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ABSTRACT

A new loop configuration capable of reducing power radiation magnitudes lower
than conventional loops has been developed. This configuration is demonstrated for the
case of two coaxial loops of 0.1 meter radius coupled via the magnetic reactive field.
Utilizing electromagnetism theory, techniques from antenna design and a new near field
design initiative, the ability to design a magnetic field has been investigated by using a
full wave simulation tool. The method for realization is initiated from first order physics
model, ADS and onto a full wave situation tool for the case of a non-radiating helical
loop. The exploration into the design of a magnetic near field while mitigating radiation
power is demonstrated using an real number of twists to form a helical wire loop while
biasing the integer twisted loop in a non-conventional moebius termination. The helix
loop setup as a moebius loop convention can also be expressed as a shorted antenna
scheme. The 0.1 meter radius helix antenna is biased with a IMHz frequency that
categorized the antenna loop as electrically small. It is then demonstrated that helical
configuration reduces the electric field and mitigates power radiation into the far field. In
order to compare the radiated power reduction performance of the helical loop a shielded
loop is used as a baseline for comparison. The shielded loop system of the same
geometric size and frequency is shown to have power radiation expressed as -46.1 dBm.
The power radiated mitigation method of the helix loop reduces the power radiated from

the two loop system down to -98.72 dBm.
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CHAPTER 1
INTRODUCTION

Wireless power transfer has been explored for decades since the beginning of the
Tesla claim to transmit power wirelessly. It is well known that small amount of power
can be transmitted wirelessly with the far field radiation. For powering devices such as
rechargeable batteries for electronics, the power transfer must be explored for efficient
charging. Conventional loops of one to Nt turns have been explored and optimized for
modern electronics.

Advancement in modern tactical electronics for soldiers has become prevalent in
modern warfare. Hostile environment have become increasingly dangerous for operators
to complete missions covertly due to the opposition gaining access to radio frequency
analysis that can detect radiation from electronic powering stations. The need to recharge
a soldier’s electronic equipment without adding wires and procedures for charge has
become desirable.

Eliminating power radiation for wireless charging has not become feasible with
advancement in designing of the reactive magnetic field. In order to build an optimal
system, the first step requires a investigation into power radiation mitigation or virtual
elimination that will protect the where about of the operator have made a technological
advancement.

The Helical loop terminated in a moebius connection is proposed for developing a
wireless power transfer technology that mitigates power radiation through the canceling

of E-fields. Therefore, a hypothesis to be tested is proposed as: Can we reduce radiation



and preserve coupling by going to a higher order “pole” version of the standard current
loop? Currently no other technology is offered as a step toward a solution.

1.2 Organization

Chapter 2 provides a detailed analysis for developing a closed loop solution in
loop antenna wireless power transfer. From that analysis, Chapter 3 describes the four
models that are developed for investigating and validating schemes used in tuning the
antennas with resistive loads. The first order models results are compared against
equivalent circuit simulations in ADS. Chapter 4 introduces the shielded loops as a
possible solution to wireless power transfer. Chapter 5 pilots the investigation into a
helical configuration that is exploited later in chapter 6. Finally, chapter 6 steps in the
direction developing a baseline simulation of tuned shielded loop to loop coupling using
a full wave modeling tool. Power transfer and power radiated performance is compared
for a shielded loop to shielded loop system, helix loop to helix loop. The hypothesis is
addressed with two configurations. Finally, recommendations for future work are given

at the end of chapter 6.



CHAPTER 2
BASELINE PROPERTIES OF A POWER TRANSFER SYSTEM: LARGE AND
SMALL LOOP SYSTEM
2.1 Description of power transfer system relevant theory
It is known that two loops within the Near Field distances of each other have
power transfer capabilities via magnetic induction [4, 10]. For this investigation it was
considered that two loops of one turn with the transfer of power originating from a “large
radius” source loop to a “small radius” receiver loop. Specifically, the source loop shall
have a radius of 0.1 meters, while the receiver loop will be 1/10™ of the source loop; 0.01
meters. Both loops are considered to be suspended in free space with no external
interactions (e.g. no ground plane interaction). Both loops are assumed shorted loops.
The power transferred between the respective loops will then be evaluated by considering
the amount of Power transferred from the source loop Pi,. Assuming 1 ampere generated
from the source, the Power equations can be used for calculating the power being
transmitted from the generator and source loop. Next, radiated power and power to load
is considered. The amount of radiated power lost is determined by considering the
radiation resistance seen by the source combined with the receiver and then calculating
how much is radiated away. The power to load calculation will consider the Ohmic
Resistance of the metal of the loops. At this time no extra load resistance will be
assumed and hence the load is considered to be only the Ohmic Resistance of the receiver
loop. Once it was calculated all impedances, voltages and currents of the system it was
determined the power transfer efficiency of the described two-loop system.

2.2 Transducer Section



2.2.1 The Impedance and Admittance Matrix
The transducer theory shows that the Voltages of both loops and current of
receiver can be calculated if a realization is known for the impedances Z/1, Z22, Z12, and
Z21 of our system [9, 10]. For the reciprocal circuit, the non-diagonal impedance matrix
coefficients are symmetric
Zy1 =1y (1)
Two coupled antennas can be modeled as a transducer as long as the gaps between their
respective input terminals are small [9, 10].Additionally, a transducer exhibits linear
behavior if the voltages across each pair of terminals are linear functions of the currents.
Therefore for our two loop system
Vi=2Zy I + 72450 2)
Vo = Zy11h + Zys1, 3)
Where
V1 1s the voltage across the terminals of Loop 1,
V> is the voltage across the terminals of Loop 2,
1; 1s the current through Loop 1,

1> 1s the current through Loop 2,

Z11 1s the (self) impedance of Loop 1, Z;; = ‘;—1in the absence of loop 2.
1

Z 1> 1s the mutual impedance of Loop 1 to Loop 2. Z;, = ‘I/—Z The voltage induced in
1

loop 2 due to the current in loop 1.

V.

72> 1s the (self) impedance of Loop 2, Z,, = I—Zin the absence of loop 1.
2



Z>1 is the mutual impedance of Loop 2 to Loop 1. Z,; = % The voltage induced
2

in loop 1 due to the current in loop 2.

Shown in matrix form

Vi
V2

— le ZlZ
ZZl ZZZ

Iy
I

(4)

Where, given the currents, the total voltages can be calculated. For a given voltage, the
inverse of impedance is the admittance and thus if z is a 2x2 matrix it can be defined as

the corresponding admittance matrix as follows. Let,

a b
7=
e (5)
_ 1 d -—b
r= (ad—bc) X —C a | (6)
Resulting in:
(1 Zy  —Zy
Y - (211222—212221) X _Zzl le (7)
Now, let D be the following expression:
D = (Z11Z23 — Z12Z21) (8)

Equation (6) above can now be rewritten in terms of the admittance matrix

oo |2 =2
1 D D 1
LI T |2z zu | ™|y, ©)
D D
or
Il Yll YlZ Vl
= 10
LI = Y vl v, (10)




: z
with Y, = %.

Finally, the currents can be expressed as
Iy =Y, Vi + YoV, (11)
I, = Y1V + Y2,V (12)
So that, given the voltages the currents can be calculated.
2.2.2 Mutual Impedance of the Two Loop System
By extension from Magneto statics it can be known as defining the relationship between

Mutual Impedance and Mutual Inductance as

Li; = ]_w (13)
and
_Za
Lo =22 (14)
where

o is the angular frequency and

Ly, is the mutual inductance.

2.3 Mutual Inductance

As suggested by the last two equations it can be expected that the mutual
impedance problem to be reduced to the mutual inductance Magneto statics problem at
low frequencies. Therefore, different classic approximations help identify the important
parameters and serve as sanity checks. The investigation can begin by solving the mutual

inductance of the two loop system. The Magneto statics Biot-Savart approach, the

6



Magneto-Statics Elliptical function approach, and the Magneto-Statics Magnetic Dipole
approach. These should agree with the antenna Electrodynamics approach as frequency
goes to zero. Each solution obtained from the resulting method will then be reviewed and
compared for their accuracy and specific conditions required for the solution to work.
2.3.1 Magneto-Statics Approach

Mutual Inductance (Mutual Impedance) of two loops using the Magneto-Statics approach
will first be considered. At 1MHz, a large loop of 0.1 meter radius is considered
electrically small [10, 11]. This constitutes Magneto-Statics characteristic behavior.
2.3.1.1 Magneto-Statics Inductance equations

2.3.1.1.1 H,/B; on the axis of loop

By applying the Biot-Savart law [4] along the axis of a loop of radius r, the z-component

1s obtained

Uo 2mRZ?I

4T o 23
(z2+R2)2

B, = (15)

By assuming the smaller loop(1/10" radius of the larger loop)is small enough that
the flux through it is uniform, one can simply multiply B, by the area of the small loop
and divide by current to get the inductance of the large loop source projected onto the

small loop receiver.

_ BzAsmall,loop
Mlarge_loop - Targe toop (16)

where,
Miarge_100p1s the Mutual Inductance of the two loop system.

Agsmali_1oopis the area of the small loop with radius r and

Liarge 100p1s the current of the large loop.

