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Abstract

Historically, power transmission and data communication have been dealt with as separate
problems. While commu nication has been conducted wirelessly for over a century, power has
traditionally been transmitted via transmission line. However, the recent push for wireless

power transmission (WPT) has sparked new interestin integrating the two.

This thesis investigates the capability of a novel single-conductor WPT system to be used asa
communication channel. The system was used to support the transfer of oroff keyed data with
and without encoding. Messages were recovered using a softwargefined receiver and the
results showed that the system is able to support data rates in the hundreds of kilobits per
second, which is appropriate for RFID and NFC. However, this first investigation evidencedthat
data rates were limited by : (a) the ripple voltage produced at the output of the receiver and (b)
the bandwidth of the channel, warranting t wo other investigations into ripple voltage reduction

and bandwidth enlargement.

A mathematical criterion was formulated in order to minimize the ripple voltage and improve
the reliability of communication with a low modulation index under amplitude shift keying
Simulation results with a software -defined receiver confirmed that the use of the criterion

produces the smallest bit error rate.

Bandwidth enlargement was undertaken as a whole system designby employing band-pass filter
(BPF) theory. Four single-conductor systems, each with a distinct combination of filter order
and bandwidth, were simulat ed. To assist in the design, an equivalent lumpedelement model
was derived for each gstem. The simulation results illustrated t he effectiveness and ease of

using BPF theory in designing single-conductor systemswith different bandwidths.
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Chapter 1 Introduction

1.1 A SHORT HISTORY OHR¥LESS POWER TRANKESION AND
COMMUNICATION

The areasof wireless transmission of power and data are rooted in two discoveries of the 19
century. In 1820, Hans Christian @ rsted observed that an electric current affected the direction
pointed to by a compass, thus discovering that a current produces a magnetic feld and
establishing the first link between electricity and magnetism. This discovery led to the works of
Jean-Baptiste Biot and Félix Savart, of the Biot-Savart law, and to those of AndréMarie
Amp re, of the renowned Amp rnanded in hioshenow.indl83l,he uni t
Michael Faraday discovered the second link between electricity and magnetism when he
observed that a changing magnetic flux produced a current Far a d a y[5].sThid lawand
Or stedds observat sequent Woks by Biet|] $avarh and Amgere), which is

described by Amp reb6és |l aw, form the basis of tran

It was James Clerk Maxwell who, in 1865, formulated the preceding discoveries on electricity

and magnetismin 20 equations in his paper titled AA Dyn:
Fi e[lldaond | at er , in 1873, in his ATI[2emthessworke,n EI| ec
Maxwell noted that a changing electric field was equivalent to a current in producing magnetic

fields. This correction to Amp reb6s law |l ed himt
propagate through a medium in the form of an electromagnetic wave that travelled at the speed

of light, which was experimentally confirmed by Heinrich Rudolf Hertz in 1886 [1]i [3]. Thus,
electromagnetic wave propagation forms the basis of radiative power transfer and modern

communication technologi es.

In 1901, Guglielmo Marconi was able to wirelessly send a telegraph radio signal across the
Atl antic Ocean from Pol,tldwioundlahdwith amnartehnatf4p. Arsund Johnod

the same time, Nikola Tesla experimented with wireless power transfer (WPT) using large coils

in order to transfer power through the ionosphere [5], [6] . While Teslads wire
experi ments wer e not fruitful, Mar coni 6s exper
communication and eventualy mat ured into todayé6és communicati or

would not receive much attention for several decades.



In 1963, William C. Brown and his team at Raytheon demonstrated their microwave power
transmission system, which converted 400 W of microwave power to 100 W of DC power.
Further innovation together with Professor Roscoe H. George of Purdue University culminated
in the development of the first rectenna and a demonstration of wireless power transfer to a
model helicopter in 1964. In working tow ards solar-power satellites (SPS), in which a satellite
converts solar energy to microwave energy and then radiates it down to Earth, a WPT
demonstration was made in 1975 at the JPL Goldstone Facility in which 30 kW of DC power was
harvested at a distanceof 1.6 km from the transmitter [7]. Ever since, steady research has been
undertaken in WPT.

A significant breakthrough in near -field WPToccurred in 2007 when Marin
team at the Massachusetts Institute of Technology showed that efficiency gains can be achieved
when the receiver and transmitter are operated in resonance at the same frequency[8] , sparking

new research into resonant WPT.

In recent years, two industrial alliances have been formed to standardize and commercialize
near-field WPT: the Wireless Power Consortium (WPC), formed in 2008 and administering the

Qi standard since 2010 [9], and the AirFuel Alliance, formed 2015 from the merge between the
Alliance for Wireless Power and the Power Matter Alliance [10]. Currently, Qi is leading the
market [11].

Although many commercial products exist that implement either the Qi or AirFuel standards,

RFID is an even ol der and more ubiquitous[fl2t echnol
The mechanism of operation is simple: a transmitter sends a signal to a passive (batteryless)

receiver and the receiver then uses this signal for both energy harvesting as well as
communication with the transmitter via backscatter (or load) modulation. Unli ke the Qi and

AirFuel standards, RFID can be implemented in both the near- and far-fields.

Given that research in WPT s tfield WEeThhas yethhiaaredch t o t h
ubiquity and far -field WPT has yet to be implemented in a network (whereas wireless cellular
communication is already in its fifth generation) [13]. Furthermore, there is a push to integrate

WPT and wireless communication into wireless information and power transfer (WIPT). Under

this new paradigm, data and power will be transmitted on the same waveform (called

simultaneous WIPT or SWIPT) or power will be transmitted in the downlink and data will be



transmitted in the uplink (under the schemes of wirelessly powered communication and
wirelessly powered backscatter communication) [13].

1.2 MOTIVATION

Wireless electronics have penetrated almost every aspect of our lives and are expected to
continue to do so with wireless sensor networks (WSNs) and the Internet of Things (l1oT). Thus
far, this trend is mostly limited to our communication networks (e.g., Wi -Fi and the
implementation of 5G communication). However, as the number of devices continu es to grow,
there will be an increased need to power them. Powering these devices with wires will become
highly inconvenient and expensive, whereas batteries take up a lot of space in electronics and
require either charging or replacement (which is wasteful). In some cases, it is even
inconvenient, costly, or hazardous to replace the battery, as in biomedical implants or industrial

sensors that may be buried underground.

In the case of biomedical implants, near-field wireless power transfer is an attractive solution
[6] . However, both near- and far-field WPT and communication are impeded when the device is
buried underground or is otherwise obstructed from the WPT transmitter by a conductive

object. In such cases, it is conducive to utilize the existing conductive infrastructure to transfer

both power and data [14], [15], which requires novel designs and innovative, elegant solutions.

1.3 OBJECTIVE

The objective of this thesis is to extend the research presented in[16]1 [19] on WPT via sheath
helices and a single conductor (henceforth termed single-conductor WPT or single-conductor
systems) to include data transfer. Whereas the focus of [16]1 [19] was strictly limited to power
transmission, different challenges are present when attempting to reliably transmit and receive

data, chief among them being bandwidth.

Moreover, with accelerated research into the simultaneous transmission of power and data,
methods for the efficient harvesting of power and successful reception of data are necessary such
that they do not interfere with each other. This is a highly desired goal for battery-less

electronics and is therefore discussed here as well.

Hence, the objectives of the thesis are threefold:



1. Demonstrate the ability of the presented system to accommodate data communication
(with a focus on commercial data transmission such as RFID and nearfield
communication) .

2. Develop design criteria and guidelines for the reception of amplitude shift keyed data
modulated on top of a power signal with minimal disruption to power harvesting.

3. Formalize the design of single-conductor systemswhere bandwidth is the prime design

parameter as opposed to a consequence of the design.

1.4 THESIS STRUCTURE

This thesis is organized as follows:

Chapter 2 develops of the fundamentals of inductive coupling and power transfer by deriving
them fromMaxwe | | 6 s equat i oarsthen dehetoped iatontagnptic resonanceWPT
as an improvement on traditional inductive power transfer. Additionally, a relay system is
discussed.

Chapter 36 s f o c wsingle-comduaton transmission lines with a focus on the sheath helix,

which is used in the design of the single-conductor system.

