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1. INTRODUCTION

The continuing reduction in size and power consionpbf integrated circuits has led to an
increasing interest in the research and developofenireless sensor networks. The vision for
these networks is that they would be comprisedunidneds of small, low power and low cost
wireless sensor nodes. These nodes would operase nmlti-hop fashion to replace long
transmission distances, and would result in thatae of an intelligent environment, able to
respond to its inhabitants and capable of monigpverious ambient conditions [1].

The wireless devices currently being designed aailt o be used as nodes in such
environments typically run on batteries, which Hssin a limited lifespan or operating time for
these devices. As the number of nodes in a weedeasor network increases, the cost in time
and money to replace depleted batteries escalatesigractical levels, and may even be
impossible when nodes are placed in inaccessitdasate.qg. nodes placed inside walls to
monitor structural integrity). One possible solativould be to use a battery large enough to
last the entire lifetime of the node. However, sachattery would dominate the overall size
and cost of the system, and so is not an attraoptien. An alternative method of powering the
devices that make up wireless sensor networksjisined [1].

Alternative power methods could include improvetidrges or fuel cells, or they could include
scavenging energy from the environment, such atopkwor solar, kinetic-flow, vibration, and
thermal energies [2] [3]. Alternative power sourcesild also include methods of wirelessly
distributing power to the nodes in the network, avicklessly recharging batteries, such as
radio-frequency (RF) energy transfer, which isfthaus of this report.

This work reports on a research project that egsldhe issues surrounding wireless RF power
transfer, in an attempt to determine its feasipilit wirelessly powering low-power (milliwatt)
sensor devices. The report discusses the basicormm(fs of a wireless power transfer system,
and attempts to investigate each component. Firstly power transfer possible between two
antennas is investigated, with a theoretical mbaéhg derived, simulations undertaken, and
experiments carried out. A circuit to rectify theartsferred power is researched, and the
important issues related to this circuit are stddi€inally, a basic wireless power transfer
system is simulated to get an idea about the betaaf such a system. Unfortunately, due to
lack of time, a number of components in the systeith issues could not be investigated, and
recommendations for future research and work arengat the end of this report.

The hope is that the findings in this report wilbpide a sound basis for further research in this
area.

4 Investigation of Wireless Power Transfer < 20 February 2009, Version 1.0
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2. BACKGROUND

Shown below in Figure 2.1 is a block diagram ofaib wireless power transfer system. In this
work it will be assumed that at the transmitter efettrical energy can be converted to RF
power and relayed to an antenna with high efficjeaied the main problem to be solved is at
the receiver end of the system. The antennas @af¥ power from the transmitter to a
receiving antenna, where it is rectified and stdogdhe rectifier/voltage multiplier circuit to
provide power to the load. The matching networkdseded to reduce any loss of power due to
impedance mismatch between the receiving antendatten rest of the system. The power
management circuit determines how power is appliedthe load, depending on the
requirements of the entire system as well as tla@.Idhis paper focuses mainly on the
antennas, and to a lesser extent, the rectifigagelmultiplier and impedance matching circuit.
Because there is a lot of theory related to spegifirts of the system, the theory will be
detailed in individual sections of the report irtef in this section.

Figure 2.1: Block diagram of a basic wireless power transfer system.

At this time there are few published research maper the investigation of wireless power
transfer for powering low-power sensor devicesemharging batteries [4], [5], [6], [7]. This
investigation was motivated by the Master's thdsys Daniel Harrist, “Wireless Battery
Recharging System Using Radio Frequency Energyds$ting” [8]. Unfortunately this thesis is
sparse on detail, and provided little informationwhich to base an investigation of wireless
power transfer. A short review on the flaws of tharrist thesis is provided in Appendix A.
However, there are quite a few published paperschlwiiiave information on the issues
surrounding wireless power transfer, which are alpassive RFID devices, such as [9], [10]
and [11]. The issues faced for both this wirelessgr transfer investigation, as well as power
transfer in RFID tags are basically identical, witte difference being that RFID tags can
operate at considerably lower power levels thantughevanted for this wireless power transfer
system. RFID papers were a good source of infoonatsed in this investigation, and provide
general background theory relating to wireless pdvemsfer.

Investigation of Wireless Power Transfer « 20 February 2009, Version 1.0 5
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3. ANTENNAS

The first part of the project was to determinepbever transfer possible between a transmitting
and receiving antenna. A circuit model of two asraylinear antennas was investigated, where
linear antennas were modelled in Matlab, simulaasdyell as experimentally investigated.

3.1  Modelling

To understand the transfer of power using anteraradto estimate the relationship of power
transfer versus distance between antennas, a tititngnand receiving antenna system must be
modelled. Traditionally, in RFID design, variougrfes of the Friis transmission equation are
used to calculate the PTE [12] [13], or Power Trangkfficiency (the ratio of the power
received by the receiving antenna to the powertinpto the transmitting antenna) of the
antenna system. However, this equation is valig éml far-field situations. In order to allow
validity in both near and far-field situations, dfetent method was used in this project to
calculate the PTE. This model and all its theoryb&sed on the Balanis book, “Antenna
Theory” [14].

3.1.1 Mutual Coupling

In order for the antenna system model to be valithe near-field, it is important to consider
the effects of mutual coupling. When two antennmasngar each other, the impedance, current
distribution, radiated field, and other propertidsone antenna are affected by the presence of
the other, in an effect called mutual coupling. Tihput impedance of an antenna in the
presence of another depends on its self-impedamget jmpedance in the absence if any other
elements) and the mutual impedance between it hrather elements. Thus, the interaction
and mutual effects between the elements of thenaatasystem must be taken into account
when calculating the power transfer between thestritting and receiving antennas.

Figure 3.1: Parallel linear
dipoles.

Figure 3.2: Two-port network
with load impedance

+
V]_ [Z] V2 ZIoad
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To simplify the modelling of the receiving and tsamtting antennas, the two antennas were
initially chosen to be thin-wire, linear dipolesadking at the Figure 3.1 above, this system can
be represented by a two-port (four-terminal) nekw(@figure 3.2), and by the following
voltage-current relations:

Vi=Zyli + 2,0,

V,=2,1,+2Z,l, @)
Where

Z,, =Vy 11y, (2
is the input impedance of antenna 1 (port 1) witteana 2 (port 2) open circuited,

Z,, =Vi 11, o (3)

is the mutual impedance of antenna 1 (at port &)tdwa current on antenna 2 (at port 2),

Z, =V, 11, 1,=0 (4)

is the mutual impedance of antenna 2 (at port 2)tdwa current on antenna 1 (at port 1),

Zy, =V, 11, 1,=0 (5)

is the input impedance of antenna 2 (port 2) witteana 1 (port 1) open circuited.

The impedances;Zand %, are the self-impedances of the two antennas andpgroximately
equal to the input impedances of the isolated awate(i.e. when the other antenna is absent).

Referring to Figure 3.1, the induced open-circoitage in antenna 2, due to the radiation from
antenna 1, is given by (the integration of the teledield and current distribution along the
antenna):

1 L2/2

Vor = =1 L En @222 ©)

Investigation of Wireless Power Transfer ¢ 20 February 2009, Version 1.0 7
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Where }(0) and }(z) are the input current and current distributmn antenna 2 when it is
transmitting, and &(z) is the E-field component radiated by antennaviich is parallel to
antenna 2. Therefore the mutual impedangg,iZexpressed as:

_Va __ 1 L2/2
= 1,(0) - [,(0)I,(0) j—L2/2 E,.(91,(2)dz (7)

In order to evaluate this integral, expressionstiier incident E-field and current distributions
must be found. To obtain accurate expressionsintiegral Equation-Moment Method can be
used, but this requires lengthy formulation and pot@r programming. To simplify the

analysis, the Induced EMF Method is used, whicls uke following current distribution on a
linear wire of length L: [Balanis]

1(2) = Imaxsin{k(g - Mﬂ (®)

The radiated electric field in the z-direction daehis current is (with reference to Figure 3.1)

—inl KRy gmIkR, ~ikRo
E,()=—30mx|® 8 —2co{k5je (©)
am | R, R, 2) R,

with
R, =4/d” + (z+b)?
R, =d2+(z+b-L,/2)?
R, =d?+(z+b+L,/2)?

Note that the current equation makes the assumplianthe current distribution along the
dipole is sinusoidal. For a full explanation on htlrese expressions are derived, see any
electromagnetics textbook on near fields of dip¢éeg. [14]).