7



2.3.1.1.2 Mutual Inductance using elliptical functions

Elliptical functions of the first and second kind can be used for calculating the
Mutual Inductance of two loops without the uniform flux approximation. As shown in
Ramo, Whinnery and Van Duzer [11] the final result for mutual inductance of coaxial
loops

M = pvab [(2- k) K(k) - 2E(k)] (17)

Where,

a is the radius of loop 1.

b is the radius of loop 2.

kz _ 4ab
"~ d?+(a+b)?

d is distance between coaxial loops.

E(k) = [T = I2sin?¢ do

_ (T®/2 do
K(k) a fO J1-kZsin2¢

2.3.1.1.3 Magnetic Dipole approach

The next Mutual Inductance calculation is realized by considering duality and the
Magneto-Static solution for a Magnetic Dipole in free space [11]. Consider a loop that is
relatively small compared to the other loop of the system, 1/10the size of the large
loopfor the present two loop system. The small loop can then be modeled as a magnetic
dipole.
It follows that the 8-component and the r-component of the total B-field are the dipole

fields of a loop.



By = *2_sin6 (18)

4mr3

B, = 2‘:;3 cos @ (19)
2.3.1.1.4 Electrodynamics - Flux Section small loop as source

Now to compliment the magneto statics approaches the focus is shifted to the
electrodynamics approach [11]. To begin, consider a Co-Axial system and calculate the
Mutual Inductance as a function of separation between the loops.

The Planar case takes the same two loops lying on a plane, and again separated as
a function of distance. Both scenarios assume the small loop is a magnetic dipole and use
the electrodynamics fields of a magnetic dipole in spherical coordinates for calculating
the B field in space. Then, by projecting the B field flux through the area of the larger
receiver loop, the inductance can be calculated. For calculating the total flux, [ B - ds
crossing the large loop the integral is carried out as a discrete sum. That is, the flux can
be calculated by dividing up the large loop cross section into small squares each with the
same unit area. By summing all flux contributions captured by each of the unit areas

within the larger receiver loop area, a final total flux passing through the larger loop can

be tabulated.
Then:
B,-dS
My, = $555 P (20)
and by reciprocity
M21 = k (21)

Iy



¥,1 = [[(B21) - 2RdRd¢ (22)

The dipole field of the loops is obtained using duality as follows:

Consider the Electric Field of a dipole in spherical coordinatesEy and E,-[12].

— 1 —jkor (jou [ 1 ;

Eg = e ( —+ \/;TZ + jw£r3) sin(8) (23)
_ L —jkor( |B1 1

E. =—-e (\/;rz + ja)er3) cos(6) (24)

Where the distance r = \/m is the distance from the Cartesian
origin.
If the Electric Dipole moment is,
Pe = qh (25)
and it is known that
I =jwq (26)
then, substituting q into Electric Dipole moment is it realized as

I

pe = (i5)h 27)
The static Magnetic Dipole is moment is defined as:

pm = 1S = Inr? = Ina?, (28)

Therefore, the AC Magnetic Dipole of the current moment is simplyjoulma® = I,,, - L .

Therefore by duality
_ jopllmaby —jkor (Jwe | 1 1 .
By =12t Tn (—r ot jww) sin(0) (29)
_ joullmaky, —jkor (_1_ 1
B, = ———"e (UTZ + jww3) cos(6) (30)
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Simplifying,

_ jwu?lazy —jkor (jws 1 1 ) .

By = — —"e —+ - + o sin(0) (31)
_ Joutlagn _jkor (L 1 )

B, = e -~ + T cos(6) (32)

For ease of programming, the cosine is replaced with the respective x, y,and z

components as follows.

cos(0) = ; (33)

sin(0) =+ |1 - (2)’ (34)

Recalculating, the B-field components become

iwula2 , i 2
By =t memyior (22 Ly )4 J1- (%) (35)
4 T nr jour r
_ doiadn o jeor (L4 1)z
B, = 2 € nr? + jour3)r (36)

The flux calculation total [ B - ds approach is performedas before by equally

dividing the large loop cross sectional area into multiple small unit areas. The Mutual

Inductance of the two loops system is then calculated by dividing the total flux captured

by the total current of the source loop.
2.3.1.2 Considerations for Computational Calculations
The MathCAD sheet is included in the Appendix.

2.3.2 Flux Results from each Method

All flux results assume a source loop of radius 0.1m that is positioned coaxially with a

secondary loop 1/10™ the radius of the source loop. Mutual inductance versus separation

11



distance is shown for all four approaches. Where, mutual inductance units are in henrys

and separation in units of meters. The first graph is the Magneto-Statics approach.

Magneto Statics Mutual Inductance On-Axis vs Loop Separation

1x10"%
™ ™ —
- -
= 1x10°° .
o
g N
L ~
S Magnetostatics; "
5 — X
ol -
5 N\
E 1x107 19 S
= N\,
AY
AN
N
-11
105 01 0.1
-
1000
Loop Separation (m)

Figure 1. Magneto Static flux along the axis of a loop.

The Magneto Statics solution is used as high fidelity results for comparing other methods

as a baseline solution.

The second method is the graphical results using the Neumann approach and Elliptical

functions.
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Elliptical Mutual Inductance Approach On-Axis vs Loop Separation

1x107%
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Figure 2. Elliptical Function flux along the axis of the loops.

The elliptical solution is commonly used in literature and can be readily compared to the

magneto statics solution.

The third method is the graphical results using the Magneto Static B-fields of a magnetic

dipole.
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Magneto Static Dipole Flux Approach On-Axis vs Loop Separation
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Figure 3. Magneto Static B-field of a magnetic dipole.

From electro static dipole solution and duality, in is shown that magneto static dual

magnetic dipole exhibits high fidelity.

The fourth method is the graphical results using the Magneto Dynamic B-fields of a

magnetic dipole.
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Magneto Dynamics Dipole Flux Approach On-Axis vs Loop Separation

1x10~%
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Figure 4. Magneto Dynamic B-field of a magnetic dipole

Finally, comparisons of all approaches are combined on one graph for comparison.
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Mutual Inductance Comparison On-Axis vs Loop Separation
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1x10~
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Figure 5. Magneto Statics, Elliptical, Magneto Static dipole and Magneto Dynamic
dipole.

2.4 Discussion

The mathematical investigation of two conventional loop each of one turn is used for
understanding the transfer of power originating from a “large radius” source loop to a
“small radius” receiver loop. The source loop shall have a radius of 0.1 meters, while the
receiver loop will be 1/10™ of the source loop; 0.01 meters. Both loops are considered to
be suspended in free space with no external interactions (e.g. no ground plane
interaction). Both loops are assumed shorted loops and no extra load resistance was
assumed. Transducer theory is then used to determine the mutual impedance, and

therefore the mutual inductance. Mutual inductance is calculated and compared by using
16



duality and approached such as the Magneto statics Biot-Savart law, elliptical functions,
magneto-static dipole and the electrodynamics approach. The mutual inductance of the
transducer is used to calculate the coupling coefficient. In conclusion, the
electrodynamics method used to calculate the mutual inductance and coupling coefficient

is validated by comparing three additional different approaches.
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CHAPTER 3
POWER TRANSFER PROPERTIES OF THE TWO LOOP SYSTEM

3.1 Background for application

This investigation is directed towards medical and military applications. For the
power radiated, consider a medical application in which there are sensitive electronic
sensors and electronics that provide life supporting therapy for the respective patient.
These medical systems can be negatively impacted by a significantly radiating disruptive
power source. This could negatively affect the monitoring or life support equipment for
patients and may also impact critical data collection and/or transmission needed for life
supporting treatment, and thus unintended radiation of significant magnitude could lead
to conditions ranging from, at best, undesirable (e.g. data loss) to catastrophic
implications (e.g. sensor failure or corruption of medical device).

Considering a military application, the user may be outfitted with sophisticated
electronic equipment and/or sensory electronics that require access to a wireless power
transfer charging system during an important military operation. Furthermore, the hostile
environment of the soldier may require wireless recharge usage that demands no
detectability. Additionally, the soldier must not generate any significant electromagnetic
emissions that could give the enemy any information of the presence or knowledge of the
operation. Even minor radiation emission could catastrophically lead to losses or
jeopardize the objective. Therefore, it is imperative that no detectable emission or

radiation be generated during use.
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3.2 Application of transducer theory.
For this investigation we consider two loops of identical size, and being
electrically small, which is defined as [7]
2nr K A (1)

with 7 equal to the loop radius and A equal to the wavelength of the respective
electromagnetic radiation, and therefore constrained to near field coupling, which is
defined as a distance < A. For simplicity, it will be assumed the loop current is constant
in amplitude and phase at all points on the loop. As a consequence of the constant loop
current assumption, any results for the loops greater than several meters in diameter are
not valid above SMHz. Additionally, the radius p, of the wire conductor is assumed
small compared to the radius of the loop. Using Linear Transducer theory [9, 10], from
chapter 2 the impedance matrix, equations 2 and 3 below are reproduced,

Vi=1211 11 + Zyp1 (2)

Vo =21y + Z330, 3)
and shown in matrix form in equation 4
41

_ le ZlZ Il

Vol =1z Zol |1y ©)
and then equation 5 expressed in terms of current and admittance

ol =l vl <l ®
Finally, the matrix is expressible as equations 13 and 14 from chapter 2.