Chapter 4 characterizes the system as a communication channel foramplitude modulated d ata.
The chapter also discusses the architectural requirements of the receiver for successful
asynchronous reception of the data. These ideas eventually evolve into a new criterion for the

asynchronous receiver.

Chapter 5 focuses on the design ofsingle-conductor systems using bandpass filter theory in
order to enable designers to have control of the bandwidth and thus enhance both the
communication and power transfer capabilities of the system. Examples with simulation results

are provided to showcase the advantages of this design procedure.

Finally, Chapter 6 concludes this thesis with suggestions for future work and improvements.



Chapter 2 Inductive Wireless Power Transfer

This chapter provides an overview of inductive WPT and its progression into resonant WPT. A
review of Maxwel | 6s equations is presented first
inductive WPT will be developed. These basic concepts are then used to inwduce resonant WPT
and its advantages over norrresonant WPT. In order to compare the two schemes, definitions of

power gain are provided.

Additionally, a 3 -resonator system is explored as the most basic case of a resonant WPT system

with relays and its advantagesover the 2-resonator system are discussed.

Finally, the chapter concludes with a brief discussion of the frequency splitting phenomenon
inherent to resonant WPT.

2.1 FUNDAMENTALS OF INTIVE WIRELESS POWHRANSFER

2.1.1 FARADAY® LAW
Far aday 6 senin éswliffereatial §prmvby

—a

lﬁl
— 2.1
N o (2.9

Simply stated, Far ad avangng magretic fieddaH/ givestribead an alecttici me
field E that circulates around the magnetic field lines and that the two are related by the

magnetic permeability * (Figure 2.1).

Integrating both sides over a surfacein

dH/ot J, 0E/ot
A A

E H

Tl D> E] D

dl dl

Figure 2.1 Vi sualization of Faradaydaw gwighefyt) an
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voptoy  pics ‘TT—bj't"Qv 2.2)

n I

where® is a differential line element along the boundary curvei that enclosesin and Qvis a

differential surface element of n. The second integral was obt ai

and represents an electromotive force (EMF), or voltage. This is Far ategiay 6 s

form and it states that a time-varying magnetic flux through a surface n, represented by the
third integral, induces an EMF around the boundary curve i that encloses said surface. The

above equation can be more succinctly expressed as

B
. 5 (2.3)

where. is the induced EMF and B§ is the magnetic flux through surface n.

Based on the above, when a free charged particle is placed in thisiéld it will move under the
action of the induced EMF. The direction of motion of this charged particle is such that it will

induce a magnetic field that opposes the change inthe firstoneinwhat i s known
which is represented by the minus sign on the RHS of Eq. 2.3). It follows that when a

conductive loop is placed in the field such that the magnetic field lines penetrate the enclosed

area, the free electrons in the conductor will flow to produce a current.

2.1.2 AMPERE® LAW
The dual to Far ad ay,ahchisgven by it differaial foremds | aw

n A L —T—lF (24)

The law states that a current density Lproduces a magnetic field that circulates around it. It also
states that time-varying electric fields can also produce a magnetic field that circulates around

the electric field lines with a constant of proportionality -, the electric permittivity ( Figure 2.1).

As with Faradaybés | aw, i ntnegrating both sides

oty g te -T—o't"Qv (2.5)
N i n

wherethesecmd i ntegral was again obtained by invoki

law in its integral form. The term - T ITT és called the displacement current and it plays a role in

ned

aw

L el

ove

ng



the response of a capacitor to time-varying currents. However, in closed conductive loops,

Iy mtand (2.5) simplifies to

T o
A tm O (2.6)
where “Os the total current flowing through the conductor.

2.1.3 INDUCTANCE

2.1.3.1 Selfinductance
In much the same way that capacitanced is defined as the ratio of the charge0d present on a pair

of conductors to the voltage wdeveloped between them(mathematically described by 6 0 ¥w),
self-inductance 0 is defined as the ratio of the magnetic flux 5 to the current "Qhat generates

and encloses it(seeFigure 2.2), as given by

Loty B 2.7)
0 0

Isolating 5 in (2.7) and differentiating with respect to time

Q0"
oL, %@ (28)
where “Qvas changed to"Qo reflect the change from a DC to an ACquantity and the last equality
is due to Fma(@a8dwehgréusis tHea® voltage developed across the inductor In
other words, inductance is the ability of an inductor to resist changes in current. It is prudent to
mention that (2.8) is only valid for quasistatic conditions, i.e., when the inductor is electrically

short such that the instantaneous AC current is nearly the same at all points along the inductor

wire.



Figure 2.2 Inductance relates the current to the magnetic flux it generates.

A valuable property of inductance is that it can be increased conveniently by creating multi-turn

inductors (Figure 2.3) where all the turns are connected in series such that the same currentQ
flows in each. If the turns are close to each other such that all (or most) of the magnetic flux of
one turn passes through all the other turns, then using (2.8) the voltage 0 across each loop of

an N-turn inductor is given by

[ QqQ |

& —. 0 (2.9
Qo Qo

where 5 is the flux produced by a singleturn and 0 is the inductance of eachindividual loop .

Because theturns are connected in series, the total voltage across the iductor is the sum of the

single-turn voltages
) O—. U (2.10)

For identical loops, the inductance of each loop must be the same, i.g.0 0 forall €. Thus,

N O O R O ¢
0 U0 —

ol 21
Q06 "Qo (219

The last equality demonstrates that the total inductance of a multi-turn inductor increases
linearly with the square ofthe number of turns.



Figure 2.3 Multi -turn inductor .

2.1.3.2 Magnetic vector potential

Gaussd6 |l aw for magnetic fields states that

mathematically described by [20]
nt g T (2.12
Using the identity 1 ot = 11, we define
‘4 N o= (2.13
Substituting this into ( 2.4) for a conductor and using another vector identity , we arrive at
n n = nnf= n= *L (2.14)

To define a vector field completely, its divergence and curl must be defined and thus the

divergence of=can be set arbitrarily to zero, i.e.,n = 1 As a result (2.14) becomes

n= L (2.15
To solve for=, letuslookatGauss 6 | aw fo2l] el ectric fields
ntE - (2.16

where” is the charge density that produces the electric field. Eq. (2.16) simply states that the

source of electric fields is charge. The electric field can be written in terms of the electric
potential as

magne



Substituting into (2.16)

nfno N w - (2.18)

which takes the same form as @.15). It is also known that the electric potential at a distance A»&

from a charge distri bution is given by

) p ” ’Qb
O — — (2.19)
T - APE

which is the solution to (2.18). Then by comparison, the solution to (2.15) is

< gy
= - — (2.20)
¢ L APE
Due to the similarities between (2.15) and (2.18) [or (2.19) and (2.20)], =is called the magnetic
vector potential .

The magnetic vector potential can be used to calculate magnetic flux as in
i n =tQv =t(a (2.22)
n i

thereby replacing a surface integral with a simpler contour integral.

2.1.3.3 Mutual inductance
Consider two current carrying loops. As in (2.7), the mutual inductanced between them is

defined as the ratio of the flux enclosed by one loop 5 to the current 'Oflowing on the other
loop, which produced it [20]

0 % (2.22)

Substituting ( 2.20) and (2.21) into (2.22)

‘ LL'Q)
0 — tCm
v 1“0, A E (2.23)

where » is the displacement vector from the volume element' Q) to the line element Q. For
guasistatic scenarios, i.e, where the fields vary slowly with time, the currents can be assumed to
be distributed uniformly across the cross-sectional area ofthe conductors. Thus, the term L'Q)

can be written as E'Q or as"O0m (where the vector direction is absorbed by the line element)

and (2.23) becomes

10



. ‘ m t'Cm
U —_— —_—
T“ ; ; s> £ (224)
The above result is known asNeumannd formula. Noting that the order of integration in this
case is irrelevant and that the dot product is commutative, it is evident that
‘ m tCm ‘ m {Cm

I — == ==
.[u , : o £ .[u : ; o £ (225)

i.e., mutual inductance between two current loops is not dependent on the source of the
magnetic field but only on the geometry of the two loops and their relative orientations. When
the distance between two coupled coils is much larger than their dimensions, the mutual

inductance between them is approximately proportional to the inverse cubed distance between

them,i.e., 0 © 'Q [20].