By inserting these equations into the expressiomfotual impedance, and after rearranging
some constants, the final equation for mutual iraped is

S S L S S M
4nsin(|2'1jsin( 2) i R R, 2) R 2

(10)

This is the mutual impedance referred to the inprrhinals of the antennas. It should be noted
that this expression has limitations. If eithertlo antennas have a length that is a multiple of
A, then either of the denominator factors sin(R). or sin(kL/2) will vanish, resulting in an

infinite mutual impedance. This limitation is duwethe assumed sinusoidal current distribution

8 Investigation of Wireless Power Transfer ¢ 20 February 2009, Version 1.0
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of the antennas. Since the input current of anahentenna is never zero, this equation is valid
only for dipole antennas close to half-wavelengtiig, where current becomes zero at the end
of the dipoles, and where the sinusoidal approxonats good. Thus, to allow accurate
modelling of dipoles longer than half wavelengthmare accurate expression for the current
distributions of the dipoles is needed, which wagdnd the scope of this project.

The self impedances;Zand Z, can also be calculated using the same equatidy, @nd Z..
For example, by evaluating the near-field on th#ase of the single antenna (i.e. letting d = a,
where a is the antenna radius), and by settin@ land L/2 = L,/2, the following is obtained

i - kR, - kR, - kR
Z, = Lkﬁ/;{e +& - 2C0{k%j © }Sin{k(% - |Z|Hdz
4ﬂsin2( Llj 2L RR Ro

2
(11)

Similar expressions for both,Zand 4, can be found. This general impedance equation is
evaluated numerically using the Matlab file mutimped.m (see Appendix D).

3.1.2 Adding Parasitic Elements

Once the impedance equation was determined, thieatian of this equation allowed the
modelling of the transmitting and receiving anteaa a two-port network. Note that it is also
possible to introduce additional parasitic elemémtis the system, while maintaining this two-
port network model. For example, adding a thirdapdic (i.e. not driven by a voltage) thin-
wire element would mean that the additional impedanzs, Z,s Zsi, Zz» and Zs must be
calculated. The voltage-current relations of tlystesm would then become:

Vl = lell +212|2 +ZJ.3|3
V2 = Zlel + ZZZI 2 + Z23|3 (12)
O: Z31|1 +Z32|2 +Z33|3

Since the last equation in (12) is for the paragitement, it can be solved to get an expression
for I3 in terms of | and }, which can then be substituted back intoavid \4 to maintain the
two-port model (i.e. Y and \, are dependant only on &nd }). An arbitrary number of
additional parasitic elements can be introducedthadystem can always be reduced back into
a two-port network model. This process was doné Wi additional parasitic elements added
to the dipole system, to model an antenna systeth twio-element Yagi antennas as the
transmitting and receiving antennas (Figure 3.8 $ystem voltage-current relations are then:

Vl = lell +212|2 +ZJ.3|3 +Zl4|4
V2 = Zlel +222|2 +ZZ3|3 +ZZ4I4
O= ZSlIl +ZSZ|2 +233|3 +ZS4|4

0=Zyly+Z,l, +Z5l3+ 2,1,

(13)

Investigation of Wireless Power Transfer ¢ 20 February 2009, Version 1.0 9
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1
—

d d
|-l X L
- []
driven load l
reflector reflector

Figure 3.3: Parallel linear two-element Yagi antennas.

Solving the last two equations of (13) simultandpussults in:

e b
lenew = Z11 + lea + Z145
f C
lenew = Z12 + ZlSH + Z145
b (14)
e
Zpios =2y ¥ Zs—+ 2 —
21new 21 23 d 24 a
f C
Zzznew = Zzz + Zzsa + Z245
where,
Z,.Z Z.,Z
a=2Zy 423 > d=2Zg, 3Z4 -
33 44
Z,.Z Z.,Z
h=24 31_Z41 =34 41_Z31
Z33 Z44
- Z4SZ32 _ Z42 f - Z34Z41 _ Z32
233 Z44

The system is now a two-port network, with the eats and voltages of the two Yagi antennas
related by Zinew Ziznew Zoinew @aNd Zonew FOr a full derivation of the above equations, see
Appendix B. It is interesting to note that if andlyif Z,, = Z, then Zanew= Zo1new Meaning
that reciprocity still holds with the addition ofuasitic elements (see Appendix B for this
derivation). These two element Yagi antennas aeé @sr both the receiving and transmitting

antennas in the wireless power transfer systemuf€ig.1), for all further work in this project,
due to its greater gain and directivity comparedifmles.

3.1.3 Two-Port Network Model

As the antennas are modelled as a two-port netvatakdard two-port network theory can be
used to derive expressions for the PTE, the indaoeant, and the induced voltage at the load

of the receiving antenna. The derivation of theggations (referring to Figure 3.2) is described
below.

10 Investigation of Wireless Power Transfer « 20 February 2009, Version 1.0
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To begin, the input impedance of antenna 1 (thestrétting antenna at port 1) is given by

Z,2
Z, =2y, - (15)
Z22 + ZIoad
The output power at load of receiving antenna [@bis
2
Pout = O'SRG{ZIoadHI 2| (16)
While input power at transmitting antenna [porisl]
P, = 05RZ, JI,|*. (17)
Now since
V2 = Zlel + Z22I 2}
V2 = _I ZZload
Z
then |, = _Il(#j (18)
ZZZ + ZIoad
Substituting (18) into (16) gives:
P = 05R€Z }#ZU k (19)
out load 222 + Z|0ad 1
Therefore:
2
PTE: Pout - Rdzload}| ZZl | (20)
I:)in Re{zln} ‘ZZZ + ZIoad

Equation (20) for Power Transfer Efficiency (PTE) seen to be dependant only on the
impedances, &, Zis, Zo1, Zo> and Zae The current and voltage magnitudes at the loaithef
receiving antenna can also be found as:

||2|= Pout/R Z

|V2| =|| Zzload|

The equation for PTE is most important, as it aiaive calculation of power transfer versus
distance between the transmitting and receivingrards for a chosen load impedance, through
the calculation of the mutual and self-impedandeth® two antennas. This two-port network
antenna model therefore provides a descriptionhef lhehaviour of the transmitting and
receiving antennas. The impedance calculation ®fatitenna system (with the antennas both
being two-element Yagis), as well as the PTE catouh, at a certain distance, is evaluated

load

Investigation of Wireless Power Transfer ¢ 20 February 2009, Version 1.0 11
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using  the Matlab  function power_transfer_yagis.m. heT Matlab  script
power_transfer_yagis_graphing.m calculates the RB$EBg power_transfer_yagis.m over a
range of distances and plots out the result of F&iSus distance. For information on both
programs please refer to Appendix D.

It is interesting to compare this two-port netwani&del with the Friis transmission equation. A
comparison is shown below (Figure 3.4) for a hadfrelength dipole for both the transmitting
and receiving antennas. It can be seen that theposomodel approaches the Friis model at
farther antenna separation distances, but is a@lio &t closer distance (unlike the Friis model,
which approaches infinity). Note that the load he ttwo-port model is matched, and the
antennas are in a side-by-side arrangement (ees ik no offset), to allow comparison with the
Friis model. The Friis approximation is clearly fguaccurate at a distance greater than about
two wavelengths.

Cormparison of Friis Transmission Equation and 2-Port Maodel for 0.5 Wavelength Dipoles
40 T T T T T T T T

Two-Port Model
— — —Friis Formula

35

|
0
!
30H
b

25 B

20F

PTE (dBm)
o

1 2 3 4 5 G 7 g a 10
Distance Wavelengths)

Figure 3.4: Comparison of power transfer using Friis and two-port model.

3.1.4 Maximising Power Transfer Efficiency

The expression for Power Transfer Efficiency cannteximized in order to determine the

conditions under which maximum power transfer osc@iven that all the antenna impedances
are known, it is obvious that when the two-port elofibr the antennas is known the PTE

equation is dependant only on the value of the loguedance. Thus, it is a function of two

variables, the resistance and reactance of the [Dael complex impedance value at which
maximum power transfer occurs can therefore beddyncalculating the gradient of the PTE

equation, and solving the gradient for zero, adoise to find the maximum of any two variable

function. Note that although the impedance is cexjpsince the PTE returns a real value, it is
a function of two real variables, and not of on& Bnd one imaginary variable. The gradient of
the PTE is solved for zero, as shown below (adetivation is provided in Appendix C).

al:aoad ,axload
OPTE _  OPTE
al:aoad ' ax

PTEZ,) = (OPTE 6PTEJ o

(21)
=0

load

12 Investigation of Wireless Power Transfer « 20 February 2009, Version 1.0
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Road = K/Rzzz - R22(Rj.2R21 - X12X21)/ R~ (RlzX21 + R21X12)2/(4an)
Kioad = ~Xpo + (R.l.2X21 + R21X12)/2Rn

(22)

It is of interest when looking at the result ofsttwalculation that as the antenna separation
approaches infinity, the elements with subscrifsafid 21 approach zero. If this occurs, it is
apparent that the result reduces Q4R Ry and X..q = -X2. Therefore, at large distances
between the antennas, the maximum power transémrdin is satisfied, that is, maximum
power is transferred when the load impedance iscthraplex conjugate of the receiving
antenna self-impedance ¢ Intuitively, it is expected that the theoremsatisfied at all
distances, but this has not been studied in deptngl this project. A graph of the load
impedance for maximum power transfer (referredsg@amatched condition), versus distance
between the antennas, can be generated using Md#abax_power_transfer_conditions.m.
For example, the load impedance for maximum powansfer for two side-by-side half-
wavelength dipoles over a range of separation st is shown in Figure 3.6. It can be seen
that the value for the load impedance to achieveimmam transfer varies with separation, due
to mutual coupling. Also, as expected, the loadu@ahpproaches about 73-42] as antenna
separation increases, which is the conjugate oiipedance of a half-wavelength dipole.