Iy = Y1, Vi + YoV (6)

I; = Y1 Vi + Y,V (7)

The Power seen entering into loop 1 is then:
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Py = 1V; (8)

3.2.1 Ohmic Loss and Impedance assumed at feed

It is assumed the receiver loop is made of copper, with a conductivity of 0 =
5.8 X 107 Siemens. For the wireless power harvesting from the source loop by the
receiver loop to be investigated, the power captured by the copper loop material is
determined by binding the energy harvested to the receiver loop of the system. The loop
will experience magnetic flux which in turn generates a current and a voltage. For the
copper receiver loop it is known the reactive power is not as useful for calculations as
real power calculated in watts. Therefore, we shall focus our calculations on real power
with units of watts which will lead to the calculation of generated power at the receiver
loop. This approach will allow the realization of numerical data useful in modeling the
transferring of power to a load or battery of a system that requires electrical energy.

The real power dissipated due to Ohmic loss is

Pioss = I*Ropmic )

Looking at the power equation due to Ohmic resistance loss, it is apparent that the current
in the second loop is highly dependent on the Ohmic resistance and hence, the resistance
component that the electromagnetic wave sees while traveling along the wire is called the
surface resistance. The alternating current (AC) resistance of the loop’s wire depends on

the skin depth [12]. Defining the surface resistance as
R, = — (10)
Where

ois the conductance and

4is the skin depth of the copper wire.
20



The skin depth for the wire loop is expressed as such [12]:

, 2
6= P (11)

Therefore, at high frequencies (§ < pg) the resistance calculation for a round wire, in ()

per unit length (Q/m) is

Rs
Rhf = Py (12)
Such that
Ryire = Rhf ) 27-[Rlooop (13)

The frequencies of interest are selected under the assumptions of literature [6] that
shows desired characteristics of uniform current distribution. It is known that the effect
of non-uniform current distributions, in which as stated 2nr <« A [6], at the approximate
frequencies above SMHz become significant. Additionally, the radiated power becomes
significant and the electrically small limits of the loops become increasingly critical.
3.2.2 Radiation resistance and Radiation conductance

Calculating radiation resistance is dependent on antenna geometry, material
composition and frequency [1]. Typically, the radiation resistance is required for
describing the radiated power relative to the antenna and frequency in use. The well-
known radiation resistance for a loop antenna impedance model is derived by considering

the E, field at large distances from the loop [9, 10]:

_np%s _; .
E, = e JBT sin 6 (14)

where,
n = 3774 is the impedance of free space

B is the wave number k, = w/ep
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1 is the current of the loop

S is the area of the loop

r is the radial distance from source center outwards
0 is the angle ranging from zero to m,

while the radiated power can be solved as
P =" [ 2 EyE,sin0 dode = ——(B25)21I" (15)
The radiation resistance of the loop is then
R = L (B25)2 = 320m* 5 = 31,0005 (16)
6m A4 A4
Equation 16 holds valid for radiation resistance of the loop investigation assuming the
approach is to use an impedance, series-based, circuit model. However, the approach that

will be used here will be to consider an admittance circuit model developed by

Schelkunoff, as shown below [9, 10].

L - Cf2
L3 Cf2
[ | 35

Figure 6. Schelkunoff admittance circuit model of a loop antenna.

For realizing the radiation conductance, [9, 10] it can be shown that the conductance is

calculated as follows:

3T

G Lo ==
radiation 2n

(17)

This is significantly different than radiation resistance, in which the radiation resistance

depends on S and A. Whereas, the radiation conductance is a constant.
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3.2.3. Impedance/Conductance Models

For the impedance of the loop itself, we reference Schelkunoff’s admittance model of an
elementary loop antenna [9, 10] which contains inductive and capacitance loading in
parallel, and conductance loading in series with the capacitive loading.

3.2.4.1Self Capacitance (Z11 or Z22)

The capacitance of the circuit is the distributed capacitive loading seen between opposite
sides of the loop due to the charge associated with the current in the loop. Schelkunoff

gives the shunt capacitance as
Cuoop =5 Cavb (18)
Where,
b is the radius of the loop.

Cqy1s the average value of the capacitance between the two halves of the loop per

unit length along the circumference better modeled as a shorted two wire line:

mE
C. =
av logb/a

(19)
with

b equal to the radius of the loop and

a equal to the radius of the wire.
3.2.4.2 Self Inductance/Self Impedance (Z11 or Z22)
The total distributed inductance of a small single loop can be calculated by adding both
the internal inductance (L;) and the inductance due to the copper wire loop (Ljg0p). All
inductive contributions are then combined into one lumped inductance. The first

inductive metric is derived from the internal inductance [1].
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_ b |wug

Li=— |- (20)
where,
b is the radius of the loop
a 1s the radius of the wire and
w is the angular frequency of the EM radiation.
Additionally, the inductance due to the loop is derived as [1]:
Lioop =2 fip (5 sinw) dip = g log? @1

where 1 is the angle of the radius from the center of the loop to the outer perimeter of the
circular conductor. We can use the Static Electromagnetic calculations and thus use the
results to calculate the electrodynamics metrics respective to the system’s application
frequency.

3.3.1 Mutual Impedance by Reaction Integral

The mutual impedances between the loops modeled as antennas can be calculated
following Schelkunoff using the Reaction Theorem. Therefore we can express the

Mutual Impedance as [12]

Z,, =22 = Locb (22)
I, Ip

where,
Subscript 1 is referenced to loop 1
Subscript 2 is reference to loop 2
Subscript a is referencing loop 1,
and therefore subscript b references loop 2.

V,cpis the open — circuit voltage at terminal a induced by the field of antenna b.
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Using the reciprocity theorem we can therefore express V, ., as the following expression:
Voo = [ Ea - JpdV (23)

where,

E, is the field produced by the antenna a at the position of antenna b, with antenna b

removed

Jp 1s the source current of antenna b.

Therefore the expression for Mutual Impedance is:

Voc 1
+Z,, = 2 = Ef Eqo - JpdV (24)

Ip
Furthermore, if the current is confined to a wire, the volume integral simplifies to an

integral along the wire and it can be shown that the Mutual Impedance becomes
~Ziy = By - (§)d§ (25)
Where,
¢ is the distance variable along the wire.
3.3.2 Input impedance Z;,
Zin of a linear transducer can be obtained if the receiver antenna is Short-Circuited.
That is, we let />=0 in equation 3
Vi=2Zy1 1 + 2y (26)
Vo = Zo1lh + Z20, (27)
and by solving for the ratio‘;—i of the transducer system matrix we can define the input

impedance seen from loop 1 as it interacts with loop 2. Thus

Z%,
Zin =211 — Z (28)
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3.3.3.1 Connecting a Load to Loop 2: Derivation for Z;,

The receiver loop must have power storing capability for harvesting the energy/power
from the source loop. By assuming a battery attached to the loop, the impedance looking
in from the (assumed) voltage supply of the source loop will be impacted by the
impedance loading due to the battery. Hence, from a source perspective, the input
impedance will be dependent on the battery load. Therefore, derivation due to a battery
load must be derived.

Transducer theory is valid as long as the gaps between the two respective
antennas (that form a transducer) input terminals are small [9, 10]. Additionally, a
transducer is linear if the voltages across each pair of terminals are linear functions of the
respective currents. In the given case of two loops in proximity, they may be modeled as
a Linear Transducer, e.g. using equations 26 and 27 above, and the matrix form given by
equation 4 above.

For connecting a load Z; onto port 2, it is assumed

Vo =—Z.1, (29)
where the negative sign is due to the positive direction for I, being directed into the two-
port instead of into the load. Equation 27 now becomes

—Z I, = Zy1 I + Z0 (30)
Equation 30 is solved for I, as a function of I;and then we can replace I, by solving
Equation 26 for /> and using this expression, leavingV/;,V, and I, as functions of I;as is

noted below:

€2))
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Z12Z31

Vi =2Zulh — Zi+Z5 1 (32)
Z12Z.
Vi = (211~ 2224) 1y = Zinly (33)

Input impedance Z;,, and the two-port’s effect on the input circuit are expressed as a two

terminal loop of impedance, given by:

Z127
Zin =211 — ﬁ (34)

It is assumed the transducer model is supplied with a transmission line voltage
source connected by a transformer which is designed to match the real part of Z;,,. The
transmission line impedance is recognized as Z, while the impedance looking in from the
perspective of the transmission line is Z;,,. It can be shown that by setting Z; = Z;,,, the
reflection coefficient can be calculated for modeling the transmission line source wave

interaction with the transducer. The Reflection Coefficient [3] is expressed as

r==2% (35)

T Zi+Z
With the reflection coefficient, the voltage and then the current at Loop 1 can be
calculated using the voltage-reflection and current-reflection relationship expressed as
V(z) = V§'[e /P? + TelF?) (36)
+ .
I(z) = - [e7/Pz — TeIF?] (37)
0
If the distance z along the transmission line to loop 1 is electrically small (d <<1), the
voltage-reflection and current-reflection relationships of a transmission line reduce to
V(~0) =Vy[1+T] (38)
and
V+
I(~0) =-[1-T] (39)
Zy
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where it is recognized that for very small electrical lengths of z, the exponential reduces
to 1: et/h7 = 1.

Realizing the Voltage and Current on loop 1 (source loop) using equations 38 and
39, we can combine them with the self-impedances and mutual impedances of the
transducer theory matrix and solve for the voltage and current of loop 2. Finally, given
known values for the various transducer matrix variables, we can calculate the real power
across the system.
3.3.3.2 Real Power Transfer Parameters for Transducer Efficiency
To obtain real power transfer metrics we first need to define the real power supplied by
transmission line source, the real power loss due to reflection and the real power
transmitted to the transducer model. The real power transmitted to the transducer model
is the real power that is initially seen by the source loop and therefore distributed among
the system of the transducer model. Real power is known as the power lost due to Ohmic
resistance.