Next, the EMF produced in one coil due to the flux produced by the other coil is given by
Faraday®3 | aw (

aQQ
“ 0 — 2.26
0 5% (2.26)
The total EMF produced in the coil is the sum of the EMF produced by self-inductance [given by
(2.3)] and the EMF produced by mutual inductance [given by (2.26)]. If there are N current

carrying inductors then the voltage acrosseach of the inductors is given by the matrix equation

0 0 0 E O Q
0 b o E o Qw0
g & & E & Qoé (2.27)
0 6 o E D Q

The = sign signifies that the mutual coupling can either enhance the voltage or decrease it
depending on the relative current flows [as evidenced by the dot product in (2.24)]. If an
inductor is wound such that an external magnetic field induces current flow in the same
direction as the existing current, 0 takes on a positive sign otherwise it takes on a negative sign.
Since the voltages and currents of interest are sinusoidal, 2.27) can be written in phasor

notation as

(2.28)

8' D 8' 8'
1

[T M [Th

oX.-YoNe)

9] U U
; ) 0 )
9] 9] 9]

11



where] is the angular frequency of the voltages and currents andw 8 @ and 08 "O are the

complex (frequency-domain) phasor representations of their respective real (time-domain)
voltages and currents.

2.1.3.3.1 Energy considerations and the magnetic coupling coefficient
Consider the two coupled inductors with inductances 0 and 0 in Figure 2.4. From (2.27)

. . dQ | QQ
* Y78 Yo
(2.29)
L adQ | qQ
muv Qo v Qo
Solving for 0 in terms of "Q
00 0 49dQ
( —_— 2.30
v ) Qo ( )
Then the energystored in the magnetic fields is given by
! 00 0 9Q, . .  pdOD O |
@) L QQO ——-—"0Q0 ——Q (2.3))
V] Qo C V]

where we set’Q 0 1. The expression in (2.31) must always be non-negative, i.e, O Tt The

only way this inequality can be satisfied is if [22]

0 00 (2.32)
Eq. (2.32) sets the upper limit on U, such that0 can be expressed as

0 Q00 (2.33)

where "Qis the called the magnetic coupling coefficient subjecttort  "Q p and it represents the
fraction of magnetic flux that links the tw o coils.

Figure 2.4 Coupled inductors with a short-circuited secondary.
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2.2 RESONANTNDUCTIVE WPT

2.2.1 POWER GAIN DEFINITION S

Consider the circuit in Figure 2.5 where the black-box two-port network is characterized by its
S-parameters. Three power gains can be defined3] :

1 Power gain: the ratio of the power consumed by the load to the power input to the
network .

SYsp 88
P 8 8P Y38

C~z| ca

0

(2.34)

1 Available power gain: the ratio of the maximum available power from the network to the
maximum available power from the source. The maximum available power from the
source occurs when the source and the input to the network are conjugately matched,
and the maximum available power from the network occurs when the load and the
output of the network are conjugately matched.

SYsS p 88

0 ]
$ Y3sgp 8 §

(2.35)

Cc4 C2

9 Transducer power gain: the ratio of the power consumed by the load to the maximum
available power from the source.

0 SYsSp 8Ss p 85

0 = . 2.36
0 P 33 SP Y3S ( )
The reflection coefficient U is defined as
3 — (2.37)
0 w
Zs
+ +
rS rfn rout rL
Figure 2.5 Generalized two-port network.
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where Gis the impedance of interest and @ is a reference impedance (which in the case of a
transmission line is simply its characteristic impedance & ). However, if there are no
transmission lines (i.e., the transmission line is electrically short), & can be set arbitrarily. As a

result, at the source® & and at the load® @& so thata 3 1. Hence (2.34)-(2.36)

simplify to
Y
$—$ (2.38)
p 88
Y
$—$ (2.39)
p 8 3
‘O sYs (2.40)
Hence, the transducer gain will also be referred to as the™Y parameter.
Another useful relation is that for °Y [23]
)
Y Q- o (2.41)
W W

For the remainder of this thesis, only the power gain G and the transducer gain"O  sY s will

be of interest as they are most commonly used in literature.

2.2.2 NON-RESONANT INDUCTIVE WPT

The most basic inductive WPT circuit is shown in Figure 2.6. The available power from the

source and the input and output powers are given by

SAk)
gy

(]

(2.42)

V2 R,

o |

Figure 2.6 Basic configuration for inductive WPT.
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0 Y @ 1 0 YD (2.43)
¢cO® 1 0

5 sl 0 Y
CRA 1 O

(2.44)

wheredd Y Q0,0 Y ®,®0 Y Q0,and®d Y & . The power gain is
obtained by subgtituting (2.43) and (2.44) into (2.34)
17 0Y

0 . - - (2.45)
YW © 17 0 YQo

and the transducer gain is obtained by substituting (2.42) and (2.44) into (2.36)

. . 1 0YY
O ¢sYs — - (2.46)
ww 1 L

It is easy to show that (2.45) and (2.46) do not attain a local maximum with respect to either R
or M (as in Figure 2.7). Thus, we can increase thepower gain and the output power only by
increasing either the frequency or the magnetic coupling. As was discussed in Section2.1.3.3.1
and given by (2.33), M reaches its maximum when'Q p, which physically means that the two

inductors are perfectly coupled.

15
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Figure 2.7 Power gain and gY s plots for 'Y 'Y

20

10 \N\\,\l\

vmyY omY ¢md pt(,andd & ((

While attaining 'Q pis practically impossible, it is possible to attain high coupling by wrapping
both inductors around the same magnetic core. The high magnetic permeability T of the
magnetic core prevents most of the magnetic field from escaping as giverby [3]

0 E+

- — Oé+
3 —— ——
- WE+ — WEH

- . (2.47)
- WE+ — wéE+
3 —— ——
- WE+ — weE+
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where 3 and 3 are the reflection coefficients for parallel and perpendicular electromagnetic
field polarizations, respectively, — and — are the angles of incidence and transmission,
respectively, at the interface between two materials, and — and — are the intrinsic medium
impedances given by

- - (2.48)

Let the first medium be the magnetic core and the second medium be free space. Substituting
(2.48) into any equation in (2.47) and letting the magnetic core permeability grow without

bound, we get
30 pas' % b (2.49)

where the subscript on 3 was omitted because the result is identical for both polarizations. The
above result demonstrates that most of the fields incident on the magnetic core-air interface
reflect back into the magnetic core and are therefore contained within it, resulting in high
magnetic coupling. This is how electric transformers maintain high power transfer (large sY s)

and high power gain (large "Q.

2.2.3 MAGNETIC RESONANCEWPT

2.2.3.1 2-resonator system
Now consider the compensated circuit in Figure 2.8. The expression for transducer gain in

(2.46) can be rewritten as

171 0 Y'Y

Y NV Y Y oo 10 Y Yo Y Y o

(2.50)

where @ and @ are the total reactances of each of the coupled circuits. By differentiating (2.50)

with respect to @ and @ , it is possible to find values for the reactances that produce the

maximum output power, which results in

Figure 2.8 Compensated inductive WPT circuit.
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o T h O YY T
oY LY 3 o
—1 0 YYh—1 0 YY A O Y'Y
o Y Y (2.51)
::: Y1 0 Y'Y h 'Yq 0 Y'Y h O YY T
'ur Y Y

where’Y Y Y and’Y Y ‘Y. The conditions associated with each case can be derived

from the second derivate test for maxima and minima of multivariate functions, which states

that for a function "Qofty to have local maxima and minima, —— —— T must be

satisfied at the critical values of "Qcfto . The first case on the RHS of @.51) says thatin the under

coupled condition (i.e.,7 © Y'Y 1, maximum power transfer may be achieved when

both coupled circuits are resonant, i.e., each of the inductors is compensated with a capacitor to

cancel its reactance and both resonate at the same frequency . The secondand third cases say

that in the over coupled condition (i.e.,]7 0 Y'Y 1), maximum power transfer may be

achieved when the total reactances are either both inductive or both capacitive (i.e., the
compensation capacitorsé influence caus.ndint he ove
the critically coupled condition (i.e.,7 0 Y'Y 1), (2.5]) states that maximum power

transfer may be attained when the reactances are zero, as wellThus, the critical coupling

condition attains the maximum transducer gain of

Y'Y Y'Y

Y'Y Y Y Y Y

SY s (2.52)

It is worth noting that in the over coupled condition [second and third cases in (2.51)] the
maximum transducer gain of (2.52) is attained when'Y Y ‘Yand® @ @ (but in

general may produce lower values as showrin Figure 2.9).
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Now, let us comparethe transducer gains for inductive and resonant WPT. Taking the derivative

of (2.46) with respect to frequency and equating to zero, it can be found that maximum
transducer gain for inductive WPT is achieved at the frequency

Y'Y

1 S (2.53)
L L
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and the maximum transducer gain is

YR ——— (2.54)

The first thing to note about this is that maximum output power can only be extracted when
there is 100% coupling between the two inductors, as notedearlier. The second thing to note is
that the output power of inductive WPT is always less than or equal to the output power of

resonant WPT. This can beverified by subtracting (2.54) from (2.52) as follows:

Y'Y 0 Y'Y
YY NYo Yo T (2.55)
Manipulating the inequality
YO YD YYD m (2.56)
The LHS is minimized when 0 0 0 , producing
YO YD T (2.57)

which is true for all values of 'Y,'Y,0 , and 0 . In fact, the only time both WPT schemes

produce the same output power iswhen YO 'Y D mandQ p.