It is interesting to note, that if the load is doobusly modified to be matched to the receiving
antenna as the antenna separation changes, the afr&ure 3.5 is obtained. This is a graph
of maximum coupling, and represents the absolut base scenario for antenna power
transfer. Obviously, the load cannot change in-litgl and so it is usually chosen to obtain
matching at the maximum separation distance reduiteshould be noted that this calculation
of maximum coupling achieves exactly identical teswas the calculation of maximum

coupling using the Linville method [14] [15].

To conclude, the transmitting and receiving antenoiathe power transfer system have both
been chosen to be a two-element Yagi antenna. iitem@a system has been modelled as a
two-port network, with their currents and voltagekted by the self and mutual impedances of
the antennas. The induced current and voltage,efisas the Power Transfer Efficiency, are
calculated using standard two-port network the®he output of this model will be compared
to the output from an accurate antenna simulatrogram, as described later in this report.

Load Impedace YValue for Maximum Power Transfer vs Antenna Separation,
for 0.5 Wavelength Dipoles

Reactance

L/ J
0 I ———Resistance

-0 F \/ /ﬁ~\u..f—=~___~———___———_'

o 05 1 15 2 25
Separation (Wavelengths)

Figure 3.6: Load impedance value for maximum PTE.

PTE (dB)

PTE Under a Continously Matched Load vs Antenna Separation,
for 0.5 Wavelength Dipoles

4\

1\
1N

2| ~_

5L —

\\\\x

T—

—

-—

] 0.5 1 15 2 25
Separation (Wavelengths)

Figure 3.5: PTE with a continuously matched load.
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3.2 Simulation

Simulation of the transmitting and receiving an&hnvas performed using a NEC2 integral
equation moment-method program, called 4nec?2 [lb6drder to test the validity of the two-
port network model, simulation results were neeftgdcomparison purposes. This program
allows the modelling of antennas made of lineamelats. A sample screenshot of the program
is shown in Figure 3.7 below, where both the tratisrg and receiving antennas are two-
element Yagi antennas.

T W W W W o smeeeam
_UMIJ_U_JM M ﬂggm ﬂifg hgﬂg A ke b Giafoes me g

Fiename  [Ta  Feweny [ @ Mhe 8 i A ]
Wavelength 05 i
| Gid [ [ |
Votage [ T8ej0v Current [ERTE P w e
Impedance 7201 Series comp 2632 oF | ™ Wient T Tagnt
Parallel form 21377152 Parallel comp. 1743 DF ¥
SwWRSO [ am putpower [ qm | I Snaptoond
Efficency | %% % Stuctureloss | 4746 w bt [ Snap to wire
Radiateft. [ % Meworkloss [~ § W | bl L Z
Radiat-power .28 W 0es [ 1

Environment

FREE SPACE

Fommant
@& Geometry (F3) =@ = | , SR a A
Shoy Vie Validate Cuments  Far-field  Near-fie Segm: Plot

1.out 600 MHz

wie 4 | i

B Wire/Segment info

wie [ 3 Taa[ 3 Seam.[ 58
Cur [ 030164
Y z

End1 na [Be3 [ 0 Rad[ 3 mm
End2[ 05 [Gde3 | 0 Len [00109 mb

[Type |Impedance  [Voltage [Pur [5wh
| [LDaime_[50+i0 13-i7.3 475

Theta : 32 Axis : 0.5 mt Phi : 234

Figure 3.7: Screenshot of the 4nec2 simulation program.

The antennas are simply drawn up as lines in tbgram, a voltage source is placed in the
centre of the transmitting antenna, and a lumpegedance is placed in the centre of the
receiving antenna. When the program is run, thd Ieaselected to see the power, voltage and
current at the load. The power at the load was lsiad for various antenna separation

distances, for comparison with the two-port moddiese simulations were also repeated for
various load impedances, as well as a variety tdrara configurations (i.e. different antenna

lengths and reflector element distances).

In order to determine the optimum two element Yagienna configuration (i.e. optimum
element length and distance between the Yagi ditv@th and reflector elements), extensive
simulations with various configurations was undegta This process was done by firstly
choosing the distance between the two antennasdbatthe driven element of the transmitting
and load element of the receiving) to be a constamtavelength apart. The length of all
elements for both antennas was then selected. iStende between the driven or load element
(depending if the antenna is receiving or transngjjtand the reflector element (the length d in
Figure 3.3) was then selected, and this isolategi ¥atenna configuration was simulated to
determine its impedance. The load of the receigimgnna was then set to the conjugate of this
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impedance, and the two elements were then simutatddtermine the power transfer for that
specific configuration. This process was then reggedior differing driven/load element and
reflector element separation lengths. Finally, émtire process was repeated for increasing
antenna lengths. These extensive simulations redethlat for antenna lengths not equal to
0.5, 1.5, 2.5. etc. the power transfer is a decaying sinusoidhasreflector separation
increases, and the power transfer obviously appesathat of two dipoles as the reflector
separation increases. As well as this, it was fahatl maximum power transfer occurs for half
wavelength Yagis, with as small as physically palssreflector separation. A few results of
this process are shown below.

Figure 3.8: A few results from extensive simulations, to determine the optimum Yagi length and reflector
spacing, for maximum PTE
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PTEvs Reflector Spacing, for 1.0 Wavelength Long Y  agis and Antenna Separation of 1
Wavelength
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It is obvious from these results that the optimimeoretical Yagi configuration occurs when
the length of all Yagi antenna elements was 0.5elengths, and the reflector spacings (the
symbols ‘d’ in Figure 3.3) is small.

3.3  Experimental Measurements

A physical implementation of the transmitting aedeiving antennas was necessary not only to
confirm the simulated and theoretical two-port mobat also because the ultimate goal of the
project was to have a physical implementation efgbwer transfer system.
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Figure 3.9: Experiment set-up for experimental measurements.

The experimental set-up is shown in Figure 3.9 abd@®oth Yagi antennas had a balun
connected to their feedpoint, in order to balaree ¢urrents on the antennas, as well as to
match the source and measuring instruments toitigéesdriven and load elements of the two
antennas. The reflector distance for both antenaaswell as the distance between both
antennas, can be modified. The frequency of omeratias designed to be 527MHz, and both
elements for both antennas were about half-wavéieiogg. A power source set at -20dB was
connected to the transmitting antenna feedpointi anpower measuring instrument was
connected to the feedpoint of the receiving antgsea Figure 3.9). The measurements were
carried out by choosing a configuration for the lYagtennas (reflector spacing for both
transmitting and receiving antennas) then the digtebetween the antennas was varied. The
power at various separation distances was meaancececorded.

3.4  Comparison of Results

The Power Transfer Efficiency versus antenna séipardistance was firstly calculated using
the two-port network model, and compared to sinmetesults, as shown below.
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PTE for Two 0.5 Wavelength 2-Element Yagi Antennas,  with 0.25
Wavelength Reflector Spacings for Various Load Impe  dances
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Figure 3.10: PTE for two 0.5 Wavelength 2-element Yagi antennas, with 0.25 Wavelength reflector
spacings for various load impedances. Comparison between simulation and 2-port model

Figure 3.10 compares the simulated PTE resultsedvwo-port model PTE results for two Yagi
antennas both with 0.25eflector spacing, for various load impedancesait be seen that the
model and simulation results from nec2 exhibit 8sme behaviour and are very similar
especially as the distance increases above abbwvdelengths. It can be seen that the 10
load is a better match to the receiving antenmsmatll antenna separation, while the 87€40i

load is a better match to the receiving antenrtargé antenna separations.

PTE for Two 0.5 Wavelength 2-Element Yagi Antennas,  with 73 Ohm Load
Impedances, for Various Reflector Spacings (in Wave  lengths)
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Figure 3.11 — PTE for Two 0.5 Wavelength 2-Element Yagi Antennas, with constant 73 Ohm Load, for
Various Reflector Spacings (in Wavelengths). Comparison between Simulation and 2-Port Model
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Figure 3.11 compares the simulated PTE resultsedvwo-port model PTE results for two Yagi
antennas with a constant 73 Ohm load on the rewgisintenna, for two different reflector
spacings. It can be seen that the model and simwlegsults exhibit the same behaviour, and
similar results. Also, as expected from optimum NMamnfiguration investigation of Figure 3.8,
the smaller reflector spacing (@)Iproduces greater power transfer.

