx3 and total efficiency in Fig.
6.9(a), (b) and (c) respectively. The vertical d&mdizontal axis represent the varying coupling
between transmitter and Rx2, and transmitter angl iRgpectively. It is observed that if Rx2 is
strongly coupled to Tx compared to Rx3, then mdshe transmitter power is coupled to Rx2.

Conversely, if Rx3 is strongly coupled to Tx comgzhito Rx2, then most of the transmitter
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power is coupled to Rx3. The total power coupledicl is sum of power coupled to receivers,

increases if both the receivers are strongly cabfehe transmitter.

K12Q1intQ2int=16
—
Rx, i--==========mmmm—- Rx k13Q1intQ3int=§
2 2 TX h - Rx3
K12Q1in{Qain=1 ;
(a)
Efficiency versus k_[Q.. Q. Jo.s fork [Q,. Q. Jo.s =3
0.9 128 int ™ 2in 138 int 3.nx IIIIIIIIIIII .
0.8
— M4 &
> 0.71
g 07 I
2
06 T Mtotal
E o 1,,(ADS)
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£ o fg,ADS)
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g %4 X Meogn(ADS)
s
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E -‘9""\-\.“
‘h.‘&--‘
S 02} -
0.1r
0 1 1 1 1 L | | |
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Fig.6.8.  Efficiency for single transmitter and two receivers using ADS and equations.
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Fig.6.9.

6.5 RCE LIMIT FOR SINGLE TRANSMITTER AND
MULTIPLE RECEIVERS

The efficiency analysis can be extended to multipteeivers, which are coupled directly
to the transmitter and their mutual couplings greored. Such a wireless power transfer system

consisting of single transmitter and (n-1) non-dedpeceivers is shown in Fig. 6.10.

Resonant coupling efficiency at Rx3

8 10 12 14 16
k13°1int°3int

(b)

Total resonant coupling efficiency

8 10 12 14 16

K13Q1intVint
(©)

Efficiency at (a)Rx2 (b) Rx3 (c) Total efficiency.
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Fig 6.10. Wireless power transfer system consisting of single transmitter and multiple non-coupled

receivers and impedance seen by source and loads

6.5.1 Impedance seen by Source and Loads

The input impedance seen by transmitter and rexeise

(WM15)? . (wWMq3)? (wMyy)?
R — R+ ORI St (2 6-45
source L1 (RL2+Ry) (R13+R3) (Rp3+Ry) ( )
Rpvy = Ry + (wi1p)" (6-46)
Rx2 L2 (Ri+R H(wmlg)z +(wM14)2 +“_+(wM1n)2
LT/ Ry 3+R3) " (RL4+Ra) (RLn+Rn)
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(wMq3)?

Rpyz = Ri3 + (RL{+RJ)+ (wM12)? +(wM14)2 ot (@M17)? (6-47)
L1 s/ (RL2+R2) " (Rpa+Ra) (RLn+Rn)
wM1p)?
Rrxn = Rpn + o) 2 (6-48)
(Rp;+Rs)+ (WM12)?  (@M3)? (0M1(n_1))

(RL2+R2) I (RL3+R3) I (RL(n—l)"'R(n—l))

6.5.2 Optimal RCE for Single Transmitter and Multiple Receivers
The optimal efficiency is obtained when the trarttgniand load resistances follow the

following criteria,

Rs RZ R3 Rn
= = —_ e 4" — T '}/
RL1 RLZ RL3 RLn

2 2 2
= \/1 + k12 QlintQZint + k13 QlintQ3int + -t kln Qlinthint

(6-49)
The ratio of source resistance to source coil t&st® should be equal to the ratio of load

resistances to corresponding load coil resistanties.efficiency expressions for each receiver

under optimal efficiency conditions at source avatls are

Y 1

= (6-50)
21 y+1 ; y+1 +("12201inthint>+,,__|_<k1nzQ1inthint>
k12°Q1intQ2int \K12°Q1intQ2int k12°Q1intQ2int
1
14 (6-51)

Y+1 y+1
2 T
k137Q1intQ3int

N31 = 2 2
<k12 Q1int03int>+_“+<k1n Qlinthint>

2 2
k137Q1intQ3int k137Q1intQ3int

76



Y 1

2 2
y+1 y+1 .(klz Q1intQ3int>+___+<k1n Qlinthint>
2 ! 2 2
k1n"Q1intQnint \k1n"Q1intCQnint k1n"Q1intQnint

Nn1 = (6-52)

6.5.3 Efficiency Limit for Multiple Receivers Equally Coupled to Transmitter

As the number of receivers increases, it is obskfiam (6-49) that ratio of source and
load resistances to their respective coil resigsnaocreases, effectively reducing the losses
across the coil resistances in wireless power fieansystem. Therefore, overall efficiency
improves as the number of receivers increasesasgsim Fig. 6.11.