It was shown that for inductive WPT, maximum power transfer is achieved when Q p, which is
impractical . For resonant WPT at resonance the maximum transducer gain as a function of

mutual inductance U is

171 0 Y'Y

gY U ss - (2.58)
YY 1 0
and in terms of the coupling coefficient
v Oss 6 1tQb0 O (.59
U p Qb0 U '

where0 1 0jY and0 71 0j'Y are the loaded quality factors (Q factors) of the
resonators,and0 1 0 XY and0 1 O TY are the external Q factors of the resonators. To

achieve the maximum transducer gain specified by (2.52), the following condition must be met

20



(2.60)

—

or in terms of the coupling coefficient

Q P (2.61)
V]

CA

The important conclusion to draw from this is that coupling does not need to be 100% anymore
in order to achieve maximum output power. For example, when'Y Y v mm,0 0

p 1t (,and] ¢“ p 7 ( Dwe need a mutual nductance of 0 ¥ wlp (, which corresponds
to a coupling of only Q 1@t Y, Twhich is very small. This ability to transfer large amounts of
power (larger than those achievable by inductive WPT) with small coupling coefficients is the
greatest benefit of resonant WPT as it enables high power transfer over larger distances or

alternatively, for a wider range of orientations between the two inductors.

Next, the power gain "Oin (2.45) for inductive WPT can be re-written for resonant WPT as

. 1 0
O (2.62)

YY @ 1 0°Y

where it is clear that it is not dependent on the resonant characteristics of the source resonator
and that the only influence that the source resonator has on™Oi s t hr ough t

resistance'Y and mutual inductance 0 .

By differentiating ( 2.62) with respect to] and equating to zero, maximum power gain is

attained when

1 - " (2.63)
¢ O YO

It is evident from (2.63) and Figure 2.10 that, unlike the transducer gain SY S, power gain
attains a maximum at a single frequency independent of b . As well, from (2.62) and Figure 2.10,

it is easy to determine that maximum power gain continues to increase with increasing 0 .
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Figure 2.10  Power gain for magnetic resonance WPT with'Y 'Y uvm'Y om'Y om0 pt(,0 ¢&t(,06
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2.2.3.2 3-resonator system

Consider the circuit in Figure 2.11consisting of a source resonator, a relay resonator, and a load
resonator, where all the resonators have the same resonant frequency(i.e., 0 6 006
00 p& ). Itwas sea in the 2-coil case that maximum power can be transferred when the
individual resonators are operated at the resonant frequency. When all three coils are resonant,

the transducer gain is given by [24]

. YY1 000 7 DY
h YYY 10 Y 10 Y 10°%Y ©®OO0 0
~ TN T T OR® N 7T ¥ (264)
V] T QQULULU QoL }]
U p Q00 Q00 QU0 Qo060 VY

For fixed resonator parameters (i.e.,"Y, 0, and ¢), the maximum power transfer is found by
differentiating ( 2.64) with respect t0o Q and Q (or 0 and0 ) and equating to zero to

produce the condition

MO Q0 €10 Y OY (2.65)
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Figure 2.11  3-resonator WPT circuit.

Substituting ( 2.65) into (2.64) produces
QO 0

p Q00 QIO Q0060 Y

C-1| (et}
|

Y h T (2.66)
If the 3-resonator systemis converted into a 2-resonator system by removing the relay resonator

inthe middle (Q Q  m), the maximum transducer gain [ obtained by differentiating ( 2.64)

with respect to 'Q ] will be

C
C

Yk (2.67)

C
Cy

which is identical to (2.52), as expected.lt can be determined from (2.66) and (2.67) that a 2-

resonator system is capable of transferring more power than a 3resonator system. Y j

will approach 7Y j when Q0 0 | pand Q L p (i.e., non-adjacent coupling is
negligible as in [25], [26] ), thereby emphasizing the importance of large Q factors. However, the
benefits of the 3-resonator system over the 2Zresonator system are its ability to transfer more
power for a range of loads and the extension of WPT distance. Consider the condition for
maximum power transfer for the 2 -resonator and 3-resonator systems with'Y Y Y
Y vuvmand’Q p ® ( Bhown in Tablel. It is possible to see that the total distance in the 3-
resonator system can be set arbitrarily, whereas the distance between the coils in te 2-
resonators system is fixed. Moreover, because maximum power transfer in the 3-resonator
system depends on the ratio of mutual inductances, a wider range of loads can be matched to the
source. It can be observed inFigure 2.12 that the range of loads afforded to the 3-resonator

system dwarfs the one available to the 2resonator system. In fact, [24] showed that if

£, —= b o0E Ofidre Q - is given by (2.61)], the 3-resonator configuration

050 Vio

performs better than the 2-resonator one.
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Table |

Load

2-resonator 0 (2.60)

3-resonator U (2.65)

Comparison of 2-resonator and 3-resonator systems

CasellY 7Y) Case2Y Y)
Y  pm Y qum
0 ouip( 0 P& W (
0 g 0 8 w
(Q ™ @ (Q p&mM

1Mutual inductance is approximately proportional to the inverse cubed distance between two coils,Q
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Assuming that ‘Q L p, the power gain is given by [26]

) NMQO00 0 0
O T~ T T T~ T F T~ T F T (268)
p Quu Quu p Quvuv VL
It was shown above that Y maximizes with respect to both Q and Q , but observe that

(2.68) maximizes only with respect to Q . Thus, it is possible to optimize the coupling between

the second and third coils for maximum power gain and then further optimize the coupling

between the first and second coils to obtain maximum °Y subject to the maximum
power gain condition. It was shown in [25], [26] that the 3-resonator system can achieve
relatively high power gains and output powers simultaneously, whereas the 2- and 4-resonator

systems can attain a maximum in one parameter to the detriment of the other.

2.2.3.3 Frequency splitting

Revisiting the 2-resonator system, equations 2.60) and (2.61) describe the critical coupling
condition 7 0 YY 1. When0d 0 , the resonators are under coupled and
maximum power transfer can only be attained when both coupled resonators are operated at
resonance] , as described by the first case in 2.51). When0d 0 , the resonators are said
to be over mupled and (2.51) statesthat there are two reactance values for each resoator that

produce maximum power transfer. In other words, there are two frequencies at which maximum

power transfer is achieved[23], [27], [28] . This phenomenon is known as frequency splitting.

In the special case of symmetric resonators (i.e,’Y Y ‘Yand® & &), differentiating
(2.50) with respect to frequency and equating to zero will give us the frequencies that produce

the maxima and minima of the transducer gain

1 ¢ 0 YYT] O Y ® 1 0 Y Qg W @
—gqYy _ _ — 2.69
T A Y @ 1 0O TY @ n ( )
where® 17 0 — — and® T & 1. Then the locations of the minima and maxima are
given by
] 0 Y (q W ® T (2.70)
1 O Y & ™. (2.71)

Solving (2.70) and (2.71) for the frequencies produces
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N O —— 0 0 Q (2.72)
Cp @ C C pCcp
0 0—P_ ¢ 9 ¢ 0 tp @ (2.73)
¢p Q
whered 0 0 .
Examining (2.73), frequency splitting occurs when the discriminant ¢ 0 Tp Q T

and the coupling coefficient at which this occurs is

E

o £, F (2.74)
0 TV
Note thatwhen 0 1 p,Q o) and the two split frequencies are
. Q
Q — (2.75)
Mp Q
Q < (2.76)

where the subscripts stand for even and odd and represent the resonant frequencies when even

and odd excitation modes are applied to the circuit in Figure 2.13.