PTE for Two 0.5 Wavelength 2-Element Yagi Antennas,  with Various
Reflector Spacings (in Wavelengths), for a Matched Load Impedance
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Figure 3.12 — PTE for Two 0.5 Wavelength 2-Element Yagi Antennas, with Various Reflector Spacings (in
Wavelengths), and with Matched Load Impedance. Comparison between Simulation and 2-Port Model

Figure 3.12 compares the simulated PTE resultsedvto-port model PTE results for two Yagi
antennas with a matched load on the receiving aatefior two different reflector spacings. It
can be seen that the model and simulation resutighie the same behaviour, and similar
results. Also, as expected from the optimum Yagifiguration investigation of Figure 3.8, the
smaller reflector spacing (0.46 produces greater power transfer. In addition his, tas
expected from the investigation of maximising PowWeansfer Efficiency in section 3.1.4, the
matched load (matched at far field distances) preduwgreater power transfer (at far field
distances) when compared to Figure 3.11, which doekave a matched load.

The computed predictions are now compared withettpeerimental results in Figure 3.13. The

Power Transfer Efficiency versus antenna separdistance was calculated using the two-port
network model, and compared to simulations and riaxeaital measurements in Figure 3.15.
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Figure 3.13: Experimentally measured PTE for two 0.5 wavelength 2-element Yagi antennas, with various

reflector spacings (in wavelengths)

Looking at the experimentally measured resultsigufe 3.13, it is seen that the results are not
as expected from the simulation study on the optintMagi configuration, since it appears that
power transfer is low at close reflector spacireys] peaks at a reflector spacing of about
0.15.. It was expected that closer spacings would resubbetter power transfer for half-

wavelength Yagi antennas, as seen in Figure 3.& discrepancy is likely caused by a

retuning of the input impedance by the baluns, al as the fact that the antenna elements
were not exactly half-wavelength long, which woualguse a best tuned reflector separation

distance for maximum power transfer (as seen irdoaying sinusoids in Figure 3.8).

Figure 3.14: Experimentally measured PTE for two 0.5 wavelength 2-element Yagi antennas, with a
constant 0.123 wavelength receiving antenna reflector spacing, and a varying transmitting antenna

PTE
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Looking at the experimentally measured results igbfe 3.14, it can be seen that the best
tuned reflector separation distance is approximaels..

Since the antenna baluns match the instrumentsetsibgle driven and load half-wavelength
Yagi antenna elements, the load impedance appe@riting load element is approximately 73-
40iQ. Simulating the 0% long Yagi antennas with this load, as well as daking the PTE
with the two-port model with this load, and comparithese results to the experimental
measurements for the reflectors spacing distan®eld®., produces this graph (Figure 3.15).

Comparison of PTE for Two 0.5 Wavelength 2-Element  Yagi Antennas,
with 0.149 Wavelength Reflector Spacings
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Figure 3.15: Comparison of PTE for two 0.5 wavelength 2-Element Yagi antennas, with 0.149 wavelength
reflector spacings

It should be noted that the 4nec2 simulation takés account the radius of the antenna
elements, while the developed two-port network rhattes not. It can be seen that for this
particular configuration, the experimental measwets, 4nec2 simulated measurements, and
two-port network model calculations all producerljaisimilar results for Power Transfer
Efficiency. Thus, both the two-port network modeldadnec2 simulations provide a fairly
accurate method of estimating the actual powestearpossible between two Yagi antennas.

3.5 Discussion

Study of the results, and comparisons of the two4pmdel to the simulations (Figures 3.10 —
3.12), shows that the two produce fairly similagui¢s, and have the same behaviour. Thus, the
two-port model is fairly accurate for close to hakvelength long Yagi antennas, and provides
a good indication of the power transfer possiblegiswo element Yagi or dipole antennas.
The discrepancies between the two results are ket due to the simplifying assumptions
used in the two-port model, such as the assumeadsaiohal current distribution along the
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antennas, and the assumed thin-wire elements. Theencal integration to calculate the
antenna impedances would also contribute inaccurattye two-port network model.

Comparing the experimental measurements to bothvibeport model and the simulations
(Figure 3.15), it can be seen that for a reflesfacing on both the receiving and transmitting
antennas of about 0.A5all three results are fairly similar (note aldwat for reflector spacings

of 0.14. — 0.1%, the experimentally measured power transfer Haglg similar behaviour, as
seen in Figure 3.13). It should be noted that #lationship between power transfer and
antenna separation distance, for most measuredtsiefallow a similar curve to both the
simulated and model results. However, when thecadt distance decreases to between about
0.05. to 0.10,, the measured results do not correspond well tleeeisimulated or model
results. As explained previously, this is likelyedw the fact that the antenna elements were not
exactly half-wavelength long. As well as this, wraatually implementing the antennas, there
are a number of issued that need to be considaretthe addressing of these issues may also
have caused some discrepancies between the meastseand the two-port model and
simulated results. For example, as explained puslyo the antenna baluns were designed to
balance the currents on the antennas, and to rifecdource and measuring instruments to the
single half-wavelength antenna elements. Therefiiee are a few assumptions in the two-
port model which may not be valid when comparirgutes to experimentation. In the two-port
model, it is assumed that the power source is awagtched to the transmitting antenna, while
in experimentation, the balun matches the soursgument to the isolated single driven half-
wavelength element of the Yagi antenna (not theeelitagi antenna). Discrepancies could also
be caused by reflections around the experimentsnaa set-up, which would affect the
measured results. The simulations and two-port isalso assumed propagation in free space,
which is not the case in the experimental measumtsnas the antennas were placed on a
connecting boom (see Figure 3.9).

There are a couple of additions that can be madbetaeveloped two-port network model.
Firstly, an extension to the two-port model to ud# the impedance of the source as in Figure
3.16 below can be done.

+
V Vl [Z] Vz ZIoad

Figure 3.16: Two-port network with load and source impedance, and
voltage source

This addition to the model has not been examinatkpth. This model may be more useful for
direct comparison with experimental work, as itusevoltage source, as well as taking into
account the impedance of the source. Secondlytvwtbeport model may also be extended to
take into account material between the antennasndwifying the electric field equation to
consider the decay of the field through the maltefiais can be done in future work.
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Future work should also include investigation dfedent antennas which may be more suitable
for the application of wireless power transfer,ls@s smaller, integrated antennas, antennas
with higher gain, and electronically tuneable anten

To conclude, this investigation of antennas for eowansfer has provided some significant
findings. The two-port network model allowed an ersfanding of the underlying issues
surrounding antenna power transfer, as well agdatimg results regarding maximum power
transfer. Extensive simulations resulted in findiran the optimum configuration of the Yagi
antennas, as well as confirmation of the two-paotleh. Finally, experimental measurements
allowed study of practical considerations when enmknting the antennas, as well as actual
measured results. This investigation gives us aa igh the possible power transfer between
two antennas.
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4. RECTIFIER/VOLTAGE MULTIPLIER

After the transmitting and receiving antennas wineestigated, the rectifier and voltage
multiplier circuit was researched. The voltage mpligr circuit type to be examined was the
Dickson Multiplier, shown in Figure 4.1 below. Thigcuit is used to convert the induced AC
power at the receiving antenna from a lower volttmea higher DC voltage. This circuit
operates by continually switching and charging reeseof capacitors, achieving an output DC
voltage equal to a multiple of the input voltagegmgude, with this multiple equal to about two
times the number of multiplier stages. For examgl&jng the first AC half-cycle, the first
capacitor Gis connected across the input voltage, chargitm tihe magnitude of the input AC
voltage. In the next half-cycle, capacitos € connected in series with; @nd the input AC
voltage, thus charging,@o the magnitude of the input voltage plus theage already accrued
on G, thus doubling the input voltage magnitude. Thigdd switching keeps continuing,
ultimately producing a voltage on capacitogy ©f about 2 times the number of multiplier
stages multiplied by the input voltage magnituden(re the voltage drops across the diodes). A
more detailed explanation on the operation of tiekgdn voltage multiplier (or charge pump)
can be found in numerous articles and papers ssi¢®],a[17] and [18]. This circuit is needed
in the power transfer system, because althoughptveer requirement of the load may be
satisfied at a certain distance, the voltage neetbet rectified, and may also need to be
multiplied in order to meet the DC voltage requiesns of the load.
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Figure 4.1: Circuit schematic of an N-stage Dickson Multiplier circuit.