Efficiency limit for non-coupled receivers equally coupled to Transmitter

0.9+
2 0.8
c
2 Lo : ; : : : :
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= 2o : : : : - -
o 0.5 LT Y AT Lo e e IETIRRTTRRIE Lo
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o
n
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0.1 i i i i i i i
0 2 4 6 8 10 12 14 16
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Fig.6.11  Efficiency limit for mutually non-coupled receivers equally coupled to the transmitter.

6.6 IMPACT OF MUTUAL COUPLING BETWEEN
RECEIVERS ON RCE

So far, we based our analysis on non-coupled rec®ihis is the simplest case, because
the input impedance at the transmitter and receisgereal at the resonance frequency. However,

if the coupling between the receivers is not zessl@own in Fig. 6.12(a), then the impedance
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seen by the transmitter and receiver is complexsdéah, the capacitor used to cancel out the
inductance of each coil and create resonance ismmigh, and a more complex matching circuit
is needed. The mathematical derivation of that asedious and explicit solutions could not be
found at this point, regarding the maximum efficigrand optimal load conditions. The input
and output complex impedances are

(wM12)*Z)3 (WM13)?Z1, . 2(wM33)(@M;3)(WM33)

Zsource = (ZS) T (WM33)%+Z1 5713 (WMp3)%+Z15713 (WM33)%2+Z1 573 (6-53)
_ (WMy3)?Z;3 (WM3)°Zs . 2(wMy3)(wMy3)(wMa3)
Zraz = (Z2) + (WM13)24Z5Z13  (wM13)?+ZsZ13 (wM13)2+Z57Z15 (6-54)
_ (wWM13)?Z], (wWM33)*Zg _ 2(wM;3)(wM;3)(WMp3)
ZRx3 = (Z3) T (WM12)%2+ZsZ1,  (wWMq2)2+ZsZ), (WM12)%+ZsZ], (6-55)
/,&\
RX, [ 1T —|RX3
SP ks
(@)
D3,
D1, D13
RX, Tx Rx;
Dy D3y
D D13

(b)
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Fig.6.12 (a) Coupled receivers (b) Input impedance for coupled receivers (c) Efficiency limit for
mutually coupled receivers equally coupled to the transmitter (d) Relatively weak inter-receiver mutual

coupling (e) Strong inter-receiver mutual coupling

However, it is interesting to assess the effeechofual coupling between the receivers, in

a system tuned for maximum efficiency under the-ocompled receiver assumption. Let us
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assume a system of a single transmitter and twpledueceivers. If the load impedance of each
receiver is chosen based on the non-coupled raseagsumption, and an impedance match is
done at the transmitter, then the efficiency (maximonly when coupling between receivers is
zero) obtained in such a case for different vabfesoupling between receivers is plotted in Fig.
6.12(c). Itis observed that for strong couplimgvizeen transmitter and receiver compared to the
inter-receiver coupling as depicted in Fig. 6.126@fjiciency is close to the optimal efficiency.
However for stronger inter-receiver coupling conggato the coupling between transmitter and
receivers as depicted in Fig. 6.12(e), the efficyedrops below the optimal efficiency value

derived for non-coupled receivers.
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CHAPTER 7
RCE Limit for Single and Multiple

Repeaters between a Transmitter and a

Recelver in a NFC System

7.1 SINGLE REPEATER BETWEEN TRANSMITTER AND
RECEIVER

Repeaters have been used between transmitter egidereto enhance the power transfer
efficiency and the transmission distance from g&rtghnsmitter to single receiver [45]. A single
repeater is introduced between the transmitter thiedreceiver as shown in Fig. 7.1. It is
observed that repeater should only be a resondnatcthe resonance frequency of transmitter
and receiver with no external resistance attacbat since any additional resistance increases
the power loss at repeater. The direct couplingvben transmitter and receiver is neglected.
Such a wireless power transfer system can be remiex$ by the following matrix

i Vg
[izl = [0 ] (7-1)
0

i3

R+ R,y jwMy, 0
JoM;, R, JwMys

The source is matched to the input impedance smthpower fed to the coil is reflected back to
the transmitter.

(wM13)?
(wM33)?

RS = Rinput = RL1 +
RL2* (R 3+R))

(7-2)
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2
Rs Ly L
Tx
Repeater
Vs R|_1 g RLZ

Fig. 7.1  WPT system consisting of a single repeater between transmitter and receiver

The receiver coupling efficiency under the conditad impedance match at source is

k122 Q1intQzint)(k23°Q2intQ3i
n= B(k12°Q1intQzint)(k23°Q2intQzint) (7-3)
k122Q1intQ2int k232Q2intQ3int
(B+1)?%]|1+4 14
1Lk232Q2intQ3int (B+1)
' (B+1)
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where, is the ratio of load to loss resistance of thé abreceiver i.e.R /R 3. In order to find
optimum load which leads to the highest resonanipliog efficiency, above expression is

differentiated w.r.§ and the derivative is set to zero.