The real power supplied by the transmission line source may be expressed as

incident power as follows:

_ |Vsrc|2
inc — Re(Zy) (40)

where,
Py, 1s the power incident wave from the transmission line source,
Vsrc 1s the source voltage connected to the transmission line and

Z, is the characteristic impedance of the transmission line source.
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The incident power wave will then hit the boundary of the transmission line and
the two loop system, that is the first loop known as the source loop coupled to the second
loop. The wave will then undergo a reflection and transmission split in real power and in

which the reflected power is expressed as:

P — |Vsrc|2'|r|2
Tefl Re(Zo)

41)
Where

Py¢ 5 1s the power reflected from incident wave due to any impedance mismatch.

The real power that reaches the first loop (source) is expressed as follows:

|VST'C|2
P, =m'(1—|r|2) (42)

Where,

P;, 1s the power transmitted from the incident wave and is dependent upon any
impedance mismatch. Knowing the power that is sourced from the transmission line, the
efficiency in terms of percentage may be defined as the real power that is delivered to the
battery load, divided by the incident real power, multiplied by 100. The percent

efficiency of the transducer configuration is thus expressed as:

Eff = (’;b—:) - 100 (43)
Where,

Pyqte 18 the power dropped across the battery load and

Py, 1s the power incident from the transmission line source.

Therefore, using efficiency as a figure of merit, we can investigate both series and

parallel tuning approaches for the primary and secondary loops as to which gives the

optimal power transfer characteristics of the transducer system.
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3.3.3.3 Tuning for Power Transfer Efficiency under Resonance Condition

At 1 MHz, there is significant inductive loading to the self-impedance for each loop.
Because this inductive loading reduces efficiency it is necessary to minimize the
reactance seen in the system. By adding the conjugate capacitance to the inductive
impedance of a circuit, the reactive component can be reduced to nearly non-significant
value. This technique results in a resonance condition where only the real part of the
impedance is seen by the source. For each loop we have the option to tune the reactance
in series or parallel with the inductive reactance of the loop. Using the inductive
calculations that were previously derived we can solve for the tuning capacitance that is
needed to cancel the reactive component of the impedance and achieve a resonance
condition.

For series tuning of one loop,

= ijloop (44)

JjwCtune

where,
Ciune 18 the tuning capacitance required to cancel the inductive reactance of the loop and
Lioop 1s the inductive reactance due to the current in the loop.

Solving for the capacitance needed to cancel the inductive reactance, one obtains:

1

Cs_tune = FIOOP (45)
Similarly for parallel tuning we can express the capacitance relationship as:
1 .
=R+ jwLipop (46)

JjwCtune

and thus solving for the capacitance needed to cancel the inductive reactance, we obtain:
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1
Cp_tune =" 1z 47)

RZ+(wLioop)”

Note that the tuning capacitance is dependent on both inductance reactance and
resistance. When the resistance is significant when compared to the inductance
reactance, the tuning capacitance will be impacted by both resistance and reactance.
Hence, the secondary loop with a load of significant resistance will impact the parallel
capacitance tuning. It is well understood that the resonance condition is required for
maximum power transfer efficiency. Regarding series and parallel tuning, this thesis will
investigate the different tuning combinations to realize the best use case. We can then
determine the best tuning strategy for maximum power transfer or maximum efficiency at
a given distance from a source loop to a receiver loop.
3.3.3.4 Resonance Tuning Conditions
A total of four separate tuning strategies will be investigated. The strategy will be to tune
each loop separate from the other loop in either a series or a parallel configuration. The
four configurations are as follows: Series-Series, Series-Parallel, Parallel-Series and
Parallel-Parallel, which will be abbreviated as S-S, S-P, P-S and P-P, respectively.
3.3.4.1 Verification of MathCAD models using Advanced Design System Simulations
The four MathCAD models labeled as S-S, S-P, P-S and P-P need to be validated. The

Mutual Inductance is related to the coupling coefficient k and can be expressed as

(48)

Where,
M is the Static Mutual Inductance between loops 1 and 2.

L4is the Static Inductance of loop 1.
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L,is the Static Inductance of loop 2.

By calculating the coupling coefficient k and applying an equivalent circuit schematic of
the two loop system in simulation software Advanced Design System (ADS) by Agilent
Technologies, we can simulate the circuit and then compare the results obtained using the
MathCAD model results. The coupling coefficient can be inserted into the Mutual
Coupling token used in ADS for mutual inductance and using an AC simulation token we
can initiate a series of simulations in order to obtain currents and voltages to be compared
to the respective MathCAD model for validity. In the first set of simulations, a coupling
coefficient k of 0.199 from the S-S model was used in conjunction with a load of 10-
Ohms to represent a low impedance battery, solely for model development and validation
purposes. Figure 7 below shows the initial S-S simulation circuit.

B -
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@
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Figure 7. S-S equivalent tuning circuit to simulate the power transfer of the source loop to
the receiver loop.

The simulation results for S-S AC simulation are shown in figure 8 below: For the
resonant current in the source loop it can be shown there is an agreement in magnitude of
the ADS circuit simulation and the MathCAD model. It is shown that the narrow band

resonant response characteristic is depicted as expected.
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Figure 8. Current on source loop of S-S tuning configuration with a 10 ohm load, plotted
in ADS versus frequency.
The MathCAD S-S model of the current on the source loop was calculated as:
1150 = 7.101
while the ADS simulation circuit model gave a magnitude of 7.084 Amperes.
For the resonant current in the receiver loop we can see an agreement in

magnitude of the ADS circuit simulation and the MathCAD model, with the ADS results
noted in figure 9. It is shown that the narrow band resonant response characteristic is

depicted as expected.
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Figure 9. Current on receiver loop of S-S tuning configuration with a 10 ohm load plotted

in ADS versus frequency.

The MathCAD S-S model of the current on the receiver loop was calculated as:
1250 = —2.669 X 1072 — 0.619i
while the ADS simulation circuit model gave a magnitude of 0.620 Amperes.
For the resonant voltage in the receiver loop we can see an agreement in magnitude of the
ADS circuit simulation, plotted in figure 10 and the MathCAD model. It is shown that

the narrow band resonant response characteristic is depicted as expected.
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Figure 10. Voltage on receiver loop of S-S tuning configuration with a 10 ohm load
plotted versus frequency.
The MathCAD S-S model of the voltage on the receiver loop battery load was calculated
as:
V250 = 2.687 X 1078 + 6.233i

while the ADS simulation circuit model gave a magnitude of 6.202 Volts.
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It is shown in Figure 11 below that for the resonant real power simulations it is calculated

by ADS with a 'z factor whereas the MathCAD models do not use a ' factor to calculate

If (f>0)
P = ¥:*Vp*conj(ip) (1)

real power.

Figure 11. ADS graphical power calculation

Hence, in the source loop we can see an agreement of the ADS circuit simulation, shown

in figure 12 below, and the MathCAD model. It is shown that the narrow band resonant

response characteristic is depicted as expected.
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Figure 12. Real power on source loop of S-S tuning configuration with a 10 ohm load
plotted in ADS versus frequency.
while the MathCAD S-S model of the real power in watts of the source loop is calculated
as:

Ptrs, = 7.101
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The ADS simulation circuit model gave a magnitude of 3.542 Watts. When multiplied by
two to recover the one-half gives 7.804 Watts.

For the resonant real power in the receiver loop we can see an agreement of the ADS
circuit simulation, as shown in figure 13 below, and the MathCAD model. It is shown

that the narrow band resonant response characteristic is depicted as expected.
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Figure 13. Real power on receiver loop of S-S tuning configuration with a 10 ohm load

plotted against frequency.

The MathCAD S-S model of the real power on the receiver loop battery load was
calculated
as:
Pbatts, = 3.836
The ADS simulation circuit model gave a magnitude of 1.923Watts. When multiplied by

two to recover the one-half gives 3.846 Watts.
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Next, the receiver loop was changed from a series tuned circuit to a parallel tuned
circuit.

The initial S-P simulation circuit is shown in figure 14 below.
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Figure 14. S-P equivalent tuning circuit for power transfer of the source loop to the
receiver loop as designed in ADS.