When an even mode is excited (i.e.® ), the circuit in Figure 2.13(a) can be represented by
the half-circuit in Figure 2.13(b), which has a resonant frequency equal to €.75). When an odd
mode is excited (i.e.,w W), the circuit in Figure 2.13(a) can be represented by the half

circuit in Figure 2.13(c), which has a resonant frequency equal to .76) [29] .

There are a fewthings to note from the above analysis: (a) While these approximations are valid
only for 0 | p, they are useful because from 2.50), in order to achieve high power transfer and
large distances,0 must be very large. (b) When the resonators are not symmetric, the analysis

becomes very complicated and involes solving an 8"-order equation [28] .
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Figure 2.13  (a) Equivalent representation of a 2-resonator WPT circuit. (b) Even mode half circuit and (c) odd mode half circuit

for the circuit in (a).

In general, an N-resonator system will have at most N resonant frequencies, which may deviate
greatly from the resonant frequencies of the individual resonators. The factors that affect the
systembébs resonant frequency include: the individu

coupling between all resonators, and the load impedances[30] .
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Chapter 3 The Sheath klix and SingleConductor Power

Transmission

Power transmission is most commonly performed using two or more conductors and ordinarily
thought of in terms of circuits that have a source and a ground. However, the transmission of
electrical energy may also be performed by employing only a single conductor (without a

ground) i as in the waveguidei or without a conductor whatsoever i as with antennas.

In 1899, Sommerfeld discussed the possibility of electromagnetic field propagation along a
single straight, cylindrical conductor with a finite conductivity in the form of surface waves[31],
[32] . However, propagation in this manner is not very practical because a large portion of the
power extends to a distance muchgreater than the diameter of the conductor and thus, creates
difficulties in launching the electromagnetic waves. Goubau continued the work and showed
that the bulk of the power can be constrained to a small distance around the conductor either by
modifying the surface of the conductor or by coating it with a dielectric [31], [32] . That made the
launching and reception of the waves more practical by means of a coaxial cable whose outer
conductor has beenflared out in the shape of a horn. The advantage of the single-conductor
transmission line is that it exhibits less loss than traditional two -conductor transmission lines.
However, tldurechers hare stilhquite bulky, which makes the technology practical only

at higher frequencies.

Another single-conductor medium of transmission is the helix (also known as the sheath helix),
which was studied in 1898 by Pocklington [33]. The sheath helix may be regarded as a circular
waveguide with fields both inside and outsideit.Sol uti ons to Maxwel |l 6s
helix dictate that the fields outside it must be evanescent. Thus, power flows only along the
surface of the helix and none flows radially outwards from it. Hence, the helix is a surface
waveguide, too. Nikola Tesla experimented with such coils [5], [34] in order to transmit power
wirelessly over great distances. As noted in[5], [32], [34] , it is very straightforward to couple to
and from the helix by way of a secondinductively coupled coil (as in a transformer). This makes

the sheath helix more practical than the Goubau transmission line at low frequencies.
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3.1 RESONANT MODES ONHBISHEATH HELIX

As discussed in Section2.1.3.], the equation for inductance (2.8) is only an approximation that
is valid when the inductor is electrically short (i.e., the AC current magnitudes are nearly
uniform throughout the coil at all points in time). How ever, as the AC frequency is increased,
the current distribution along the coil will become increasingly non -uniform. Moreover, in
addition to the magnetic coupling between the individual windings of the coil, there is also stray
capacitance between them(as shown in Figure 3.1). Thus, the coil will cease to behave purely as

an inductor and will even attain self -resonance.

Due to the failure of the quasistatic model to accurately predict the behaviour of the coil at the
high frequency regime, it is better to approach it from the point of view of propagating waves.
Using this approach, the characteristic equation governing the behaviour of the helix in

cylindrica | coordinates is given by[35]
0 PR
Q o TToT " t OAI (3.9

where Qs the propagation constant in free space,”Oand "Oare the modified Bessel functions of
the first kind, , 0 and U are the modified Bessel functions of the second kind,[ is the pitch

angle of the helix, and T is given by

t 10 (3.2)

wheref is the propagation constant of the fields of the helix. Two regimes arise from (3.1). A
small number of turns per wavelength characterizes the first regime, whereby (3.1) can be

approximated by [35]

Q1 O0E1] (3.3)

Figure 3.1 Stray capacitance between the windings of a coil.
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from which it is possible to derive 0 @GO E 1 This result demonstrates that the helix acts to
slow down the field propagation from the speed of light in free space Gto U , thus reducing the

free-space wavelength_ . The other regime is characterized by a large number of turns per

wavelength, and (3.1) is approximated by [35]

o !

0 p(pT[i— (3.4)
n_

where i and ) are the radius and pitch of the helix, respectively. In this regime, the field

propagation slows down even further. This regime governs the helices discussed in this thesis.

Although the sheath helix behaviour is better explained with propagating waves, it will be seen
in Chapter 5 that for the special case of resonant sheath helices, the use of an equivalent
lumped-element circuit is very beneficial in the design of single-conductor systems.

3.1.1 HALF-WAVE SHEATH HELIX

In 2007, Kurs et al. [8] presented their work on resonant inductive WPT in which they used four

coils with two relay resonators, as illustrated in Figure 3.2. The relay resonators they used were
helical coils with their ends left open-circuited. Even though the ends of the helix are open

circuited, current may still flow by forming a standing wave in the same manner that current

flows on a dipole antenna[36] .

Consider the helix in Figure 3.3, where the current at its ends must be zero. The helix has¢
turns, a radius i, and a pitch n between the turns. If the coil is electrically short (i.e., ¢ iL _,
where _is the wavelength of the resonant mode the current can be assumed to take on a
sinusoidal distribution as described by [8], [35], [37] T [40]

i~y R T AN B O I

(@04 OA | %q h c ¢ C (3.5)
where "Ois the maximum current magnitude and @ ¢ Trjs the length of the helix. Therefore, the
helix is able to support a resonant mode, which has zero current and maximum voltage at its
ends and maximum current and zero voltage at its centre i as in a dipole antenna. In this
manner, the coil is able to transmit electromagnetic energy despite not having a return path (i.e.,

a ground).
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Figure 3.2 Four-coil system setup used by Kurs et al[8] with two relay resonators.
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Figure 3.3 Half -wave sheath helix.

Using (3.4)anda & 1 ¢_ , the resonant frequencies supported by this coil are approximated
by [39], [40]
© an . Lo

— 1 R & 8 (3.6)

P& @l ¢ o
where & indicates the number of half-wavelengths supported by the coil. However, because
higher frequencies introduce extra modes of propagation, only the mode corresponding to
a pis of interest. Given that an open-circuited coil is able to resonate, it can be incorporated
into the design of magnetic resonance WPT systems in place of the traditional LC resonabrs.
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If the ends of the helix are instead connected to a sourceor a ground, the helix will behave like a
half-wave transmission line with a low voltage/high current at the ends and a high voltage/ low

current at the midway point. Then the current profile will be given by

‘00 "'OOELd h dc a dc (3.7)

ot *®

3.1.2 QUARTER-WAVE SHEATH HELIX

If one end of the helix is connected to ground (or a source) and the other remains open-circuited
(asillustrated in Figure 3.4), the helix will be able to support quarter -wave resonances with a
high current/low voltage at the grounded end and a low current/high voltage a t the open-

circuited end. The current profile is described by

“

% O0ELahm @ o« (3.8)

and the helix is reminiscent of the monopole antenna. Tesla coils[5], [34], [35] are afamous

example of these.

Using (3.4) anda ¢ n 1_, the quarter-wave resonant frequencies supported by these cois

I(z)

NI

WITT PP IR

n
Figure 3.4 Quarter-wave sheath helix.
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are approximated by [39], [40]

O an -

. - (3.9
e &w‘l—é a photor8

and again, only thed p mode is considered to prevent the propagation of higher order modes.