,8 _ (1+k232QZintQSint)(1+k122Q1intQ2int+k232inntQSint) (7-4)
(1+k12%Q1intQ2int)

Efficiency contours for a wireless power transfgstem consisting of a single repeater between
transmitter and receiver are plotted in Fig. 7.hjcl give the efficiency for a given pair of
coupling between transmitter-repeater and repeataiver. It is worthwhile to note here that the

repeater does not need to be placed exactly betireesmitter and receiver.

Efficiency Contours for Tx - Repeater - Rx Configuration

16

-
~

-
L]

-
=

12
k23 I:QZintQSinl:I
¢

2 4 6 8 10 12 14 16
112
k12[01into2int]

Fig. 7.2 RCE for WPT configuration consisting of a repeater between transmitter and receiver.

Another interesting comparison is to compare thefopmance of a WPT system
consisting of a repeater placed halfway betweenstrétter and a receiver, with the case of
single transmitter and receiver without a repealére coupling between transmitter and receiver
decreases with 1/Ror distances much larger than the individual radiicoils. For distances

comparable to the radius of the loops, the coupimefficient decreases approximately with 4/R
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The improvement in efficiency provided by the rapeaver the case without repeater is shown

in Fig. 7.3.

Comparison of Efficiency performance for with and without Repeater
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Fig. 7.3 Comparison of efficiency for single transmitter and receiver with and without repeater.

7.2 TwWO REPEATERS BETWEEN TRANSMITTER AND
RECEIVER

For the scenario involving two repeaters betweansmitter and receiver, as shown in

Fig. 7.4, the input impedance, RCE and optifhate

. . (wMy3)?
RS - Rinput - RLl + (WM33)2 (7-5)
L27 2
Rps+ (I(: LIZ'?";?)L
n= .8(k122QlintQZint)(_RZBZQ2intQ3int)(k342Q3intQ4int) (7-6)

2
2

2 2 2
2|4 Kk127Q1intQint _k237Q7intQ3int  k347Q3intQ4int
(B+1)%|14 14 14
ko220, . k2420n: , (B+1)
1+ 23 §2th3mt 34" Q3intQsint
14 K347Q3intQaint (B+1)
(B+1)

1+
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2 2 2 2 2
(1+k12 Q1intQ2int k23 Q2intQ3inttk34"Q3intQaint k12" Q1intQ2intk34 Q3intQ4—int)
2 2
,8 (1+k23°Q2intQzint+k34” Q3intQaint)
2 2 2
(1+k23 QZintQSint)(1+k12 Q1intQ2int k23 inntQ3int)

(7-7)
ki ka3 ksa
| | |
[ K| \ |
Repeater Repeater
Source Load
Rs Ru
Transmitter Coil Receiver Coil
RL]_ RL4

Fig. 7.4 WPT system consisting of two repeaters between transmitter and receiver

7.3 THREE REPEATERS BETWEEN TRANSMITTER AND
RECEIVER

For the scenario involving three repeaters betviiatsmitter and receiver, as shown in

Fig. 7.5, the input impedance, RCE and optifhate

ki ka3 ksa kas
A A A A
| 1 1 \ [ 1
Repeater Repeater Repeater
Source Load
Rs R
Transmitter Coil Receiver Coil
Ru Ris

Fig. 7.5 WPT system consisting of three repeaters between transmitter and receiver
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(wMq3)?

Rs = Rinput = Rp1 + - (wMy3)2 (7-8)
LZTRL3= (wM34)?
R, . (@M45)?
L4-+RL5 + R,
2 2 2 r] -
2
B(k12%Q1intQzint)(K23°Q2intQzint) (k34° Q3intQaint) (Kas’ QaintQsint)
2
2
k1520, . ko220 : . | k24204: . kaic20,: .
2114 12°Q1intQ2int | 237 Q2intQ3int | 34" Q3intQ4int L k45 Q4intCQsint
(B+1)?|14 3 14 - 14 : 14
14— K237 QaintQaine 1+K34”QaintQaine 14 k45"QaintQsint (B+1)
1+K34” QaintQaine 14 ka5"QuintQsint (B+1)
145457 QaintQsine - (B+1)
(B+1)
(7-9)
2
( 1+k12°Q1intQ2int+k23 Q2intQzint+k34°Q3intQaint +kas’ QaintQsine+ >
k12°Q1intQzintk34° Q3intQaint+k12°Q1intQ2intkas’ QaintQsint + k23> Q2int Qzintkas’ QaintQsint

2 2 2
<1+k23 Q2intQ3inttk34"Q3intQaint +Kas Q4intQ5int+>
2 2
k23 Q2intQ3intKas” Qaintlsint

2 2 2 2 2
(1+k12 Q1intQzinttK23 Q2intQzint k34" Q3intQaint tk12"Q1int Qzintkaa Q3intQ4int)

\ (1+k23%Q2int Qzint+k34°Q3intQaint)

(7-10)

7.4  GENERALIZED CASE OF (N-2) REPEATERS BETWEEN
TRANSMITTER AND RECEIVER

The above analysis can be extended to multipleatepe inserted between transmitter
and receiver as shown in Fig. 7.6. Assuming theeer aesonators. Resonator 1 is connected to
the source and resonataris connected to the load. Resonators2l.are the repeaters.
Repeaters consist of coils resonant at the resen@eqguency of transmitter and receiver. Coill
resistance is the only source of loss at the repgabuch a wireless power transfer system can

be represented by the following matrix
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[Rs + Ry jwM, 0 0 4 Vg

| oM, Ry,  jwMpsz - 0 []i2 [0]
0 JoMz3 Ry 0 j i3]= lOJ (7-11)
0 0 0 R, + Ry, ILi, 0

The source is matched to the input impedance somthpower fed to the source coil is reflected

back to the transmitter.