An important aspect of the voltage multiplier citcis the determination of its input
impedance, in order to match the impedance of thege multiplier to the impedance of the
receiving antenna, so as to obtain maximum powansfer to the multiplier. This
determination is important, because other tharidkge of power in the propagation of energy
between the antennas (which the designer has ditérol over, other than the design of the
type of antenna), any impedance mismatch betwezarttenna and the multiplier would be the
greatest cause of power loss in the power traisgfgem (and the designer has control over the
multiplier-antenna impedance matching) [19], [2@1]. Finding out the input impedance of
the multiplier circuit is the main focus of thisagiter.
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4.1  Modelling

The circuit in Figure 4.1 was simplified to obtan estimate of the input impedance of the
Dickson Multiplier. This circuit shows that if tleapacitors at each stage are dimensioned to be
large enough, it is possible to consider the capexias short circuits at the frequency of
operation. As a consequence, the voltage multiglpoears to the input as a circuit of anti-
parallel diodes in high frequency analysis. In i@ analysis, the capacitors can be considered
as open circuits, leaving 2N diodes in series withinput, which allows the multiplication and
rectification of the input voltage. Therefore timput impedance of the multiplied,.4&, is the
parallel connection of 2N diodes. By replacing eaththe diodes by the diode equivalent
circuit of Figure 4.2 [22] [23], the input impedan®f the multiplier can be modelled
analytically, as derived below.

— AN
& Rs R
A
Al
Ci
| |
|
Cp

Figure 4.2: Diode equivalent circuit

Zaose ={X o IR e + R X e} + X, (21)
= +jwl,
B+ jwC,A
where A =R, -jwC,R,” +Rg +R4(wC,R,)?
and B=1+(wC,R;)?

Therefore,
1

Z =—| ——+jwL 22
MULT 2N{B+j(,0CPA J Pj| (22)

Ler and G represent the diode package inductance and capeejtrespectively, s the diode
series resistance, while ;jRand G are the diode junction resistance and capacitance.
Unfortunately, the junction resistance and capacgaare non-linear, and are dependant on the
current through the diode. Thus, a change in ipowter will change the junction parameters,
and as a consequence, the input impedance of thipliea The same thing will also happen
(as the current through the diode will change) wHiferent loads are connected to the output
of the multiplier circuit. Therefore, the equivaleimpedance of the voltage multiplier is
dependant on input power as well as output loadedapce. Unfortunately, expressions for
junction resistance and capacitance, dependingjput ipower, have not been found, and so
this analytical expression can only be used to veaghly estimate the input impedance of the
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multiplier (by replacing the junction capacitancel aesistance by their zero-bias values, which
are usually provided in diode datasheets) [26].

Even though the analytical equation cannot be fmedccurate design, a finding can be made
from this model. Since the diodes are in anti-pakalcross the input, it can be seen that an
increase in the number of stages of the multiplsults in a decrease in the input impedance.
As well as this, since the reactance of the disdéominated by the junction capacitance, the
multiplier has a capacitive reactance, and so arease in the frequency of operation will
cause a decrease in the input reactance. A mucle thmarough and in-depth analytical
examination of the input impedance of the Dicksantidlier can be found in reference [9].

4.2 Simulation

In order to obtain an accurate evaluation of thekBan Multiplier input impedance, the input
impedance can be calculated using a Harmonic Bal&mulation [24]. This simulation is
performed using Ansoft Designer, using the PSPIGE&meters of the HSMS-282x [25], [26]
Schottky diode for the diodes in the multiplier tlwthe input power being swept. The circuit
schematic was simply drawn up in the simulatorhwait input power source, and a Harmonic
Balance Analysis added for the analysis. A screaneh the simulation set-up is shown in
Figure 4.3 below.

&% Ansoft Designer/Nexiim - [dickson_multiplier - 5_stage - Schematic]
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Figure 4.3: Screenshot of Harmonic Balance simulation set-up to determine input impedance of Dickson
Multiplier.
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4.3 Results

The input impedance simulated using the Harmoni@m analysis, using the HSMS-282x
Schottky diode, and at a frequency of operatior5®¥MHz, for various multiplier stage
numbers, is shown in Figure 4.4 (with no load ingreze across the output capacitor).

Dickson Multiplier Input Resistance s Input Power for “arious Mumber of Stages at 527hiHz
{no load impedance across the outpot capacitor)
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Dickson Multiplier Input Reactance vs Input Power for Yarious Number of Stages at 527MHz
{(no load impedance across the output capacitor)
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Figure 4.4: Simulated input resistance and reactance for Dickson Multiplier circuits of various number of
stages and no output impedance, at 527MHz.

The input impedance simulated using the Harmonila®z analysis, using the HSMS-282x
Schottky diode, and at a frequency of operatioB2¥MHz, for a 5-Stage Dickson Multiplier,
with various load resistances across the outpuaaty, is shown in Figure 4.5.
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Input Resistance vs Input Power for a 5 Stage Dickson Multiplier,
with “arious Load Impedances
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Figure 4.5: - Simulated input resistance and reactance for a 5 Stage Dickson Multiplier circuit, with load
impedance across the multiplier output capacitor, at 527MHz

4.4 Discussion

Figures 4.4 and 4.5 show as expected that the @ricktultiplier input impedance varies with
input power, as well as output load impedance €as $n Figure 4.5). As explained previously,
this is due to the non-linear nature of the diooleshe multiplier circuit, so that the diode
equivalent impedance changes with bias voltage camcent. Figure 4.4 also shows that the
multiplier input impedance decreases as the nurobestages increases (i.e. doubling the
number of stages results in a halving of the inmyedance), since the diodes appear anti-
parallel to the input source. Note that the cikuitere simulated at 527MHz, since the
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experimental antennas were implemented for uskisfrequency, but due to lack of time, the
results were not used in the production of an edeat circuit for use with the experimental
antennas.

In order to design an impedance matching circurh&ich the multiplier circuit to the receiving
antenna, firstly, the minimum power for correct @t®n of the load must be determined
(which is the power induced at the receiving andéefior a matched load), and then the
corresponding distance for this power level mustidaad. Once this distance is found, the
number of multiplier stages must be selected, withsideration to the voltage requirement of
the load and the voltage induced at the receivintgrana at the required distance, as well as
possibly obtaining an impedance of the multipligattcan be easily matched to the receiving
antenna.

It should also be noted that if the impedance magckircuit is not properly designed, this
would result in an impedance mismatch between thétiptier circuit and the receiving
antenna, which would in turn cause a loss of imgawer, which would then affect the input
impedance of the multiplier, which would cause athfer impedance mismatch, and thus
further input power loss. The overall consequerfc@nanaccurately designed matching circuit
would be a reduction in the possible maximum distdior correct operation of the load.
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5. BASIC SYSTEM

The antenna two-port model and the multiplier dircan be used to simulate the basic power
transfer system. This system and the results oddafrom the model are described in this
section.

51 Simulation

The basic power transfer system was implementetthéncircuit simulation program Ansoft
Designer, using the two-port equivalent T netwarkthe transmitting and receiving antennas,
a 3-stage Dickson Multiplier circuit and an LC inda@ce matching network to match the
multiplier circuit and the receiving antenna. Aesamshot of the basic power transfer system in
simulation is shown in Figure 5.1 below.

Antennas modelled as a 2- Impedance 3 stage Dickson Multiplier
port ‘T’ equivalent network matching network circuit

L

Figure 5.1: Basic power transfer system simulation circuit schematic, for an operating frequency of 5.27MHz.

A one watt power source was connected to the irgnd,a voltage probe was connected to the
output capacitor of the multiplier circuit. A Traest Analysis was added for the analysis of
the transient response of the output voltage. Wmfately, due to large amount of time it
would take to analyse the transient response sfdih¢uit at 527MHz, the circuit had to be re-
designed and simulated for a frequency of operabiob.27MHz. Even so, the point of this
exercise was to obtain a general idea on the outgtage response of the basic power transfer
system, and it is assumed that the same basicndpsigciples hold for higher frequencies.
Firstly, the antennas were chosen to be half-wagthe Yagi antennas with 0.1 wavelength
reflector spacings to maximize the PTE, and theemlamce parameters of this antenna system
were calculated using the two-port model, for atasise between the antennas of 10.4
wavelengths. The input impedance of the Dicksontidiigr at 5.27MHz was then estimated at
a chosen input power level of about 0 to 1dBm. thpedance matching network was then
designed to transform the input impedance of th#iphier to the conjugate impedance of the
isolated receiving antenna, using standard Smiéntahethods. It should also be noted that it
was extremely difficult to match the impedanceha multiplier to the antenna, due to the very
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large capacitive reactance of the multiplier, whiedis due to the low frequency of operation.