Again, because these coils are resonanthey can be used in magnetic resonanceaVPT in place of
lumped-element LC resonators. Quarter-wave sheath helices can be used as transmitters or
receivers [37], [41]1 [43] by connecting one end to a source or a load, respectively. In[43], a
guarter-wave sheath helix was used as a transmitter, a hal-wave coilwas used as a relay, and an

LC resonator was used as the receiver.

3.2 SHEATH HELICES ISINGLECONDUCTOR/PT

Discussed above, quarterwave sheath helices can baised as transmitters or receivers. However,
they can also beused as relay coils[16], [18], [44], [45] . To be able to use quarterwave sheath

helices as relays, one end has to be grounded or alternatively connected to a large conductor.

[44], [45] discuss the possibility of using an arbitrarily shaped conductor to transmit energy. To
achieve this, a quarter-wave helix is connected at one end to a conductor in order to couple
energy into it, and a second quarter-wave helix is connected to it as well in order to couple
energy out of it [shown in Figure 3.5(a)]. Care must be taken, as thesize and shape of the
conductor in the middle will affe ct the resonant frequency. As well, if the resistance of the
conductor is large, the Q factor will be reduced i reducing the amount of power that makes it
through to the other end of the system while broadening its bandwidth [3]. While a broader
bandwidth is beneficial for communication purposes, the increased loss will reduce the SNR and
increase the bit error rate (as will be demonstrated in the next chapter). Hence, care must also
be taken to ensure that the conductor has low loss. For example, if the coils are connected by a
mere wire then the wire must be electrically short at the desired frequency of operation so that
the system is not detuned from its designed resonance frequency and the loss is kept lowThe
difference in operation between this single-conductor systemand a Goubau line is that the latter
sustains a propagating wave and as a result, can be of any lengthwhereas quarter-wave helices

operate in resonance andrequire the conductor between them to be electrically short.
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In [16], [18], the conductive medium in the middle is replaced with two large capacitive plates
[as in Figure 3.5(b)]. The additional capacitance shifts the resonant frequency. However, if the
plates are made large enough, the large capacitance provides low impedance anddoes not
significantly affect the resonant frequency. In other words, the large plate provides a large
conductive surface for charges to flow on (i.e., a ground) and, due to electrostatic induction,
induces charges to flow on the second plate and the second quarter-wave helix. In this situation,
the large capacitance is akin to a short circuit and the two quarter-wave helices behave as a
single half-wave helix. Thus, it is possible to transmit energy across a metallic barrier, which
would normally be impossible via inductive or resonant WPT . This system configuration will be
considered in the following chapters.

\VAYAYAYAYAYA"AYAA"A"A"d VVVYVVVYVVVVVY
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Figure 3.5 Coupling to and from (a) an arbitrarily shaped conductor and (b) a capacitive discontinuity using quarter -wave

sheath helices.
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Chapter 4 Communicationfor Wireless Power Transfer

Systems

In Chapter 2, we have seen how power may be transmitted wirelessly via inductive coupling and
enhanced by resonance and the previous chapter introduced the sheath helix as a transmission
medium that utilizes a single conductor. This chapter explores a resonant single-conductor
system for the purposes of WPT and communication that utilizes sheath helices.The benefits of
such a system include the reduction of systems from two wires to one, utilization of existing
conductive infrastructure instead of de dicated transmission lines, and transmission to devices
that are obstructed by conductive media such as buried sensors or biomedical implants. The
applications of this technology could include the integration of a pipe for the transmission of
power and data to underground sensors in a wellbore or the wireless charging ofa device (e.g.,
cell phone) with a metallic encasing.

This chapter builds on concepts introduced in [16], [17], [44], [45] . As the aforementioned
literature focuses on power transmission, this chapterd s f ocus i s on

performance of the single-conductor system. Specifically, it explores the ability of the system to
be used with sensors that employRFID and NFC communication protocols. In addition, a novel

method for the improvement of asynchronous envelope detection is presented to assist inWIPT.

4.1 THE CHANNEL FREQUEMN®ESPONSE AND MEARRMENT SETUP

A channel 6s frequency response dictates its
communication, maximum error -free data rate, frequencies of operation, and more. A channel
whose frequency response is flat over the frequencies of interest is known as a flat channel and
one that varies with frequency is known as frequency-selective. As can be expected, a frequeney
selective channel is not desired since the variations in channelgain (i.e., SY 9 alter the shape of
the signal, which may introduce intersymbol interference (ISI, i.e., pulse shapes from past

symbols that alter the pulse shapes of future symbols) and degrade performance.

Discussed in the last chapter, a WPT sydsem may be constructed using quarter-wave sheath
helices with a capacitive discontinuity to couple between them. It was shown in [16], [18] that in
addition to the benefits of magnetic resonant WPT, the capacitive plates provide immunity to

misalignments.
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The single-conductor system used in this thesis is shown in Figure 4.1 The transmitter and
receiver consist of a singleturn coil with a compensation capacitor placed in parallel and the
relay consists of two quarter-wave sheath helices that are coupled to each other via large
conductive plates. Hence, although the sygem utilizes a single-conductor transmission medium,
power and data are transmitted wirelessly via magnetic coupling in order to couple to and out of
the medium and via capacitive coupling between the conductive plates

nfES p!’ES

Teoit

141 l Y
3

~—Transmitter I

Transformers

Tx coil
Tx sheath helix

(b)

Figure 4.1 (a) System diagram. (b) System implemented in the lab with the transformers used in the inset.
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As discussed in Section3.1, the sheath helix is a slow wave structure, allowng it to be highly
compact. Additionally, because the sheath helix is electrically short, it does not radiate, ensuring
that the bulk of the power coupled to it is transmitted. For these reasons, the sheath helix was
employed as the medium of transmission. The physical properties of the system are listed in

Table Il . Given these parameters, the resonant frequency of the relay can be calculated by3(2)

to be approximately 6.45 MHz.

Tablell  System dimensions and component values
Parameter Description Value
3 Sheath helix number of turns 55
i Sheath helix radius 42 mm
@ Sheath helix wire diameter 0.51 mm (24 AWG)
n Sheath helix turn pitch 1.51 mm
i Feed coil radius 42 mm
@ Feed coil wire diameter 1.29 mm (16 AWG)
a Edge length of capacitive plates 30 cm
0 Thickness of capacitiveplates 90 pm
Q Gap between capacitive plates 10 mm
Q Separation between coil and sheath helix 1 mm
Q Separation between sheath helix and capacitive plate 10 mm
0 Feed coil compensation capacitor 1.68 nF

The frequency response of the WPT system (henceforth also known as the channel) was
measured with a Rohde & Schwarz ZVL13 VNA due to the equivalence between théY
parameter and the frequency response. However, the'Y was highly variable when the VNA or
the coaxial cables wee touched, making the measurement unreliable. A similar effect has been
discussed in[46] while measuring monopole antenna parameters when the antenna was directly
connected to a measurement device via a coaxial cable. To remedy this, the authors isolated the
antenna from the feed cable by a cascade connection of four 1:1 lovioss transformers. This
isolation proved to be beneficial in the measurement of the WPT system described here, as well,
where the transformers were added to both the input and output ports (see Figure 4.1). Four
transformers were used here as well because it was observed to be the minimum amount to
satisfactorily stabilize the response (seeAppendix A). In order to obtain the frequency response

of the channel alone, the effect of the isolation transformers was de-embedded from the
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combined systemb6s frequency respons e-parametttfAof L AB
the cascaded transformers and the combined system to Fparameters. The frequency responses

of the channel with the transformers and of the de-embedded channel are plotted in Figure 4.2.

As observed in Figure 4.2, the maximum channel gain for the de-embedded channel occurs
around 5.96 MHz and represents a deviation of only 7.7% from the value predicted above by

(3.2). The difference can be explained by noting that: (3.2) is an approximation, the capacitive

plates do not accurately represent an infinite ground plane (and introduce a non-zero
impedance), the combination of the single-turn coil and shunt capacitor may not resonate
exactly at the design frequency, and the system may be coupled to other objects due to the
charge the helicesb ends.

buil dup at open

4.2 COMMUNICATION ON QINGLECONDUCTORHANNEL

A MATLAB simulation was used to test the communication capability of the channel. The
channel S-parameters were converted to an IIR channel filter used to filter a simulated
baseband signal that was upconverted to 6.01 MHz. The reason 6.01 MHz was used instead of
5.96 MHz is to be able to predict the response when the actual channel is used, which requires
the transformers in the measurement setup. Before being filtered by the channel filter, additive
white Gaussian noise (AWGN) was added to the passband signal. Finally, thenoise-corrupted

and filtered signal was processed by a softwaredefined receiver (SDR) meant to mimic the

I I -
0 = Channel with transformers

=== [De-embedded channel

—

@ -10 d .