The simulation results for S-P AC simulation are as follows. For the resonant current in
the source loop it can be shown there is an agreement with the ADS circuit simulation, as
displayed in figure 15 below, and the MathCAD model. It is shown that the narrow band

resonant response characteristic is depicted as expected.
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Figure 15. Current on source loop of S-P tuning configuration with a 10 ohm load plotted

against frequency.
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The MathCAD S-P model of the current on the source loop was calculated as:
I150 = 6.952
The ADS simulation circuit model gave a magnitude of 6.940 Amperes.
For the resonant current in the receiver loop we can see an agreement of the ADS circuit
simulation, as shown in figure 16, and the MathCAD model. It is shown that the narrow

band resonant response characteristic is depicted as expected.
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Figure 16. Current on receiver loop of S-P tuning configuration with a 10 ohm load
plotted against frequency.
The MathCAD S-P model of the current on the receiver loop was calculated as:
1250 = 2.717 X 107° + 0.63i
The ADS simulation circuit model gave a magnitude of 0.629 Amperes.
For the resonant voltage in the receiver loop we can see an agreement of the ADS circuit
simulation, as noted in figure 17 below, and the MathCAD model. It is shown that the

narrow band resonant response characteristic is depicted as expected.
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Figure 17. Voltage on receiver loop of S-P tuning configuration with a 10 ohm load
plotted against frequency.
The MathCAD S-P model of the voltage on the receiver loop battery load was calculated
as:
V20 =2.63x 1078 + 6.102i
The ADS simulation circuit model gave a magnitude of 6.1 Volts.
For the resonant real power the source loop we can see an agreement of the ADS circuit
simulation, as seen in figure 18 below, and the MathCAD model. It is shown that the

narrow band resonant response characteristic is depicted as expected.
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Figure 18. Real power on source loop of S-P tuning configuration with a 10 ohm load
plotted against frequency.
The MathCAD S-P model of the real power on the source loop is calculated as:
Ptrsg = 6.952
The ADS simulation circuit model gave a magnitude of 3.414Watts. When multiplied by
two to recover the one-half gives 6.828 Watts.
For the resonant real power in the receiver loop we can see an agreement of the ADS
circuit simulation, as seen in figure 19 below, and the MathCAD model. It is shown that

the narrow band resonant response characteristic is depicted as expected.
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Figure 19. Real power on receiver loop of S-P tuning configuration with a 10 ohm load
plotted against frequency.
The MathCAD S-P model of the real power on the receiver loop battery load was
calculated
as:
Pbattsy = 3.973
The ADS simulation circuit model gave a magnitude of 1.86 Watts. When multiplied by
two to recover the one-half gives 3.72 Watts.
Next, the source loop is changed from a series tuned circuit to a parallel tuned

circuit and the receiver loop was changed back to a series tuned circuit. The initial P-S

simulation circuit is shown in figure 20 below.
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Figure 20. P-S equivalent tuning circuit for power transfer of the source loop to the

receiver loop as designed in ADS.

The simulation results for P-S AC simulation are as follows: For the resonant current in

: R=0.084 Ohm Inductor2="12" =

I_Probe2

the source loop it can be shown there is an agreement with the ADS circuit simulation, as

shown in figure 21, and the MathCAD model. It is shown that the narrow band

theoretical resonant response characteristic does not have the sharp characteristic

response as expected.
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Figure 21. Current on source loop of P-S tuning configuration with a 10 ohm load plotted

against frequency.

The MathCAD P-S model of the current on the source loop was calculated as:

I15, = 3.3 x 1073 4+ 3.592i x 10715
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The ADS simulation circuit model gave a magnitude of 0.003 Amperes.

For the resonant current in the receiver loop it shows an agreement of the ADS circuit
simulation, as shown in figure 22 below, and the MathCAD model. It is shown that the
narrow band theoretical resonant response characteristic does not have the sharp

characteristic response as expected.
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Figure 22. Current on receiver loop of P-S tuning configuration with a 10 ohm load
plotted against frequency.
Where the MathCAD P-S model of the current on the receiver loop was calculated as:
120 = —1.24 x 10712 — 2.878i x 107*

The ADS simulation circuit model gave a magnitude of 4.505 X 10~> Amperes.
For the resonant voltage in the receiver loop it shows an agreement of the ADS circuit
simulation, as shown in figure 23 below, and the MathCAD model. It is shown that the
narrow band theoretical resonant response characteristic does not have the sharp

characteristic response as expected.
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Figure 23. Voltage on receiver loop of P-S tuning configuration with a 10 ohm load
plotted against frequency.
The MathCAD P-S model of the voltage on the receiver loop battery load is calculated
as:
V2 = 1.248 x 1071 + 2.896i x 1073

The ADS simulation circuit model gave a magnitude of 4.505 x 10~* Volts.
For the resonant real power in the source loop it shows an agreement of the ADS circuit
simulation, as shown in figure 24 below, and the MathCAD model. It is shown that the
narrow band theoretical resonant response characteristic does not have the sharp

characteristic response as expected.
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Figure 24 .Real power on source loop of P-S tuning configuration with a 10 ohm load
plotted against frequency.
The MathCAD P-S model of the real power on the source loop is calculated as:
Ptrsy = 3.3 x 1073

The ADS simulation circuit model gave a magnitude of 0.002 Watts. When multiplied by
two to recover the one-half gives 0.004 Watts.
For the resonant real power in the receiver loop it shows an agreement of the ADS circuit
simulation, as shown in figure 25 below, and the MathCAD model. It is shown that the
narrow band theoretical resonant response characteristic does not have the sharp

characteristic response as expected.
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Figure 25. Real power on receiver loop of P-S tuning configuration with a 10 ohm load
plotted against frequency.
The MathCAD P-S model of the real power on the receiver loop battery load was
calculated as:
Pbatts, = 8.281 x 1077
The ADS simulation circuit model gave a magnitude that was very small in magnitude

and on the order of micro watts.
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Finally, the source loop is a parallel tuned circuit and the receiver loop was

changed to a parallel tuned circuit and the initial P-P simulation circuit is shown in figure

26 below
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Figure 26. P-P equivalent tuning circuit for power transfer of the source loop to the
receiver loop as viewed in ADS.
The simulation results for P-P AC simulation are now reviewed. For the resonant current

in the source loop it can be shown there is an agreement of the ADS circuit simulation, as

shown in figure 27, and the MathCAD model. It is shown that the narrow band

theoretical resonant response characteristic does not have the sharp characteristic

response as expected.
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Figure 27. Current on source loop of P-P tuning configuration with a 10 ohm load plotted
against frequency.

The MathCAD P-P model of the current on the source loop was calculated as:

I159 = 3.299 x 1073 + 3.735i x 10715
The ADS simulation circuit model gave a magnitude of 0.007 Amperes.
For the resonant current in the receiver loop it shows an agreement of the ADS circuit
simulation, as shown in figure 28 below, and the MathCAD model. It is shown that the
narrow band theoretical resonant response characteristic does not have the sharp

characteristic response as expected.
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Figure 28. Current on receiver loop of P-P tuning configuration with a 10 ohm load

plotted against frequency.

Where the MathCAD P-P model of the current on the receiver loop was calculated as:
1255 = —1.289 X 10712 — 2,992i x 10~*
For the resonant voltage in the receiver loop it shows an agreement of the ADS circuit

simulation, as shown in figure 29 below, and the MathCAD model. It is shown that the
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narrow band theoretical resonant response characteristic does not have the sharp

characteristic response as expected.
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Figure 29. Voltage on receiver loop of P-P tuning configuration with a 10 ohm load.
The MathCAD P-P model of the voltage on the receiver loop battery load was calculated
as:

V250 = 1.248 X 10711 + 2.896i x 1073
For the resonant real power in the source loop it shows an agreement of the ADS circuit
simulation, as shown in 30 below, and the MathCAD model. It is shown that the narrow

band theoretical resonant response characteristic does not have the sharp characteristic

response as expected.
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Figure 30. Real power on source loop of P-P tuning configuration with a 10 ohm load

plotted against frequency.

The MathCAD P-P model of the real power on the source loop is calculated as:

Ptrsy = 3.299 x 1073
For the resonant real power in the receiver loop it shows an agreement of the ADS circuit
simulation, as shown in figure 31 below, and the MathCAD model. It is shown that the
narrow band theoretical resonant response characteristic does not have the sharp

characteristic response as expected.
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Figure 31. Real power on receiver loop of P-P tuning configuration with a 10 ohm load
plotted against frequency.
The MathCAD P-P model of the real power on the receiver loop battery load was

calculated as:
Pbatts, = 8.951 x 1077
Please refer to Table 1 below, which summarizes the MathCAD and ADS results for the

four different coupling circuits: series-series, series-parallel, parallel-parallel, and

49



parallel-series. For comparisons of both MathCAD model results and ADS results, the
magnitude was realized for generating a table that readily compares and contrasts the
current, voltage and power of the two loop system.

Table 1. MathCAD simulations compared to respective ADS simulations

Circuit Model I1 12 V2 Power 1 | Power to Load
(Tuning) (Tool) | (Amp) | (Amp) | (Volts) | (Watts) (Watts)
MathCAD | 7.101 | 0.619 | 6.233 7.101 3.836
Series-Series
ADS 7.084 | 0.620 | 6.202 7.804 3.846
MathCAD | 6.952 | 0.630 | 6.102 6.952 3973
Series-Parallel
ADS 6.940 | 0.629 | 6.100 6.828 3.72
MathCAD | 3.0m | 290 | 3.0m 33m 828 n
Parallel-Series
ADS 3.0m 451 450 n 40m 20n
MathCAD | 33m | 3.0m | 3.0m 33m 895 n
Parallel-Parallel
ADS 70m [200m| 200m | 4.0m 4.0 m

Table 2 below lists the relative error/difference between MathCAD and ADS. Where the

|ADS—MathCAD|

- 100 and the results tabulated below.
|ADS]|

error can be expressed as %Error =

Table 2. Percent error between MathCAD and ADS results

Circuit Model 11 12 V2 Power 1 | Power to Load
(Tuning) (% Error) | (% Error) | (% Error) | (% Error) (% Error)
Series — Series 0.3 0.2 0.5 9.1 0.3
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Series — Parallel 0.2 0.2 0.1 1.8 6.4

It is good to note that the MathCAD model accounts for radiation loss, however I do not
think ADS will recognize the loss due to radiation nor is it modeled/considered in the
circuit simulated.