This is not expected to be as big a problem ahidjeer frequency of operation that is intended

for the actual system. Finally, the entire circwits simulated. This calculation was then

repeated. The impedance parameters of the twoFpaetwork were modified to the impedance

parameters for a distance of 9.4 wavelengths betlee transmitting and receiving antennas,

and then again for a variety of other distance® dlitput voltage transient response for these
various antenna distances was recorded. Note tieatadtime constraints the circuit model was

not well designed. For instance, the matching ndtwwas not designed in the manner

discussed in section 4.4, as the simulation was dmmely to get a general idea on the

behaviour of the output voltage response of a ljasieer transfer system.

5.2 Results

The output voltage transient response of the 5.27Mblver transfer system at 1 watt input,
was calculated in the manner described in the pusvisection, for distances between the
transmitting and receiving antennas that variedveen 0.4 to 10.4 wavelengths. The results
are shown in Figure 5.2.

Graph of Output “oltage vs Time for Basic System Operating at 5.27MHz,
with 1 %Watt Input Power and “arious Distances Between the Antennas

?EI T T T T T T T
— — —0.4 wavelengths
;.J" ____________________ —— — 1.4 wavelengths
B0 / — — — 2.4 wavelangths
s — — —3.4 wavelengths
}"} — — —d.4 wavelengths
aur / 6.4 wavelengths
= l," B.4 wavelengths
a0l {'r 7.4 wavelengths
% ,"r _____ B.4 wavelengths
= !f /-’ _____________ 9.4 wavelengths
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Figure 5.2: Graph of simulated output voltage versus time for basic system operating at 5.27MHz, with 1
watt input power and various antenna separation distances.
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5.3 Discussion

Figure 5.2 shows that the achievable output voltdgereases as the distance between the
transmitting and receiving antennas increases aseapects. If the distance is doubled the
output voltage reduces by about 30%. It is intémgstio note that the time taken to reach the
eventual output voltage increases as the distagiveelen antennas increases (as in Figure 5.3).
This is likely due to the fact that the reduceduiced voltage at greater distances means that it
takes longer for the output voltage to build upwedl as the fact that maybe the voltage drop
across the diodes is greater comparatively (whenpeoed to the ultimate output voltage) at
lower input voltages, and so has a greater eftgetrtiher distances between the antennas.

Unfortunately, due to lack of time, it was not istigated whether the output voltages of Figure
5.2 corresponds well with theory. The output vadtagf the Dickson multiplier can be
estimated as 2NV giogd, Where N is the number of multiplier stages, i¥ the magnitude of
the input voltage and g is the voltage drop across the diode. The inpltage to the
multiplier of the simulated circuit should have bemeasured, for comparison of Figure 5.2
with this estimated equation, as well as compansioim the two-port network model.

Time Taken For Basic Power Transfer Systemto Reach  Eventual Output
Voltage versus Distance Between Tx and Rx Antennas of the System
35
B /‘
30 [
25 [
@ 20 i /
E g &
€ 15 [
= ;
10 [
0.5
0o L
0.00 2.00 4.00 6.00 8.00 10.00 12.00
Distance Between Antennas (wavelengths)

Figure 5.3: Time taken for system to reach output voltage vs distance between Tx and Rx antennas

Even though this circuit was designed at a lowegdiency of operation than the intended
527MHz, it can be assumed that the circuit at 52ZMibuld exhibit similar behaviour,
although parasitic capacitances may play a greaterat higher frequencies. It should also be
noted, that at the higher frequency of 527MHz ideghfor implementation, the times taken to
reach the eventual output voltage would be mucHlsmthan at the 5.27MHz simulations here.
It is likely that at 100 times the frequency, itwla take 1/100 of the time to reach the eventual
output voltage (however, this has not been exantueithg this investigation).
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It should also be noted that the equivalent twd-gometwork was tested on its own, to
compare the output voltage at the receiving antannsimulation to the expected induced
voltage from the Matlab model. It was found thag tvo had fairly similar results.

Note, also, that in an actual implementation of indtiplier circuit the actual capacitors may
have a voltage limit on them, in which case thepouwoltage reached in simulation (Figure
5.2) would cause damage to the circuit. In thiecaslow power loss voltage limiter may be
implemented to make sure the voltage across thecttaps stays below a maximum level (e.qg.
a Zener diode voltage limiter).

This power transfer simulated circuit can also bedualong with other types of antennas, since
the impedance parameters for more complicated aasetan be found using NEC simulation.

In conclusion, this simulation of a basic powensfer system has provided a rough estimate of
the possible behaviour of the basic power trarsfstem.
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6. CONCLUSION/FUTURE WORK

In conclusion, this report provides a fairly compasive account of my research in this project
of wireless power transfer. A number of interesfingings have been uncovered in this report;
findings relating to the power transfer betweereanas (such as the derivation of matching
conditions for maximum power transfer), as welltlas voltage multiplier circuit. As well as
this the behaviour of a basic wireless power tmmsystem has been investigated in
simulation. It can be argued that the design ofraless power transfer system is complicated,
with many intertwining issues relating to impedanoatching needing to be considered.
Simulation of the components of the system is yikel be the best method of creating a well
designed wireless power transfer system.

There are still a large number of issues that rtedx researched, and a number of things that
need to be done in future work. First and foremtse, voltage multiplier circuit and LC
impedance matching network should be designedmptemented on a PCB, for use with the
already existing 527MHz Yagi antennas. This wowdrf the basic wireless power transfer
system for experimental measurements, and to oldaiirect assessment of the actual
feasibility of wireless power transfer using antasirior powering low-power sensor devices.
Different loads could also be connected to the ipligt circuit, such as a low-power LED for
demonstration purposes.

Different antennas, which may be more suitable &otual implementation, should be
researched, such as smaller, integrated antermasnas with greater gain and directivity, and
electronically tuneable antennas for better gamdadth and efficiency properties. A well
selected and designed antenna that would be tnéaldbtain an impedance that is already
matched to a selected multiplier circuit configioatshould also be investigated, as this would
remove the need for the impedance matching network.

Further investigation of the voltage multiplieraziit is also needed, in order to determine the
transient charging characteristics, as well aseterthine the effect of the selected diode type
and capacitor values on these characteristics.drRgs®n different multiplier circuits should
also be conducted, to find out if there are bettefigurations.

An adaptive impedance matching network, one thapesdto changes in input power levels or
output load impedance could also be researcheth, asithe one described in this Powercast
patent [27]. It is interesting to note that Povestic the only company to commercialize such a
wireless power transfer system, have a humbertehtarelating to impedance matching.

Power delivery strategies and the power managegiesuit must also be investigated. One
idea would be to use a Schmitt trigger to providevgr to the load once a specified voltage
level on the output capacitor is reached, whiclm tteturns to charging the capacitor once the
voltage on the capacitor falls below a specifiaatle
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The effect of a battery as a load should be rebedras well, since the impedance of a battery

changes as its voltage increases (i.e. the cuvddtsige and thus impedance of the battery is
non-linear as it charges).

Finally, the ability to recharge a battery usingieeless power transfer system described in this
report should be investigated.
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APPENDIX B — ADDITION OF TWO PARASITIC ELEMENTS

The layout for the two additional parasitic elenseistas follows:

1
o T o [ d,
- ]

:];lﬁ
driven load U
reflector reflector
3 1 2 4
L L, L, L
3 I Iz la

Vi=Zyli+Zpl, + 251+ 2,1, (a)
Vo =2yl + 2yl + 2yl g+ 2o, (D)
0=Zyl + 2yl + 25l + 2,1,
0=Zli+Zpl,+ 25l + 2,1,

The last two equations must be solved simultangousl

0=Zyli+Z5,l, + 2yl 3+ 2,1, (1)
0=Zyl +Z,l,+ 2515+ 2,0, (2)

Rearranging (1) and (2),

|3 ::__{:zéglll + 2i§%|2 + 2i;4|4 } (3)
33 33 33

Z,
|4=-{ZZ41'1+ZZ42'2+ - 4} (4)
44 44 44

Sub (3) into (2),

O: Z4l|l +Z42|2 + Z44|4 _Z43{Zglll + 232|2 + 234|4}
s Zs, Zy

Z,,Z Z..Z 7 7
O:|1(Z41_%J+|2(Z42_%j+|4(Z44_ 423 34}
33 33 33
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1 Z,.Z Z,.Z
u I4= {ll( 423 31_241]""2( 423 32_242)} (5)
(Z _ Z4azs4j 33 33
44

Z33

This gives J in terms of | and }. Sub (4) into (1),

Z,,l
02231|1+232|2+233|3_234{224_]_'1+ZZ42|2 + Z43 4}
44 44 44

Z.,Z Z.7Z Z. 7
0:|1(231—%J+|2(232—%j+|3(233_ 34 43)