. 'I/ \ e

.15 / -
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Frequency response of the channel.

7.5

Figure 4.2
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operation of an envelope detection receiver.

The structure of the SDR consisted ofthe following blocks (Figure 4.3):

fifth -order Butterworth band -pass filter (BPF)
envelope detector

Schmitt trigger

w0 DdPF

Sampler

4.2.1 ENVELOPE DETECTOR

An envelope detector consists of a rectifying device (e.g. a diode) and a lowpass filter (LPF).
Rectifying devices are inherently non-linear and as a result produce outputs whose spectrum
consists of intermodulation products of the spectrum of their input s [3]. Consider the diode,
where the current flowing through it is given by [47]

Q 0qQ | p (4.2)
where "Ois the saturation current (the current when the diode is reverse biased), @ is the
thermal voltage (approximately equal to 25 mV at room temperature), and b 6 ® 0 0 is
the voltage across the diode, which is composed of a DC voltager and an AC voltagev 0.
Using a Taylor representation for the exponential, (4.1) becomes

Q . Q .. =
, —0U 0 E (4.2)
W cw

For an amplitude -shift keying (ASK), the amplitude of a sinusoidal carrier signal is modulated

suchthatw  mand the AC voltage is

D6 wp Qao AT1006 (4.3)

|
s
|

Band-pass filter Envelope detector Schmitt trigger Sampler
Figure 4.3 SDR block diagram.
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where @ and ¢“Qare the <carrier signal s adplsitteude an
message signal that satisfiesst 0s p, and Qis the modulation index such thatm Q p.
Substituting (4.3) into (4.2)

® . . W . . -
‘W '0—p Qao A106 ——p Q4o Al O o E
W W .,

O—— ——Qao —Qa 0o ——p Qao All0O0 (4.4)
TWw W W ()

%p 040 Al o E
Given that the message signal has its own spectrum with a dominant frequency component at
"Q, (4.4) dictates that the diode current will have frequency component at DC,"Q, ¢'Q, "Q,
Q Q,CQCQ "Q,¢Q ¢'Q, andsoon. To recover the message 0, the output in (4.4) can
be passed through a filter that will remove the components that are greater than "Q (see
Figure 4.4).

However, practical filters are far from ideal and do not have sharp cutoff frequencies. As a

result, filtered intermodulation products also make it through to produce a r ipple voltage at the

I(f)

r |
1 H,ee(f)

— s o am e e as e s B G G e Es as Es =

= + >
-2fo So fm O fm fo 2fo

Figure 4.4 Spectraof the rectified signal as given by @.4) and an ideal low-pass filter.
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output. For a first -order LPF, the ripple voltage is approximated by [47]

N ANO)

o (4.5)

®

under the condition that ¢ “QJ "QL pwhere¢ pfor a full-wave rectifier and ¢ ¢ for a half-
wave rectifier, "Qis the cutoff frequency of the LPF, and @ is the peak of the envelope.

Henceforth, a full -wave rectifier is assumed.

The SDR was implemented in MATLAB with a square-law envelope detector as shown in
Figure 4.5. The output of the square operation to the input signal in (4.3) produces

N d) v, 7\ iy 13 b d) v, Y v, 13 b ~ v r4 N
0 ?p ¢Qao Q& o ?p ¢CQao Q& o AT ¢ o (4.6)

Examining (4.4), the AT70 0 term has a smaller factor than the DC andA T ¢ 0 terms and

can be neglected. Hence, 4.4) and (4.6) are approximately equivalent within a factor of G qw .

The cutoff frequency of the LPF was chosen so that thepulse shape of the symbols is retained.

For a rectangular pulse shape, it is necessary to maintain sharp transitions and as a result the
rise time of the LPF is considered. Rise time"Y is defined as the time it takes for the signal to go
from 10% to 90% of the final value and for a first-order LPF is approximated by [48]

T v

“y
o)

(4.7)

To maintain sharp transitions, a rise time of at most on e tenth of the symbol duration has been
chosen, where the symbol duration is given by"Y pZ'Q. Substituting into ( 4.5) and solving for
0

"0

W0 0L —, (4.8)

where the right inequality ensures a small ripple voltage and that the carrier signal is filtered out
[49].

— (.)2 L /() =

Figure 4.5 Square-law envelope detector.
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4.2.2 FIFTH-ORDER BUTTERWORTH BAND-PASS FILTER

The purpose of the input BPF is to remove as much of the unwanted components of the
incoming signal. The BPF was centred on"Qand designed to be a fifth-order Butterworth filter
in order to have extremely sharp transition s and a flat passband that will not distort the

incoming signal.

To determine the appropriate passband, it is necessary to know the equivalent noise bandwdth.
For any filter, the equivalent noise bandwidth is defined as the double-sided bandwidth of a
brickwall (ideal) filter that passes the same white noise power as the nor-ideal filter and is given
by [50]

, 01
( —_ 4.9
) o Q] (4.9)

where 07 is the frequency response of the norrideal filter and SO  sis the maximum value of
the non-i d e al filter 6s -ordes Buttemmrgh.filte- 0 r “'& Fdria rfifth torder

Butterworth filter 6 ¢8t & In order to not affect the output of the envelope detector, the

BPF was designed to have the same noise bandwidth as the LPF as follows
0 T 3t &, (4.10)

With the lower limit of "Q;  given in (4.8) and using (4.10), the cutoff frequency of the BPFwas
chosen to be ™", pR TQ; V8¢ Q (but was set to"Q; ud"Q in the SDR). Figure 4.6
demonstrates the validity of (4.10) (though it shows that "Q; T®Q would also be quite

suitable).

4.2.3 SCHMITT TRIGGER
For on-off keyed (OOK) messageqa type of ASK)the transmitter sends a HIGH value or a LOW
value (0 and O, respectively) corresponding to the transmission of bits 1 and 0. The probability
of error for an envelope detector under OOK modulation is (see Appendix B)

N ¢ — G O,

— —Q Q” —Q 0O -— Q" 4.1

o 3 g G (4.11
where Qs the detection threshold above which the detector detects bit 1 and below whichit
detects bit 0, 0 is the power spectral density of the white noise, and"Ois the modified Bessel

function of the first kind and zero order.
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Figure 4.6 Combined effect of an LPF and vaious BPFs with different cutoff frequencies with 'Q  p- ( U

Eq. (4.1) represents the probability of error for a detector with a single threshold, but

performance can be improved with a Schmitt trigger. Figure 4.7 shows that a Schmitt trigger
utilizes two threshold levels (¢ and &) with hysteresis to improve the noise immunity. In a

single threshold detector the test is very simple: if the signal is above the threshold, output bit 1,
otherwise, output bit 0, as shown in Figure 4.8. In a Schmitt trigger, two conditions must be

met: (a) if the signal was originally LOW and is now higher than threshold level & , output bit 1,
and (b) if the signal was originally HIGH and is now lower than threshold level &, output bit O,

otherwise, maintain the original bit value , as shown in Figure 4.8. To accommodate the extra
threshold level, (4.1]) is modified to

Vout

A

. » Vin

Figure 4.7 Hysteresis loop of Schmitt triggers.
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Figure 4.8 Schmitt trigger vs. a single threshold detector.

” o ” ” 6
i P E—Q Q” Q "oc,u— Q” (4.12)

C:|h

Figure 4.9 compares the performance of the two detectors via a BER vs. SNR curve withd 07¢
for the single threshold detector and @ 07%0,a  ¢OXofor the Schmitt trigger. It is evident
that the Schmitt trigger provides an improved performance with a 2.5 dB improvement over the

single threshold detector.
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Figure 4.9 BER vs. SNR for a single threshold detector and a Schmitt trigger.