Finally, Table 3 below lists the power transfer efficiency.

Table 3. Power transfer efficiency for each tuning circuit

0.05 meter distance | S-S |S-P|P-S|P-P

% Efficiency 54 57 | 0.02 | 0.02

3.3.5.1 Efficiency Comparisons of Loop Tuning Strategies with a 10-Ohm Battery Load
The four tuning configurations were setup in MathCAD for evaluating the Efficiency
versus separation distance of the two loops. The Efficiency is defined as the real power
delivered to the battery load, divided by the incident real power derived from the
transmission line source, multiplied by 100 to state it as a percentage. It is expressed as

follows:

Effy = (”’““Z) -100 (49)

Pincyz
The initial investigation assumed a 10 ohm load for simplicity. It was realized that
efficiency is directly impacted by the Ohmic loading of the added load. Initial
assumptions reduced the efficiency to a very low value and results were nearly
incomparable. Hence, for finding a reasonable base line that made evaluation of the
tuning easier, it was decided to begin by assuming a 10 ohm load. The efficiency is
plotted for each tuning configuration. Four efficiency plots are shown in which two show

significant advance in terms of percentage efficiency and both are of the same order.
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Additionally, the efficiency in MathCAD vector format is shown for a quantitative
comparison. Notably the S-S and S-P configurations of the MathCAD model and the
ADS model performed very similar, within approximately three percent the 10 ohm load
investigation. Both the P-S and the P-P performance are poor when compared to S-S and
S-P configurations. Note that for a 10 ohm load the efficiency in only slightly better for
the S-P than the S-S tuning configuration. Figures 32 — 35 show the efficiency plotted

against the spacing for the respective circuit configurations in MathCAD
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Figure 32. S-S tuning configuration with a 10 ohm load in graphical and vector format.
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Figure 33. S-P tuning configuration with a 10 ohm load in graphical and vector format.
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Figure 34. P-S tuning configuration with a 10 ohm load in graphical representation.
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Figure 35. P-P tuning configuration with a 10 ohm load in graphical representation.
3.3.5.2 Efficiency Comparisons of Loop Tuning Strategies with a 300-Ohm Battery Load
Four tuning configurations were setup in MathCAD for evaluating the Efficiency versus a
given half radius separation distance of the two loops. A surrogate 300 ohm load is used
in place of the initial 10 ohm load. The 300 ohm load holds merit as a realistic
pacemaker battery resistance [8]. The same analysis was repeated for plotting efficiency
for each tuning configuration. It is shown that configurations S-S and S-P are similar in
magnitude. Additionally, the MathCAD efficiency vector is shown for quantitative
clarity of the efficiency percentage. It is shown below that the P-S and P-P
configurations exhibit less than 1% efficiency. The P-S and P-P configurations are also
noted as relatively poor performers when compared to S-S and S-P configuration, which
are greater than 10% at 0.5 radius distances for a 0.1m radius and a IMHz source.
Figures 36 — 39 plot the respective Efficiency versus separation distance using the 300

ohm load.
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Figure 36. S-S tuning configuration with a 300 ohm load in graphical and vector format.
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Efficiency S-P: 300 ohm load
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Figure 37. S-P tuning configuration with a 300 ohm load in graphical and vector format.
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Figure 38. P-S tuning configuration with a 300 ohm load in graphical representation.
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Efficiency P-P: 300 ohm load
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Figure 39. P-P tuning configuration with a 300 ohm load in graphical representation.
3.3.5.3 Efficiency Comparisons Discussion
A total of eight efficiency graphs representing the respective parallel or series tuning
methods are shown. The first four graphs assume a 10 ohm load added to the receiver
loop. The last four graphs assume a common battery load of 300 ohms representing the
typical medical pacemakers [citation].
As noted by the efficiency graphs above, the S-P configuration is the most efficient
method for tuning a loop in wireless power transfer for transferring power from the
transmitter to the receiver load.
There are many papers and investigations that suggest S-P is the best method for tuning a
two circuit system to maximize efficiency, yet the reasoning behind the attained
efficiency is not discussed. Investigation into the explanation of the phenomenon has not
be been identified.
The reasoning behind the most efficient tuning method S-P can be explained in terms of

the quality factor Q. The quality factor Q is a measure of the loss of a resonant circuit
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[3]. Hence, lower loss implies higher Q. The efficiency study carried out above shows
that the loss of the circuit, or efficiency, varies with different tuning configurations. The

Q for a series resonant circuit is defined as:

(woL)
Qs =" (50)

Where

w, 1s the angular frequency defined as 2 f

L is the inductance of the copper wire loop in Henries per meter and
R is the Ohmic resistance of the copper wire loop.

For the series resonant loop, Q gets smaller with added resistance.

For the Q of a parallel resonant circuit, the definition is expressed as:

. ®
Qp = (wol)

(51)

For the parallel resonant loop, Q becomes larger with added resistance.

Furthermore, it is known that the Series Resonator stores magnetic and electric energy as
a function of current, while the Parallel Resonator stores magnetic and electric energy as

a function of voltage [3]. With regards to wireless power transfer via near field inductive

coupling of the magnetic energy, the focus will remain on the magnetic energy stored.

The stored magnetic energy of the series resonator can be expressed as:

Wi = 2 1112L (52)
Where
I 1s the current supplied to the loop circuit and

L is the inductance of the copper wire loop in Henries per meter.

The stored magnetic energy of the parallel resonator can be expressed as:
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Wy, =~ |V[2 = (53)

Where

Vis the voltage supplied to the loop circuit and

L is the inductance of the copper wire loop in Henries per meter and

wy 1s the angular frequency defined as 2 f, with f being the frequency in Hertz of the
source generator.

The stored magnetic energy is realized by considering the interaction of the two loops.
The transmitting loop generates magnetic flux which passed through the inside perimeter
of the second loop. As the second loop captures the magnetic flux due to the first loop
and it drives current. The resistance then increases and directly impacts Q as shown in
equations 50 and 51. For the primary loop, known as the transmitter loop, its series
capacitor tuning is better for the simple reason that if the primary is connected to a source
with parallel tuning, significant amounts of current will tend to shunt to ground through
the parallel capacitor.

3.4 Discussion

In this chapter a two loop wireless power transfer physics model was developed in
MathCAD with the equivalent circuit for the two loop wireless power transfer is built and
simulated in ADS. The current, voltage and power values on the transmitter and receiver
loop from the ADS simulations were then compared to the physics model developed in
MathCAD.

Next, the series tuning and parallel tuning combinations of the two loop wireless system
were investigated to determine the maximum efficiency in wireless power transfer to the

load on the receiver loop. It is shown that the series resonant tuning configuration on the
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transmitter loop and a parallel resonant tuning configuration on the receiver loop is the
best approach, with respect to an Ohmic load on the receiver loop, to maximize the power
transfer of the wireless power transfer system.

Finally, it is expressed that the reasoning for series resonant tuning on the transmitter
loop and parallel resonant tuning on the receiver loop is explained in terms of the quality
factor Q. The quality factor Q confirms the series-parallel configuration is the most
efficient option based on the mathematical physics model assumption of a closed form

solution which is developed in MathCAD for investigating wireless power transfer.
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CHAPTER 4
SHIELDED LOOP POWER TRANSFER PROPERTIES OF THE TWO LOOP
SYSTEM

4.1 Introduction background for Shielded Loops

Shielded loops and their characteristics, and comparisons with the wireless power
transfer model will be investigated. The shielded loop has performance advantages over
a single turn wire loop [14]. Consider a 50-Q RG-58 copper shielded loop of 0.1 meter
radius. The loop is assumed to be sourced by a neck feed that has a smooth transition
from the feed to the loop itself, with the neck feed also being composed of copper RG-58
transmission line conductor. An RG-58 shielded loop of 0.1 meter radius is shown in

figure 40 below.

Figure 40. A single 50-Q copper shielded loop of 0.1m radius.

The construction of the loop itself consists of the first-half of the loop made of RG-58

coaxial transmission line as shown in Figure 41.
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Figure 41. A single 50-Q copper shielded loop of 0.1m radius depicting the first half and
neck as RG-58 coaxial cable.

At approximately half of a turn (180 degrees from neck feed) the RG-58 coaxial

construction of the outer shield is terminated while the inner conductor continues for

approximately 1/10" a turn (36 degrees). The center conductor is then physically

attached, typically using a weld, to a solid copper conductor with a radius equal to the

outer diameter of the RG-58 coaxial transmission line, as shown in Figure 42.

a. b.
Figure 42. A single 50-Q copper shielded loop of 0.1m radius depicting center conductor
united with a solid object of RG-58 coaxial cable dimensions, with a the general outside
figure appearance, while b shows the outside coaxial cable being transparent to highlight

the inner conductor.
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The solid copper conductor then continues to construct the loop until it reaches the
feed/neck, where it makes electrical contact with the outer conductor/shielding of the RF-

58 coaxial loop as shown in Figure 43

a. b.
Figure 43. a) A single 50-Q copper shielded loop of 0.1m radius depicting the neck feed
composed of RG-58 coaxial cable dimensions, with b) an enlargement of the feed/neck
location

4.2 Two Loop Coupling System Methodology

Two shielded loops composed of a transmitter and a receiver are used for validating
the MathCAD wireless power transfer model. The initial efforts in simulating wireless
power transfer for comparing the MathCAD wireless power transfer physics model begin
with both loops of equal dimensions separated by half of the loop’s radius distance, with
a radius of 0.1 meters. By placing HFSS wave ports at the mouths of the neck feed lines
the two loop simulation is modeled as a two port device. Thus, the HFSS simulation for
the co-axial loops will readily give the S-matrix values of the two shielded loop system.
The HFSS S-matrix results can then be readily compared with the MathCAD model

results by calculating the S-matrix from the impedance matrix.
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The first simulation will consist of a single shielded loop without any resonance
tuning in the simulation setup. The next simulation will consist of two shielded loops,
with the neck feeds mirrored to each other and no resonant tuning incorporated into the
simulation setups. These simulations shall be labeled as untuned shielded loop
simulations, in which neither the receiving and transmitting loops, nor source is
impedance matched or tuned.