44 44 Z44

Ol = ! {ll( Loty _ Z31] + Iz( Lol _ Zsz]} (6)
( s Zs4z4sj Zy Zya
33

Z44

This gives § in terms of | and b. (5) and (6) must be substituted into (a) anddlmbtain
Zinew Ziznew Zoinew@Nd Zoney FOr simplification, let,

a= Z44 _ Z43234 d - 233 _ Z34Z43
Z33 Z44
Z,,Z Z,Z
b:%_zu e= 3Z4 41—231
33 44
- Z4SZ32 _ Z f - Z34Z41 _ Z
42 32
Z33 Z44
_1
Dls_a{lle""zf} 5)
1
D|4=g{|1b+|2c} (6)

Sub (5) and (6) into (a),

Z
Vi=2yl + 2], +f{|16+ |2f}+%{|1b+ |2C}

V, = Il(Z11 + Zg’e + Zzbj + IZ(Z12 + Zlgf +_Zl4cj

a
e b
a lenew = le + Zla E + Z14 g
f C
U ZlZnew = Z12 + lea + Z14 g

Sub (5) and (6) into (b),
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Z
Vy =2yl + 2], +f{|16+ |2f}+%{llb+ |2C}

Z.e Z,b Z,.f Z,¢C
V - | Z + 23 + 24 + I Z + 23 + 24
2 1( 21 d a j 2( 22 d a j
e b
u ZZlnew = Zzl + Zzsa + Z245
f C
U Zzznew = Zzz + Zzsa + Z245
Finally,

Vl = lenewI 1 + ZlZneWI 2

V2 = ZZlnewI 1 + ZZZneWI 2

Reciprocity holds (i.e. Znewi=Z21new fOr certain conditions, shown below.

2yl -7
31
Z e Z Z44— =7 L3yl = Zsylus
23 d = Z34Z43 = Z33Z44 - Z34Z43
L
Z,,
23y -7
a1
7 E -7 Ly -7 Z4sls1~ Ly
“ a = Z43234 = Z44233 - Z43234
Zy,
Ly,
2yl -7
32
Z i =7 Z44— =7 Z3ylap =~ L3l us
- d " _ Z34Z43 " Z3sz44 - Z3.4243
L
Z,,
2,3l -7
42
214E — 214 Z33— - 214 Z43232 B Z42233
d L4l Lyl = Lyly,
Z,,
Ly

Looking at these equations, as well the equationZfiew Zionew Zoinew@nd Zoney it can be
seen that if, and only if &=2y,, then Zonev=Zo1new Which confirms reciprocity.
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APPENDIX C — MAXIMISING POWER TRANSFER EFFICIENCY

2 0
PTE= Pout - Re{zload}| ZZl | :( Z21 j( Z21 j Rload
I:)in Rdzln} ‘222 + Zload Z22 + Zload ZZZ + ZIoad Rin
- Z21221D Rload
(ZZZ + Zload )(ZZZ + ZIoad )D Rin
— (Rpy + jX51)(Ryy — JX 21) Riad
(RZ + Rload + Jx 22 + Jxload )(RZZ + RIoad 22 Ioad) Rn
Looking at Z.:
Zin - le _ Z12221 - (R11 + jX 11) _ (R12 + JX12)(R21 + JX 21)
ZZZ + ZIoad R22 + Jx 22 + Rioad + Jxload
= (R, + jX,) - (Ri2Ros = X1 X50) + (R X5, + Ry Xy,)

(R22 + Rload) + j(XZZ + Xload)
Multiplying this by the complex conjugate of thendeninator:

[( Ri,R — X12X21)(R22 + Rload) + (R12X21 + R21X12)(X22 + Xioad )

= 1 .X11 - 2 2
(R ) (Rop * Rong)? + (X3 + X 1)

[( I:212)(21 + R21 12)(R22 + Rload) (R12R21 X12X21)(X22 + Xload )]
(R22 + I:'2load) + (X22 + XIoad)

Therefore, the real part of.4s

O Re{Z,} = (RyRo, *+2R 1 RosRoss + RuRoss” + RiuXs,” + 2R X0 X * Ry Xigag )+
_[R12R21R22 + R12R21R|oad - X2I.2X21R22 - X2I.2X21R|oad + R:I.2X21X22 + R:I.2X21XI0ad
Lt X12R21X22 + Rlelleoad ]) - (R222 + 2R22R|oad + Rload2 + X222 + 2>(szload + xloadz)

This is equation (2).

Now, looking at the rest of the equation,

221221|:I R2 ’ + >(212

(ZZZ + Zload )(ZZZ + Zload) (R22 + Rload) (X22 + Xload)
This is equation (1)

Thus,

Rload
PTE=(1
M—2F )
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If we let;

a= R212 + x212

b=2R;, Ry, = R,R,, + X5 Xy,

C=2R;; X, = Rp X5 — Ry Xy

d=e=R;,

f= |'_">11R222 + I'_")11)(222 = RERy Ry, + X X1 Ry = R X X oo =Ry X1, X

Then the PTE reduces to:

aRoad
2

PTE= .
bRoad + CxIoad + dRoad + eXload + f

Finding the partial derivatives of this PTE witlspect to load resistance and reactance gives:

PTER _ a(bRoad + CXload + dRoad2 + eXIoad2 + f ) B aRoad (b + ZdRoad)
o (bRoad + CXload + dRoad2 + eXIoad2 + f)2
B aRoad (C + 2eXload )

(bRoad + CXload + dRoad2 + eXIoad2 + f)2

I:)-I-Exload =

These two equations form the gradient of the PTiaggn. Solving both these equations (by
firstly looking at the numerator of P%k.q) for zero results in:

PTEXIoad =Cc+ 2eXIoad = O

ox, ., =—°¢

load %

Substituting this result for ¥4 back into PTkaqand then solving for zero gives:

C2 2

a(bRoad - 2 +dRoad2 te © 2 + f)_aRoad (b+2dRoad)
_ e 4e
I:)TERload - C2 Cz 0
bRy~ +dR," +e 5 + f)?
( |:\)oad 2e I%oa\d 4e2 )

For both %,.q and Ryaq, the expressions for a, b, ¢, d, e and f can bstguted back into their
equations, and simplified to ultimately end up wtikese final expressions:

Road = \/Rzzz - Rzz(R12R21 - X12x21)/ R~ (R12x21 + R21X12)2/(4R112)
Xioag = Xy t (R12X21 + R21X12)/2R11
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APPENDIX A — REVIEW OF HARRIST THESIS

Page 2 — Harrist mentions antenna efficiency amkdance matching for the multiplier circuit,
but never follows up or analyses these issuesf@tiotved up in chapter 3).

Page 4 — Harrist talks about transmitting anterm&ée used, but there are no specifics on
antenna type, directionality, nor how he obtains Walue for power emitted (6mW/m”2)
(measured or calculated?).

Page 5 — ‘The phones’. Description of the batteinetided in the phones, but no mention of
battery A-hr rating, which is required for propatermination of battery charging rate. Note he
specifies a charge time of about 2 hours usinglggpravel charger (with charging voltage of
3.6V and a large current output of 350mA).

Page 14 — equation 1, Cockcroft-Walton multipligiarrist stated equation 1 appears to be
based on these assumptions, which he has not iggecihe voltage outputted by an N-stage
multiplier is equal to nVO, where VO is the outpottage of a single stage (i.e. 2Vinpeak). The
equivalent resistance of an N-stage multiplier gsia¢ to nRO, where RO is the equivalent
resistance of a single stage. He then forms equétigsing the simple voltage divider rule. The
applicability of this equation to the actual perfiance of a voltage multiplier is in doubt, as the
actual voltage output of an N-stage multiplier heen studied before, and none of these
studies have derived a similar equation to thadanfrist. In addition to this, he does not specify
the method by which to determine the equivalente(imal?) resistance of a single stage (i.e.
how do you determine the internal or equivalenistance of capacitors and diodes). (He
appears to obtain this equation from a personahiigw with Minhong Mi mentioned in the
appendix).

Note also that if RO is very small, then the ecquatieduces to approximately nVO,
which is the expected output with no load (or thpeeted output with infinite load resistance).

Although the equation appears to indicate the ingmme of a low equivalent resistance
RO, it cannot be used practically to determine ¢Rpected output voltage, unless a proper
model of RO is derived (which is not a simple tadk)a very low internal resistance RO is
assumed anyway, then the point at which the voltgie is negligible (i.e. Vout approaches a
limit) will only occur at very high values of n, wh the expression RO/RL becomes more
significant (according to this equation). Howevewre importantly, the effects of capacitor
leakage and characteristics of the diodes (voltlgp, etc.) will have a much greater effect on
the steady-state output voltage of the voltageipiidt in reality, and would come into effect at
smaller values of n in comparison to Harrist's edlatquation. (see: ‘Theoretical Performance
of Voltage Multiplier Circuits’ by Brugler, J.S tittp://blazelabs.com/e-expl5.3sp

Page 15-16 — Harrist talks about a previous prdfettused the same voltage multiplier circuit
as he does, that performed the same function agirbigit (using an antenna and multiplier to
charge a battery). He also bases some of his dimmgaand circuitry on this project later in his
thesis. However, he never provides any referenaetail on this project, a paper of it, or the
method and outcomes of that project.