2
oM
Rs = Rinput = Rp1 + ( 1;1) 2 (7-12)
R+ (@M33) ;
(wM3y)
Ry o+
L3 2
Rpa* (0 ¥s)
Rpg+
2
(9M(n—1yn)

The receiver coupling efficiency under the conditad impedance match at source is

B(L2*)(25") (134”) - (ln-1)n”) 1 1
n= I 2 X 7 X 2
1+ 121 >
1+ 22
l34
1+ 1+ s ly,”
1+~ 1.2 1+ 341 >
l(n_;)nz 1+ 231 > 1+ 415 -
B (T 1+ o i
1+ l4_5 1+l(n—1)n2
1+ (B+1)
l(n—l.)nz
R CEEY)
1 1 ,
X 5 X X 22><(ﬁ+1)
l(n—l)n
1+
/ < B+1

1_|_l4—5

(7-13)
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where l(n_l)nz = k(n—l)an(n—l)Q(n)

The value of8 that maximizes the efficiency for a general cadsée?’ repeaters is

,3 _ |(mum1)(num?2) (7-14)
- (den1)(den2)
where
— 2 2 2 2
numl =1+ Z i + Z Givalijer + Z il ,1+1lk k+1
n>j>i+1>1 n>k>j+1>j>i+1>1
— 2 2
num2 =1+ Z ll i+1 T Z li,i+1l J+1 + Z ll l+1l ,]+1lk,k+1 + -
n>j>i+1>2 n>k>j+1>>i+1>2
— 2 2 2
denl =1+ Z ll i+1 + Z li l+1l J+1 + Z ll l+1l ]+1lkk+1 +-
n—1>j>i+1>2 N—1>k>j+1>j>i+1>2
— 2
den2 =1+ Z 17 hiv1 T Z ll l+1l J+1 + Z ll l+1l] ]+1lk,k+1 + -
n—1>>i+1>1 n—1>k>j+1>j>i+1>1

Liiv® = kigs12QwQirn)

k12 kzs I([n -1jn
A A
| \ !

Repeater Repeater Repeater

.O O .......... O .

Transmitter Coil Rez Rim1) Receiver Coil
RL1 RLr|

Source Rg

Fig. 7.6  WPT system consisting of multiple (n-2) repeaters between transmitter and receiver.

88



CHAPTER 8

Impact of PEC Platform and Receiver

Coil Misalignment on RCE

8.1 IMPACT OF PEC ON QUALITY FACTOR OF
ELECTRICALLY SMALL LOOPANTENNA

A single-turn loop of dimensions 4.4cm x 6.8cm amgbper thickness of 1.5mm is
simulated for three scenarios in HFSS, as showign8.1.

1. A free Standing Loop.

2. A loop placed on top of a PEC. The dimensionhefPEC are 6cm x 12cm.

3. Ferrite placed between the loop and the PEC.f@imge sheet is of 0.6mm thickness
and its magnetic loss tangent is 0.00884. A fesiteet with hole in the center is used in an

attempt to reduce the weight of the device.

(@)
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y A
&_

Fig. 8.1. Pictures of (a) A free standing loop (b) A Ioop placed over a PEC (c) Ferrite inserted between
the loop and the PEC

The inductance, resistance and quality factorifozd scenarios are plotted in Fig. 8.2.
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Fig. 8.2. The resistance, inductance and quality factor of a free-standing loop, a loop placed over a PEC,
and a loop placed over a PEC with ferrite inserted between the loop and the PEC

It is observed that when the loop is placed abo®’E&, the current induced in PEC is
such as to oppose the magnetic field generatetidjobp itself and this lowers the inductance
of the loop. Also due to losses on the PEC, thesteexce of the loop also increases, hence
lowering the Q value. The eddy current phenomesatepicted in Fig. 8.3. When a ferrite sheet
is inserted between the loop and the PEC, it isslttte PEC from the magnetic field of the loop,

and hence restores the Q value of the loop.
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Fig. 8.3.  For clockwise current on loop, the current induced on PEC is anticlockwise
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8.2 IMPACT OF MISALIGNMENT ON COUPLING
COEFFICIENT

8.2.1 Near-Field Magnetic Flux Density of an Electrically Small Loop Antenna
Magnetic field due to a small loop antenna (of uadi andN; turns) inxy plane carrying
currently, at pointP (position vector of point makes an angleswith z-axis) at a distande<<