Due to asymmetry of the E-fields that occurs at the open end of the coaxial cable
located approximately 180 degrees from the neck feed; expected results are impacted due
to the E-field concentrated from both shielded loops at one end resulting in a dipole
behavior. A final simulation configuration of the two untuned shielded loop is setup with

the neck feeds drawn at 180 degrees opposed to each other as shown in figure 44.

—
I —

g

Figure 44. Two shielded loops with neck feeds 180 degrees opposite of each other.
It is proposed that as an additional candidate for investigating the wireless power
transfer MathCAD models will be to use the HFSS S-matrix results of resonant tuned
shielded loops. This will allow for investigating how much of the power delivered from

the source loop to the receiving loop is transferred and quantify the efficiency, as also
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performed in chapter 3, for each configuration. For quantitative analysis of wireless
power transfer radiation loss, both the HFSS simulation radiation loss and the MathCAD
model radiation loss will be compared. Additionally, the Ohmic losses for both models
will be used to verify power conservation and model validation. Although relatively
small, it is noted that the additional transmission line length of the loop due to the neck
feed will add a subtle difference in geometric length which will impact the final
impedance result given by HFSS simulation.

Finally, the investigation into power transfer efficiency vs radiation loss will be
considered. Power transfer efficiency is a function of frequency and it is proportional to
radiation loss into the far field.

Regarding design analysis considerations, it can be shown that the power transfer
efficiency and radiation loss trade-off can be optimized and used as a baseline model of a
baseline system. This baseline model will be used for considering an optimal power
transfer system with reduced radiation loss as the first iteration for a final design. The
baseline model needed will be derived from the shielded loop analysis given in the
following pages of this chapter.

4.2.1 HFSS S-Matrix Untuned Shielded Loop Results

A single untuned shielded loop constructed of RG58 dimensions and with a loop
radius of 0.1 meters was simulated at IMHz using HFSS, with the results of the S-

parameters, Z-parameters and characteristic impedance equaling Z; = 500Q2. The HFSS
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drawing and results are shown in figure 45.
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Figure 45. a) Single Shielded loop results and b) its physical configuration.

Next, two untuned shielded loops constructed of RG58 dimensions and with a loop radius

of 0.1 meters was simulated at IMHz using

simulating with both neck feeds on the same side, as shown if figure 46 below. Thus, the

two shielded loops are configured as mirrors of each other separated by half a loop

radius. The shielded loops are simulated in

parameters and characteristic impedance wasZ, = 50Q). The HFSS drawing and results

are shown in figure 46.

HFSS. The first configuration involved

HFSS and the results of the S-parameters, Z-
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Figure 46. a) Two shielded loop results and b) the physical configuration showing the

orientation of the neck feeds.

The last untuned simulation with a half loop radius separation will be drawn as

two untuned shielded loops constructed of RG58 dimensions and with a radius of 0.1

meters. The HFSS simulation frequency for this analysis is also IMHz. The

configuration shall begin by simulating both neck feeds 180 degrees apart, as shown in

figure 47. In other words, it may be considered that the two shielded loop neck feeds are

configured as reciprocals of each other, separated by half a loop radius. The shielded

loops are simulated in HFSS with the results of the S-parameter’s, Z-parameters and

characteristic impedance being Z, = 50(). The HFSS drawing and results are shown in

figure 47.
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Figure 47. a) The simulation results and b) the physical configuration of the two shielded
loops with neck feeds 180 degrees apart.

4.2.2 HFSS MathCAD Wireless Power Transfer models using untuned loops

For additional validation of wireless power transfer model, the HFSS results of
the simulation of the configured two shielded loop, with neck feeds 180 degrees apart,
will be used as the reference for wireless power transfer model. The wireless power
transfer model is altered so that the wire thickness matches the center conductor of the
HFSS two shielded loop simulation. Furthermore, the HFSS S-parameter S12 and S21
results will need the phase re-calculated due to the phase shift from the length of the
transmission line starting at the neck feed all the way to the solid conductor, which
includes half the perimeter of the shielded loop and the neck feed that was added for
simulation. The neck feed is needed in the HFSS simulation simply for the case if the
shielded loop is physically constructed with actual RG58. Thus, the added length is used
to form a physical realizable system that may be used in measurements of S-parameters.
The s-parameters realized via HFSS simulation is expressed previously in Figure 47 and

is also tabulated below in table 4 for comparison of wireless power transfer model using
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MathCAD. The table shows both real and imaginary s-parameters of a two port system at

IMHz, with a radius of 0.1m and separated by half a radius.

Table 4. S-parameters of two shielded loops with neck feeds 180 degrees apart

2 Shielded Loops S-Parameters
Seperation|Radius |Freqg HFSS
Radius m |MHz|S[1,1]_Real |S[1,1] Imag |S[1,2] Real [S[1,2] Imag [S[2,1] Real |5[2,1] Imag |5[2,2]_Real |S[2,2]_Imag
0.5 0.1 1 9.91E-01 1.46E-01 3.93E-03 3.23E-02 3.93E-03 3.23E-02 9.91E-01 1.46E-01

The s-parameter results for an untuned two loop system realized via MathCAD wireless

power transfer model is tabulated below in table 5. The table shows both real and
imaginary s-parameters of a two port system at 1 MHz, with a radius of 0.1m and
separated by half a radius.

Table 5. Wireless Power Transfer Model s-parameters of two loops

2 Shielded Loops S-Parameters
Seperation|Radius |Freq Wireless Power Transfer Model
Radius m |MHz|S[1,1] Real [S[1,1] Imag |S[1,2] Real |S[1,2] Imag [S[2,1] Real |5[2,1] Imag [S[2,2] _Real [S[2,2] Imag
0.5 0.1 1 9.99E-01 3.90E-02 5.01E-04 9.28E-03 5.01E-04 9.28E-03 9.99E-01 3.90E-02

The error metric is used to compare the accuracy of the mathematical wireless power

transfer (i. e. MathCAD) model in comparison with the HFSS two shielded loops system

for untuned loops. The percentage error calculation for comparing s-parameter results for

an untuned two loop system realized via MathCAD wireless power transfer model and
HFSS two shielded loop system is tabulated below in table 6. The results show
reasonable agreement within 5% error and are as low as less than 1% error. This
achievement is considered good enough for modeling a wireless power transfer system
using two untuned shielded loops at 1MHz.

Table 6. Percent error s-parameter for two methods of two loops
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2 Shielded Loops HFSS vs Wireless Power Transfer Model
Seperation |Radius |Freq Percentage Error (%)
Radius m MHz 511 S12* S21* 522
0.5 0.1 1 0.21% 3.36% 3.36% 0.21%

* Phase adjusted for Transmission Line electrical length

4.3 Post processing of shielded loop HFSS simulation

In the HFSS shielded loop simulations the coaxial line from neck feed to coaxial
outer shield termination contributes a phase and therefore post processing is used to
correct for the distance traveled. HFSS has a post process operation, however because
the HFSS post processing is only capable of one dimensional processing and coaxial
cable of the loop run is a two dimensional trace, a mathematical post process in
MathCAD is required. Hence, the post processing for the HFSS simulation was required
due to the additional RG58 coax that is added at the neck feed. The sources of the two
loop system in the MathCAD model assumes a lossless source that is matched anywhere
within the loop. The HFSS feed source for the shielded two loop system is composed of
additional RG58 line and has a finite length that contributes additional Ohmic loss and
reactance. This difference in Ohmic loss and reactance is negligible, however the phase
shift added from the neck feed to the end of the coax located at 180 degrees from neck
feed, is significant.

4.4 Discussion

Two shielded loops are built, simulated and the results are compared to the MathCAD
wireless power transfer model results. The shielded loop results are slightly different
than the wireless power transfer model due to physical characteristic variation of the solid
copper wire to the RG58 coaxial cable physical dimensions. HFSS simulation results of
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the shielded loop power transfer configuration show reasonable agreement with wireless

power transfer model.
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CHAPTER 5
HELIX LOOP INVESTIGATION OF THE TWO LOOP SYSTEM

5.1 Introduction background for Helix Loops

The design intent of a two loop system of conductors is to control the H-Field while
reducing or minimizing the near E-Field. Thus, our goal is to minimize all far field
radiation, and having a good understanding/control of a designed, shaped near H-Field.
The HFSS software package will be used to test the geometry and initial setup design,
and conduct the analysis, simulation and plotting for evaluation and iterative design. The
initial Helix investigation focuses on double helix loop conductors, that include twisted
loops of 4-cycles (4-spirals) along a radial path in a 2w sweep in the x-y plane of an x-y-z
coordinate system. The radius of the conductor will consist of the same geometry as the
well-known industry “twin-line” (twin-lead) conductor, composed of copper metal. The
initial Helix approach is to design a 10cm radius loop with a conductor radius of 0.406
mm. The distance apart from conductor to conductor is 7.5 mm (edge-to-edge).