Page 17-19 — An explanation on the choice of réngiantenna is described here. Harrist
however, does not go into a theoretical derivatibrihe expected energy harvested by the
antenna itself (specifically the quarter wave whip) the expected voltage induced by the
antenna that will be inputted into the multipliércait. No mathematical formulas relating to

antenna theory are presented in this thesis. Thass is no mention either of near-field or far-
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field antenna theory (on top of the fact that Hdrmever states the distance between his
transmitting and receiving antennas). The charisties (e.g. directionality/gain) of the
antenna are also not mentioned (the commercialtepamve whip antenna he uses is not
referenced).

Page 20 — Harrist states the variables of his syskeit makes no mention of the distance
between his transmitting and receiving antennajrgrortant parameter that would affect the
characteristics of his system.

Page 22 — Harrist’s justification for halving thapacitance for each stage is strange. He uses
the capacitor equation g=CV, saying that since thiage at each stage increases, the
capacitance should decrease at an inverse ratglén o keep the same charge. However, the
voltage does not double at each stage; it increates linear rate of 2nVinpeak. By his
justification, the capacitance should decreasbeaitnverse of this rate, not halve at each stage.
In any case, it is an interesting experiment, anahiy tested in simulation.

Page 33-37 — Simulation results — Harrist stafBise ‘input is a power source, which is setup to
model the RF source used in testing’. He doeshmtever, provide details on this input power
source (which appears to be a sinusoidal input) ghes any information on the peak voltage
of this input, which is a vital value in determigithe feasibility of the output of the voltage
multiplier (i.e. the input peak voltage must bdestst greater than the forward voltage of the
diodes). It appears from the results of his sinioigtthat he uses an input voltage of between 5
and 6 volts (since Vout ~= 2nVin), which is a highinlikely amount of voltage to be induced
by an antenna. He provides no justification fos thiput voltage.

In addition to this, despite Harrist allegedly foeming more than 30 simulations, he
provides only 4 graphs to support the conclusionsis report (these graphs should at the very
least be provided in an Appendix). His claims ttldi change to rise time due to changes in
output capacitance and number of stages can ontptrmed through exhaustive replication
of Harrist's simulations by the Thesis reader.

Lastly, personal replication of some of Harrisgsimulations using LTSpice does not
result in similar transient response behaviour @fsdage circuit, despite using the same values
for circuit elements, frequency, and the same dionddel. The rise time is very much quicker
than that reported by Harrist.

Page 40 — Experimental results — Harrist stategudk stage capacitance was consistently
higher (than varied stage capacitance) with outplige’. This result does not match expected
simulation results from page 36-37, but he doespnatide any possible explanation for this
discrepancy.

Table 3 lists the steady-state output voltagehefficb experimental results. He again
does not state what the input signal to his pdhbésit is unknown whether the signal is direct
from a signal generator, or from an antenna haingdRF energy, or what the form of the
inputted signal is). It must be assumed that Haimjgutted a sinusoidal signal directly from a
signal generator.

Harrist does not provide any graphs or data topaomthe actual transient response to
simulated results (arguably, this data may be itgmbrto the performance of the system as a
whole).

Page 41 — Harrist states he cannot explain theesudditage drops in his results. As stated
previously, his equation 1 arguably cannot be applio this multiplier circuit. Previously
stated references, which provide a more detailedysin the steady-state output of the
multiplier circuit, may provide a better explanatifor Harrist’s results.
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Page 41-42 — Harrist explains his system test sagding an antenna. No mention is made of the
distance between his transmitting and receivingramds, or the orientation to be used of the
two antennas during testing.

Page 45 — After unsuccessful attempts to chargeliome via the phone circuitry (which |
assume must contain electronics that regulate #ihod of the charging of the battery), Harrist
directly connects the phone battery to his eneggydsting system. The appropriateness of this
action is unknown. Study should have been carrnigdn battery charging (from a capacitor?),
and proper methods of battery charging.

Page 55-56 — Prototype testing — Harrist explaias his monopole antennas produced about
half as much DC voltage at the output of the mli#tipcircuit than the commercial antenna
used in experimental testing of the multiplier gitcHe does not provide any data to support
this statement. From this he also assumes thaeffi@ency of the monopole antennas are
about half that of the commercial quarter-wave wihipt he does not describe any theory to
explain this behaviour.

Finally, he somewhat strangely concludes thatratasured rate of 5-6mV per second
supplied by his harvesting circuit (with quarterwe@awhip), that the phone battery would
charge from 3.2V to 3.9V (a difference of 0.7V) hiit about 2 hours. With his monopole
antennas he gives a rate of 4mV per second, whidais would result in a charging time of 3
hours. He states also that a rate of 2mV per seobtained in previous research would result
in a charging time of almost 6 hours. It appearsnkerrectly calculates this battery charging
time as follows:

0.7V + 0.0055V/sec = 127 seconds ~= 2 minutesZrwurs).

0.7V + 0.004V/sec = 175 seconds ~= 2.92 minutes Zr92 or 3 hours).

0.7V + 0.002V/sec = 350 seconds ~= 5.83 minutes 183 or 6 hours).

I can only assume he calculates these chargingstimeorrectly as above, as he does not
provide any additional detail on how he obtainséhttmes. It seems he either incorrectly states
the rate of charge (seconds instead of minutedje dncorrectly calculates minutes as hours, as
above. It is highly unlikely that Harrist’s enerbgirvesting circuit would be able to charge the
battery to full charge in about 2 hours, as hesgtatreviously that it took 2 hours to charge the
phone battery when the phone was directly conndotadwall socket using the supplied travel
charger. In any case, it is doubtful that the cimgrgime can be estimated by simply measuring
the voltage across the battery during a finiterirak and then extrapolating the data to estimate
the time, as | am unsure whether the charging batsery is linear with time. The current
supplied to the battery would be more indicativalef amount of time it would take to fully
charge (as the time could then be estimated us$iegotitteries A-hr rating). This is a very
important mistake in his thesis, as the amouninoé it takes to charge a battery, and the rate of
this charging are important factors for the fedisjbof such a harvesting system.

Unfortunately, Harrist does not provide any otdetail on the charging time of his
system. It would have been better if Harrist hadtiomally monitored the battery voltage until
it was fully charged, and measured the time it tamkeach full charge, possibly providing a
graph of battery voltage versus time.

The overall vagueness and lack of detail, along wie notable omissions detailed above, lead

me to feel that Harrist's thesis does not providgoad foundation on which to base further
research.
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APPENDIX D — DESCRIPTION OF MATLAB CODES

mutual_imped.m — This function implements equatid®), and calculates the mutual
impedance of two linear thin-wire elements or teH snpedance of a single linear thin-wire
element, using the Gauss-Legendre integration ithgor All lengths are in wavelengths.

power_transfer_yagis.m — This function uses thection mutual_imped.m to calculate the
power transfer between two 2-element Yagi antenmagnplementation of the equations (14)
and (20). It outputs the power received at the lohthe receiving Yagi antenna, given the
properties (lengths, offsets, separations etcaJlalements of both antennas.

power_transfer_yagis graphing.m — This script symphakes use of the function
power_transfer_yagis.m to loop through increasiigiadces between the transmitting and
receiving Yagi antennas, and calculates and siarasvector the power transfer between the
two antennas for each distance. It then plots ogtaph of power transfer efficiency versus
distance between the transmitting and receiving #atgnnas.

max_power_transfer_conditions.m — This script immats the equations (14) and (22) to
determine the value of the load impedance for marinpower transfer, for two 2-element
Yagi antennas as the transmitting and receivingraras. It simply loops through increasing
distances between the antennas, and calculatestaras in a vector the load impedance for
maximum power transfer for each distance. It thietspout graphs of the load impedance for
maximum power transfer versus distance betweetrdnsmitting and receiving Yagi antennas.

Investigation of Wireless Power Transfer ¢ 20 February 2009, Version 1.0 47



Contact Us

Phone: 1300 363 400
+6| 3 9545 2176

Email: enquiries@csiro.au

Web: www.csiro.au

Your CSIRO

Australia is founding its future on science and
innovation. Its national science agency, CSIRO,
is a powerhouse of ideas, technologies and
skills for building prosperity, growth, health and
sustainability. It serves governments, industries,

business and communities across the nation.