A from the loop, as shown in Fig. 8.4(a) is [59]

_ .HONlﬁrlzllcosel i
_ _.uoN1(BT1)211 sin 64 11
Be = ar [ + (,BT)Z] (6-2)

wherefi=2z/4 is the wave number. For distances much smaller tthea wavelengtifr<<1, the
magnetic flux density expressions can be simplifisd

_ UoNyr1%1; cos 64
2r3

B

(8-3)

_ HoNlrlzll sin 91
- 4r3

By (8-4)

8.2.2 General Case of Laterally and Angularly Misaligned Coils
A general scenario involving a misaligned recenal is shown in Fig. 8.4(b). Receiver

coil is displaced laterally by distandeand vertically by distandg, where

d =/x,* + y1° (8-5)
The position vector and the area vector of theiveceoil are described by angle®,(0;) and

(Do, 6,) respectively.
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The calculation of mutual inductance between tldmitter and the receiver coil requires
evaluation of magnetic flux through the receiveil cue to magnetic field generated by the
transmitter coil. The magnetic field due to thensmitter coil is expressed in spherical co-
ordinates in (8-3) and (8-4). The rectangular congnds of area vectdy, can be written as

A,, = A,sinf8,cos D, , A, = A,sinf,sin®, A, =A,cos6, (8-6)
The area vecto”, is expressed in spherical co-ordinates by rectango-spherical vector

transformation

A, sin 8; cos®; sin O;sin®; cosH; 1[4, sinb, cos D,
Ay | = [cos 0, cos®; cos O;sin®; —sinb;||A,sinf,sinP, (8-7)
Ao —sin @y cos @, 0 A, cos 6,
ThereforeA, andA, are
A, = A,[sin 6, sin 8, cos(®, — ®,) + cos 6, cos 0] (8-8)
Ag = A,[sin 8, cos 8, cos(P, — ®;) — cos b, sin B, ] (8-9)
The flux through the receiver coil is
N, Nymr2r,°I, cos
@, = A,[sin 6, sin 6, cos(P, — ®,) + cos b, cos 0, ] HoTh T2 227"; ! !
N;N,mrir %I, sin
+ A,[sin 6, cos 8, cos(®, — ;) — cos b, sin ;] ot T2 42r31 ! !
(8-10)
1, Ny Nymrr2r, 1
@, = [sin 6, sin 6; cos 6, cos(®, — @,) + cos 8, cos 6, cos 6] —— ;7”32 -
. : : : o N Nomri Iy
+ [sin 8, cos O, sin B, cos(®, — P;) — cos b, sin 6; sin 6 | S
(8-11)
1 Ny Nymrr2r 1
®,, = [sin 6, sin 6, cos 6, cos(®, — @,) + cos 6, cos B, cos 6, ] —— ;7”32 L1
sin 8, cos 0 sin 8, cos(®, — ®;) cos b, sin b sin O, | u, Ny N,mrrir 21,
2 2 2r3
(8-12)

whereN, is the number of turns of the receiver coil.
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The mutual inductance between the coils is obtairsgog [Ch3 Eq (A-5)]

2.2
oN1Ntr1°13

M==t - G sin 8, sin 6 cos 8, cos(®, — ®;) + cos b, {cos2 01 — %sin2 91})

(8-13)
The coupling coefficient is obtained by substitgtithe mutual inductance between the
transmitter and the misaligned receiver coil (8-489 the self-inductance of the transmitter and

the receiver coil (3-1) into the formula for coungicoefficient (3-5)
—\3
k = (%) (% sin 6, sin 6, cos 8, cos(®, — ;) + cos b, {COSZ 0, — %Sin2 91}) (8-14)

where

(\/R2 +d? + r?2 — 2d\/R? + 1% cos <90 + tan1! (%)) T 2Ty

r (8-15)

k\/R2 +d? + r,2 — 2d/R? + 1,2 cos <9O + tan~1 (%)),rz >n

The coupling coefficient expression for the misadid receiver and the transmitter coil is
analyzed for special cases of misalignment to gaimsight into the impact of misalignment on

the coupling.

8.2.3 Perfectly Aligned Coils (Co-Axially Placed Coils)
Perfectly aligned coils are shown in Fig. 8.4(d)islis a special case whép = 0°,0, =

0°,and d = 0. Equation (8-14) and (8-15) simplify to give,

3
Vvrir )
(? ,T‘l 2 rz
k=4 WETn (8-16)

3
vrir2
(#5) 2

— 3
k == (%) ,R >> 1"1, 1"2 (8-17)
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Equation (8-17), same as Eq. (3-6), shows thattupling coefficient between two perfectly
aligned conductor coils in free space is frequeincgpendent and varies with inverse cube of
distance I8 when the distance between the transmitter coiltaadeceiver coil is much larger
than their radii i.e.R >>ry, r,. This coincides with the near field of an infirst@al loop, which

is in the order of &

8.2.4 Axially Placed Angularly Misaligned Coils
Axially placed angularly misaligned coils are shownFig. 8.4(d). This is the special

case whed, = a,0; = 0°,and d = 0. Simplifying (8-14) and (8-15) results in,

3
V1T

(o cosa,r; =1,
w/R2+T'12

k = 3 (8-18)
(\/%) cosa,r, = 1
For a=0, (8-18) reduces to (8-16) i.e., the coils ardgmtly aligned. Wherm=90, the coupling
coefficient reduces to zero and the coils are cetepl misaligned. Therefore, for co-axially

placed coils, as the misalignment angl@creases from 0 to 90 degrees, the coupling iooeft

value decreases from that of perfectly aligned>xdally placed coils to zero coupling.