4.2.4 LINE CODES

OOK and modified Miller coding (MMC) were used in the investigation. OOK was chosen due to
its simplicity in encoding and decoding and MMC is commonly used in RFID [51] and NFC [52]
In MMC, the bits are represented by the position of a zero pulse within the bit duration as
illustrated in Figure 4.10. As shown, there are three code words for: a bit O following a bit 0, a
bit O following a bit 1, and a bit 1, each consisting of four symbols per bit. Hence, for an OOK
message, Q is equivalent to the data rate, but for an MMC message,’Q is equivalent to the

symbol rate (which is four times the data rate).

In applications where the receiver is battery-less, the transmitter must also provide power.
However, in order to send data on the same frequency simultaneously, the power signal (i.e, the

carrier) must be modulated, and that reduces the maximum achievable amount of transmitted

ASK ~ 100 %
Modified Miller
o1 [ofo 1]

Figure 4.10  Modified Miller encoding as specified in [51]
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power. It was shown in [53] that there is a trade-off between achieving maximum power
transmission and maximum data rate. MMC is an attempt at minimizing the amount of

amplitude modulations to ensure high power transfer. The powers associated with each bit
transmission are

5

hs r‘]s h@

—1Q

0 0
gc_ N s :)c_ (4.13

—1Q

where & ¥¢ is the unmodulated carrier power and the notation agorepresents bit wfollowing bit

« Then the total power transmitted is given by
A Omidnmng Omplphy Opstdmig Opplphs
o) o 00 foXe} (4.14)
pPpo 0 0b pgb
gt T T ¢ pog¢
whereas for OOK the transmitted power is 0 j T. But because in MMC four symbols are used to
represent a single bit, the data rate is a fourth of the OOK rate. Hence, while MMC transmits

more power than OOK, its data rate is lower.

4.2.5 SIMULATION AND MEASUR EMENT RESULTS

The performance of the channel was tested by creating data streams of 10,000 bitsencoded with
OOK and MMC, which were upconverted to 6.01 MHz, filtered with the MATLAB channel filter,
and processed with the SDR described aboveNote that the RFID and NFC standards [51], [52]
specify a carrier frequency of 13.56 MHz, whereas the channel operates at 6.01 MHz.
Nevertheless, a data rate of 106 kb/s and MMC were usedas in [53]. To confirm the results, the
same data streams were imported to a Rohde & Schwarz SMWROA vector signal generator,
which upconverted them to 6.01 MHz and added white Gaussian noise to them. The signal
generator was connected to the single-conductor system via the transformers (as described
above) and the output was captured on an oscilloscge. The oscilloscope signals were then

processed with the same SDR used in simulation.

BER versus SNR plots wereproduced for both the simulated and measured outputs to evaluate
the performance. To measure the SNR of the measured output, a separate noiseneasurement

was made and the SNR calculated as follows:
n OsYs 0OgY s
0g%¢ (Og¥0Ys OPYs (4.19
n n
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where O Jis the expectation function, 1] , 1 , andr are the received signal, transmitted signal,
and noise powers, respectively, andy, 'Y and 0 are the random variables that represent them,

respectively. From (4.15), the SNR was calculated as

Yoy A
n n

(4.16)

wheren andn were measured at the output of the BPF.

Equations (4.8) and (4.10) were derived to ensure that the extracted envelope of the incoming
OOK signal maintains the sharp rising and falling edges of the rectangular pulse shape.
However, they are valid only for flat channels. Becausefrequency-selective channek (of which
the single-conductor system is an example) introduce ISl (i.e., increase "Y), the combination of
the channel and the LPF increases’Y above what (4.8) and (4.10) were designedto achieve. The
LPF and BPF were designed to produce’Y 1@ 1t Ofor 106 kb/s OOK messagesand a flat
channel, but the channel limited "Yto a minimum of 1.3 ps. Via simulation, it was discovered
that an "Q;  of nine times the symbol rate ("% Q) decreased’Y sufficiently and resulted
in better BER performance. The LPF and BPF parameters are listed inTable Ill . Table lll shows
that the relationship between ", and’Q, does not adhere to (4.10) any longer, and the
BPF6s cutoff frequedic $i neenat he BPF&6s bandwi dt h i
channel 6s, and the channel i s distorion,pttee rBBR doésaot f o r mo

appreciably distort the signal further .

Tablelll LPF and BPF parameters

Parameter Case 1 Case 2 Case 3
OOK Data rate,’Y (kb/s) 106 424 1000
MMC Data rate, 'Y (kb/s) 26.5 106 250
LPF cutoff frequency, 'Q, (MHZz) 0.954 3.816 9
BPF bandwidth, 6 ¢ (MHz) 1.166 4.664 11

4.2.5.1 On-off keying
The BER performance of the channel for OOK data is shown in Figure 4.11 for both the

simulated and measured outputs. The data rates used were 106, 424, and 1000 kb/s. These

results were compared to the performance of a flat channel with only AWGN present.
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Observe in Figure 4.11that as the data rate is increased the BER increases as well and the
channel perfor mance devi.&xamigingfthe eymdiagrane forfl06&k/s c hanne
in Figure 4.12(a), the signal shape is unambiguous, with sharp transitions, a small ripple

voltage, and a wideopen eye. This is expected because the bulk of the signal spectrum is

captured within the channel bandwidth (approximately 530 kHz). For 424 kb/s [ Figure 4.12(b)],

the transitions widen, the ripple voltage is increased, the rise time is increased (i.e., more ISl is

introduced), the signal begins to resemble a triangular wave more than a rectangular one, and

the eye begins to close as the channel filtes more of the si g n aped@ram. At 1000 kb/s

[Figure 4.12c)], t he channel filters almost al/l of the si
to be very wide, the rise time to greatly increase (such that a single symbol interferes with the

next three symbols due to ISI), and the eye to close almost conpletely. Moreover, the "Q;  no
longer satisfies the right inequality of (4.8) so that a large ripple voltage is present, which

produces errors at the output of the Schmitt trigger .

At 106 kb/s, the performance does not exactly match that of the flat channel because, as
mentioned previously, a higher "Q; is required to combat the increased”Y produced by the
channel. This higher cutoff frequency introduces a higher ripple voltage, which is detrimental to

performance.
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Figure 411  BER vs. SNR for OOK modulated signals with varying data rates: (a) 106 kb/s, (b) 424 kb/s, and (c) 1000 kb/s.
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Figure 4.12  Eye diagrams for the demodulated OOK signals with data rates: (a) 106 kb/s, (b) 424 kb/s, and (c) 1000 kb/s.
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4.2.5.2 Modified Miller code
The BER performance was also investigated for MMC data as it was for OOK dat. The data

rates used were 26.5, 106, and 250 kb/sto maintain the same symbol rates as those used for
OOK.

Figure 4.13 shows that as the data rate increases, the BER increasess well. The results can be
explained in the same manner asfor OOK because the pulse shape is the same (26.5 kb/s MMC
is analogous to 106 kb/s OOK, 106 kb/s MMC is analogous to 424 kb/s OOK, and 250 kb/s
MMC is analogous to 1000 kb/s OOK). However, the case of 250 kb/s MMC is of note as
evidenced by the eye diagram inFigure 4.14(c). Because MMC has short durations in which the
signal is low, the signal does not reach that level at this high rate. Thus, the eye not only closes
from the top but also from the bottom , as opposed to its correspondng case of 1000 kb/s OOK
shown in Figure 4.12(c). Therefore, message recovery is further degraded as compared to the
recovery of OOK messages.

Comparing Figure 4.11and Figure 4.13, it can be seen thatthe BER for OOK flattens at 0.5 but
for MMC it flattens above 0.5. As well,the successful recovery of MMC messages requires higher
SNR than their corresponding OOK messages. The reason is that MMC uses four symhs to
encode a single bit and all four must be recovered correctly as opposed to the single symbol per
bit used in OOK. Additionally, the MMC BER for the single-conductor channel is higher than

that of the flat channel, which is most likely due to ripple voltage and ISI.
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Figure 4.13  BER vs. SNR for MMC modulated signals with varying data rates: (a) 26.5 kb/s, (b) 106 kb/s, and (c) 250 kb/s.
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Figure 4.14  Eye diagrams for demodulated MMC modulated signals with data rates: (a) 26.5 kb/s, (b) 106 kb/s, and (c) 250 kb/s.

53



























































































