8.2.5 Laterally Displaced Coils

Laterally displaced coils are shown in Fig. 8.4{@)is is the special case whén= 0°.

The coupling coefficient for this case is

3
k = (“r;rz) (cos?6, — 0.5 sin?8,) (8-19)

96



5]

@

(©)

(b)

.
L

0,=a

(d) (e)

]

-
|

o

()

97



Fig. 8.4  (a) Magnetic field at point P due to small loop antenna (b) A misaligned receiver coll
(c) Perfectly aligned coils (d) Axially placed angularly misaligned coils (e) Laterally

displaced coils (f) Co-planar laterally displaced coils

8.2.6 Co-planar Coils

Co-planar coils is a special case of the laterdigplaced coils such th&i = 90°,
and R = 0 i.e., the coils are placed in the same plane amthterally displaced as shown in Fig.

8.4(f). Then the coupling coefficient is

|k| = (8-20)

i =)

3
. ,R>>1n, (8-21)
Equation (8-21) shows that for the laterally displ@ coils, the coupling coefficient (8-21) is half
that of the coupling coefficient for perfectly aligd coils (8-17) separated by the same distance.

Therefore, the power received by laterally disptwazeiver coil will be one-fourth of the power

received by a perfectly aligned receiver coil sapat by the same distance.

8.3 COUPLING BETWEEN ORTHOGONAL TRANSMITTER
COILS AND A RECEIVER COIL

8.3.1 Coupling Coefficient between a Transmitter Coil in xy Plane and a
Misaligned Receiver Coil

The magnetic field components of an electricallyanoop inxy plane as shown in Fig.

8.5(a), in its near-field are expressed in sphémo-ordinate system by (8-3) and (8-4). The
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magnetic field can be represented in cartesian rdim&te system by using the vector

transformation from spherical to cartesian co-catkrsystem

By xy sinfcos® cosfcos® —sin®][B;
By xy| =|sinfsin® cosfsin® cosd ||Bsg (8-22)
B xy cos 6 —sin6 0 B

where By xy, Byxy and B,y are thex, y, and z componentsf the magnetic field due to an

electrically small loop ixy plane

3uoN171%1, . _ x2+y? _ x2+y? _
B,y = L Zgin |tan~ (¥—2) [ cos [tan™! (Y—=2-) | cos [tan~! (2
X, Xy 4-r3 z V4 X

(8-23)
2 2 2 2 2
By xy = Ml?llsin [tan‘1 (x—ﬂ/) ] cos [tan‘1 (x—ﬂ’) ] sin [tan‘1 (X)]
’ 4r z z x
(8-24)
2 [ 2 2 [ %2 2
B,xy = % [cos2 [tan‘1 (xTer) ] — %sin2 [tan‘1 (%) ” (8-25)

The position vector and the area vector of theiveceoil are represented by angl€s ) and
(Do, 05). The area vector of the receiver coil can be esged in terms of its cartesian co-
ordinate components.

A, =Asinf,cos P, , A, = Asinf,sin®, A, = Acos@, (8-26)

Mutual inductance and coupling coefficient is céted using Eq(A-5) [Ch 3], and (3-5),

1 /xz+y2
z

cos |[tan™

3 /xz+y2
11T 3 . —
kxy = (;2) —sin [tan A
r 2 Z

sin 8, cos [CDO -

=)

(8-27)

Y2 1.
tan™! G)] + cos B, [cos?|tan~! — — Zsin®

> tan
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8.3.2 Coupling Coefficient between a Transmitter Coil in xz Plane and a
Misaligned Receiver Coil

In order to calculate the coupling coefficient doea coil inxz plane the coil and the
observation point are kept fixed while the co-oadénaxes are rotated as shown in Fig. 8.5(b).
Bxxz Byxzand B, are thex, y, and z components the magnetic field due to an electrically
small loop in xz plane

Bixz = Byxy » Byxz = Byxy 1 Brxz = Byxy (8-28)
Furthermore in (8-23), (8-24) and (8-25),
x isreplaced by z , yisreplaced by x, zisreplaced by y (8-29)

Therefore, the magnetic field expressions for doplinxz planeare given by,

.
L
B
|

‘: mo
Zi
s F
d ]
L 4 >y
() (b)
Fig. 8.5. (a) Transmitter coil in xy plane (b) Transmitter coil in xz plane

2 VzZ+x2 21 %2
2 _1 (VzZ+x? 1. 1 (NZZxZ
By, = 21 1 o8 [tan 1( Z ) — =sin” [tan 1( Zx ) (8-31)
YV, 273 y 2 y
21 . L VzZZ¥x2 o NZZ¥xZ _
B, xz =%Sm [tan 127”] cos [tan . Z;x ]cos [tan 15] (8-32)
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The mutual inductance is calculated using Eq(A&) B], and coupling coefficient is evaluated

using Eq (3-5)

kyz =
(@)3 E sin [tan_1 (\/Zz;—xz) ] cos [tan_1 (\/Zzyw) ] [sin [tan‘1 E] sin @, cos®, +

cos [tan‘1 f] cos 90] +
zZ

sin 6, sin ®, [cos2 [tan_1 ( Zz;xz) ] — %sin2 [tan_1 (#) ” ] (8-33)

8.3.3 Coupling Coefficient between a Transmitter Coil in yz Plane and a
Misaligned Receiver Coil

Similarly, the coupling coefficient between a tramiger coil in yz planeand a
misaligned receiver coil is given by,
ky, =
7\ 3 24,2 21,2
(ﬂ) [3 sin [tan_1 (y—”) ] cos [tan_1 (y—ﬂ) ] [cos [tan‘1 5] sinf, sin®, +
r 2 x X y
sin [tan‘1 ﬂ cos Go] +

sin6, cos O, [cos2 [tan_1 (@) ] — %sin2 [tan_1 (@) ” ] (8-34)

8.3.4 Simulation Results

The simulations are carried out for transmitter egxkiver coils of radii 2cm each. The
receiver coil is centered on z-axis and located distance of 10 cm from the transmitter. The
simulations are carried out for three differentesaas shown in Fig. 8.6.

It is observed that as the receiver coil rotaties,coupling between a single transmitter
coil and the receiver coil may drop from maximunugling to zero coupling. The advantage of
using multiple transmitter coils is that one of thensmitter coils will always be coupled to the
receiver coil and all power can be fed to thatgraitter coil. For example in Fig. 8.6 (a) as the

coil rotates, the coupling coefficient between theeiver and the transmitter coil xy plane
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decreases, while the coupling between the receaigédrand the transmitter coil igz plane
increases. Initially all the transmitter power ésl fto the transmitter coil ixy plane Beyond the
tilt angle of 65 degrees, the transmitter coiymplaneis more strongly coupled to the receiver

coil and all the power is fed to it.
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Fig. 8.6 kxy, kxz and kyz as the orientation of the receiver coil changes

8.4 TRANSMITTER CoOIL CONFIGURATION TO |IMPROVE
RCE oF A WPT SYSTEM CONSISTING OF A MISALIGNED
RECEIVER COIL

A simple scenario involving two orthogonal trandemtcoils in xy and xz planes
respectively is considered. To setup the inductivedupled resonant loops, one must use

capacitors to resonate with the self-inductancbath the coils in the transmitter and the coil at

1

Yok N, as shown in Fig. 8.7 (a).

the receiver at the same resonant frequency \/Llc
1%1

The equivalent circuit model is shown in Fig. &7. (The transmitter coils are orthogonal and the
mutual coupling between them is zero. Both thestmatier coils are coupled to the receiver coil.
where, Ri, Rsp R are source and load resistances, R, R are source and load coil
resistances, M and M3 are mutual inductances between the first transnstiil and the receiver
coil, and the second transmitter coil and the kegetoil, respectively. The currents through the

two transmitter coils and the receiver aresand g respectively.
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Fig. 8.7 A transmitter consisting of orthogonal coils and its equivalent circuit model
Applying KVL to the three resonators,
Vg1+iRs+ iR~ joM 14 =0 Rsi+ R 0 — Myl | | Vo1
—Vg2tiaRsot iR - M40 = 0 Rs2+ Rz — o Mgs|| i2| = | Vg2| (g-35)
—joMd1—jaM Hk A4 R 4 R 50 —JoM3 —JoM o3 Ri+R 3][13] | 0

If both the transmitter coils have the same pararaeind the sources connected to the transmitter
coils have the same source resistanceR.e.7 R>= R, L1 =L,= LtandRs; = Rsz = Rs, the

received power can thus be written as a functiaghefjuality factors,

‘ R, - I 20M 4 'ZRS .
" _(RS+ RLt)( R+ I%:«J)Jra’z l\/i32+a)2 NE32_ t
. I 20M 5, T ]
PL(Rs+ R(R+ Rs)+0” Mg+ 0% My | S (8-36)
2
22
PR X S| MM, RGR

(Rs+Ry)(R+ Ry)+0” Mg’ +0” My
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Applying the definition of quality factors to bothe transmitting and receiving resonators, the

received power eq (8-36) can be written as

2
2 Q Q
P=P 2QQ [ 1- = |1-— |+
tl(l—i_ k123Qth + k223 th k13 t [ Qt,int Qr,int j
2
2 Q Q
P KQQ |1-—" |1-—= |+
tz(l—i_ k123Qth + k223 th i { Qt,int Qr,int j

e 2 " Q Y, @
? RlR2[1+ k123Qth + k223 thJ kthth (1_ Qt,int j{l Qr,intJ

a)O L[ a)O LI’ _ a)O L[ Q a)O Lr

where Qt = Rs‘f‘ RLt ) Qr :m ) Qt,int - RU ’ r,int RL

Q:and Q; are the loaded quality factors of the transméted the receiverQ;inand Qi are the

(8-37)

intrinsic quality factors of the transmitting arieetreceiving antennas.
As show in Fig. 8.13, area vector of the recei@fis in yz planeand is in same direction as its
position vector. The powerRand B fed to the transmitter ceiand coi} respectively are related

to the total transmitter power By

P, = cos o P ,R,= sirf P (8-38)

Substituting Eq (8-38) into (8-37),

R le)-

2
1+k132Q1Q§+ k2 Qsz QQ [1 Q?:nt J[l chrinj P [k132 coS a+ sifakys™+2cos sin k13k23j

(8-39)
Consider the special case of the receiver coyiziplanei.e., x=0,4, =90 , which is perfectly

aligned with the position vector i.@.,= 6,, (8-27) and (8-33) simplify to

——\ 3
Kyy = (%) cos@ (8-40)
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——\3
k., = (%) sin 6 (8-41)

Substituting (8-40) and (8-41) into (8-39) and isgttthe first derivative of the received power

with respect ta to zero, the maximum power transfer conditioniveg by,

a=10 (8-42)
Hence instead of mechanically steering the traiemdoil to be aligned to receiver coil, the

power ratio can be adjusted in the orthogonal tréiar coils which is equivalent to rotating a

single transmitter coil to be in perfect alignmetith the receiver coil.
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CHAPTER 9

Conclusions

The near-field power transfer equation for induelyvcoupled resonant loops is derived
and validated by experimental results. It has b#snonstrated in the strong coupling case, for
each distance there is an optimum impedance matatondition that maximizes the power
transfer efficiency over this distance. In the weakipling case the received power in the near-
field system goes down inversely with the sixth powf distance and improves with increasing
loaded Q at transmitter and receiver, i.e., imprgunatching at the source and the load side.

This work also presents the theoretical analy$ishe capacity performance of an
inductively coupled near-field communication systbased on the derived near-field power
transfer equation and the information theory. Itcencluded that the capacity is limited
respectively by thermal noise for low-Q received aratural interference for high-Q receiver.
The capacity performance of an inductively coupg#eC link operating at VLF is evaluated. It
is observed that higher operating frequency pra/gleater optimal capacity than that at a lower
frequency in the air, but requires higher transnigind receiver Q.

The theory of DAM for NFC link is presented, whishows its potential to break the
dilemma of power and bandwidth trade-off in NFCtegss with high-Q transmitters. Successful
transmission of broadband binary modulation segeieacexperimentally demonstrated on a
DAM assisted NFC link, which implies an enhancedazaty performance of the NFC link over
the traditional scheme.

The RCE limit is evaluated for a single transmitéerd receiver. It is observed that
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maximum efficiency is achieved under simultaneowgcmng at both the transmitter and the
receiver. Further, the ratio of source resistancgtrce coil resistance is same as ratio of load t
load coll resistance in order to transfer power medfciently. Efficiency limit is then evaluated
for two receivers and condition other than simwdtaus match at source and loads leads to
optimal efficiency. In particular, ratio of sourcesistance to source coil resistance should be
same as ratio of load resistances to corresporidady coil resistances. Remarkably, it is also
observed that efficiency limit improves as the nemiof receivers increases. Then, we
considered the case of single and multiple repgdietween transmitter and receiver. We report
that a repeater between transmitter and receiverowves the efficiency and can be used to
extend the range of wireless power transfer.

Resonant coupling efficiency is limited by the pwod of quality factor and coupling
coefficient. It is observed that a PEC platformuesk the Q value of coil, however a ferrite sheet
can be inserted between the coil and platform tower the same Q value as is in free space.
Coupling coefficient decreases with inverse cubelistance between the coils for perfectly
aligned coils, decreases from maximum couplingda@oupling as the angular misalignment of
perfectly aligned coils increases, and for latgradisplaced coplanar coils, the coupling
coefficient is half that for perfectly aligned cassparated by the same distance. In practical NFC
systems, the transmitter and receiver coils carargularly or laterally misaligned, thereby
reducing the coupling between the coils and henCg&.Rn this work, we propose a transmitter
having three orthogonal coils. Depending upon thentation of the receiver coil, power can be
fed only to the transmitter coil which is best clmapto the receiver coil. Alternatively the ratio
of power fed to three coils can be adjusted toteotae magnetic field such that the coupling

between transmitter and misaligned receiver is mepad.
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