5.2 HFSS setup

Investigating the E & H field characteristics will start by first creating a single loop
baseline design in order to obtain a benchmark, with the remaining two helix designs
evaluated against this bench setup. The geometric design goal is for all loops to be
modeled after the dimensions of a twin-line conductor. Three loop geometries will be
studied, with the first geometry being a flat single conductor, the second geometry being
a single helical shaped 4-cycle conductor, and the last geometry is a double helix loop 4-

cycle conductor. Single loops will use a single wave port, whereas the double helix loop
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designs will use two wave ports. The simulation solution type in HFSS is set to Driven
Modal.

5.2.1 HFSS Tetrahedral defaults

HFSS uses tetrahedral mesh elements to determine the electromagnetic solution and for
result precision. HFSS simulation algorithms include running initial simulation(s) and
developing refined tetrahedral mesh elements by method of tetrahedral refinement. No
tetrahedral refinement is executed at this time.

5.2.2  HFSS poly-line setup for field plotting

For investigating E & H field characteristics vs distance, poly-lines of 800mm in length
are drawn on each axis. These specific poly-lines are used for plotting the magnitude of
E and H fields along each individual axis in a rectangular plot format. The plots show
each individual field component as a function of distance from center of the loop to a
distance of 800mm.

Next, using global planes as a reference, Field Overlay plots are used for contour plots of
fields on all three planes (XY, XZ, and YZ) of an x-y-z space. These contour plots show
the complex magnitude for both E & H fields along all three planes, starting at the center
of the loop and extending to a distance in which the field remains constant or negligible
change.

In the E-field planar contours, both spiral designs of the single and the double helix
conductors show a strong E-field at the source, however the E-field has a significant drop
by the time it reached the opposite side of the loop, 180 degrees away. This phenomenon

is due to the loops being electrically small compared to the EM wavelength.
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5.2.3 Single flat loop

A simulation setup was prepared for a single flat loop conductor. The simulation for this
geometry is setup to yield a field overlay of the H-field vectors and is plotted on top of
the single loop geometry. The single flat loop and H-field overlay can be seen in Figure
48. Next, H and E fields are plotted using rectangular plots and planar contour plots.
The rectangular plots are used for observing characteristics and any field peak shifts
when comparing all design simulation results. The rectangular plots represent field
magnitude versus distance for both E and H fields separately along all three axes. The

plot Hz is shown in Figure 49.
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Figure 48. H-field vectors for single loop conductor.
Figure 48 shows a single flat loop conductor with dimensions realized in the intro. The

vectors are H-Field vectors. The source is very close to the x-axis and can be seen as a
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small rectangle. The current is flowing counter clockwise and by using right hand rule it

can be seen the vectors are curling inside the loop from bottom up.
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Figure 49. H-field vs distance of single loop along z-axis.

The Figure 49 plot is the H-field along z-axis results for the single loop geometry design

in Figure 48. Plotting the H-field along the z-axis from zero out to approximately

400mm, the field decays as expected. As expected the location of the peak magnitude at

a distance of zero along the z-axis.

5.2.4 Contour plots overlays of single flat loop by electrically small phenomenon.

H-field field overlays for complex magnitude are shown for the Hxy, Hxz and Hyz planes
and are depicted in Figure 50-51-52, respectively. The E-field field overlays for complex
magnitude are shown for Exy, Exz and Eyz planes and are depicted in Figure 53-54-55,
respectively. The effects of electrically small antennas are expressed here visually

through the mentioned planar overlays that are generated by HFSS.
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Figure 50. Single flat loop conductor Hxy complex magnitude field overlay for a 1V-
100MHz source.

The Figure 50 shows the H-field results for the single loop geometry design of Figure 48
of the xy-plane. The field overlay plot shown here is also biased by a 1v-100MHz
source. The H-field appears to be symmetric around the loop as expected for a single flat

loop.
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Figure 51. Single flat loop conductor Hxz complex magnitude field overlay fora 1V-
100MHz source.

The Figure 51 shows the H-field results for the single flat loop geometry design of Figure
1 of the xz-plane. The field overlay plot is shown here for a 1v-100MHz source. The H-

field appears to be symmetric as expected for a single flat loop.
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Figure 52. Single flat loop conductor Hyz complex magnitude field overlay.

The Figure 52 shows the H-field results for the single loop geometry design of Figure 1
of the yz-plane. The field overlay plot is shown here for a 1v-100MHz source. The H-

field appears to be symmetric as expected for a single flat loop.
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Figure 53. Single flat loop conductor Exy complex magnitude field overlay fora 1V-
100MHz source.

The Figure 53 shows the E-field results for the single flat loop geometry design of Figure
1 in the xy-plane. The field overlay plot shown here is for a 1v-100MHz source. Note
that the E-field is not symmetric as originally expected. The E-field gradient depict here
is due to the loop appearing electrically small relative to the wavelength. A lower
frequency would be required to get away from the non-uniform current effect which

appears to be the dominant factor shown here in the non-uniform E-field.
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Figure 54. Single flat loop conductor Exz complex magnitude field overlay for a 1V-
100MHz source.

The Figure 54 shows the E-field results for the single loop geometry design of Figure 1 of
the xz-plane. The field overlay plot is shown here is for a 1v-100MHz source. The E-
field is not symmetric and is expressed by the source illuminating well at one end of the

loop, whereas the opposite end of the loop is near the low end of the scale.
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Figure 55. Single flat loop conductor Eyz complex magnitude field overlay.

The Figure 55 shows the E-field results for the single loop geometry design of Figure 1 of
the yz-plane. The field overlay plot is shown here for a 1v-100MHz source. The E-field
appears to be symmetric as the two points that cross the plane are equal distance from the
source of the electrically small loop.

5.3 Single loop helix of 4-cycles

Next, a simulation setup was prepared for a single loop 4-cycle helix conductor. The
simulation for this geometry is set up to yield a field overlay of H-field vectors and is
plotted on top of the single helical shaped loop geometry. The single helical shaped loop
and H-field overlay can be seen in Figure 56. Next, all individual x-y-z field components
for H and E fields are plotted using rectangular plots and planar contours plots. The
rectangular plots are used for observing characteristics and any field peak shifts when

comparing all design simulation results. The rectangular plots contain field magnitude
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versus distance for both E and H fields on all three axes. The plot Hz versus distance is

shown in Figure 57.

Figure 56. H-field vectors for Single loop 4-cycles conductor.

The figure 56 shows a single helical shaped loop conductor with dimensions mentioned
in section 5.2. The vectors shown are the H-Field vectors. The source is very close to
the x-axis and can be seen as a small rectangle. The current is flowing counter clockwise
and by using right hand rule it can be seen the vectors are curling inside the loop from

bottom up.
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Figure 57. H-field vs distance of single loop helix 4-cycles conductor along the z-axis.
The Figure 57 plot is the H-field along z-axis results for the single loop geometry design
in Figure 56. Plotting the H-field along the z-axis from zero out to approximately
400mm, the field decays as expected. Note the location of the peak magnitude has
shifted a distance of approximately 10cm from the center of the loop along z-axis.

5.3.1 Contour plot overlays of single helical shaped loop by electrically small

phenomenon.

H-field field overlays for complex magnitude are shown for the Hxy, Hxz and Hyz planes
and are depicted in Figure 58-59-60, respectively. The E-field field overlays for complex
magnitude are shown for Exy, Exz and Eyz planes and are depicted in Figure 61-62-63,
respectively. The effects of electrically small antennas are expressed here visually

through the mentioned planar overlays that are generated by HFSS.
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Figure 58. Single loop 4-cycles conductor Hxy complex magnitude field overlay.

The Figure 58 shows the H-field results for the single helical shaped loop of the xy-plane.
The field overlay plot shown here is also biased by a 1v-100MHz source. The H-field
appears to be symmetric around the loop as expected for a single flat loop. Note the loop
is not flat and the plane cut shown here cannot evenly slice through the conductor as in

the flat loop.
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Figure 59. Single loop 4-cycles conductor Hxz complex magnitude field overlay.

The Figure 59 shows the H-field results for the single helical shaped loop of the xz-plane.
The field overlay plot is shown here for a 1v-100MHz source. The H-field appears to be

symmetric in magnitude as expected for a single flat loop.
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Figure 60. Single loop 4-cycles conductor Hyz complex magnitude field overlay.

The Figure 60 shows the H-field results for the single helical shaped loop of the yz-plane.
The field overlay plot is shown here for a 1v-100MHz source. The H-field appears to be

symmetric as expected for a single helical shaped loop.
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Figure 61. Single loop 4-cycles conductor Exy complex magnitude field overlay.

The Figure 61 shows the E-field results for the single helical shaped loop of the xy-plane.
The field overlay plots the non-uniform E-field depicted here is due to the loop appearing
electrically small relative to the wavelength. A lower frequency would be required to get
away from the non-uniform current effect which appears to be the dominant factor shown

here in the non-uniform E-field.
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Figure 62. Single loop 4-cycles conductor Exz complex magnitude field overlay.

The Figure 62 shows the E-field results for the single helical shaped loop of the xz-plane.
The field overlay plot is shown here for a 1v-100MHz source. Note that the E-field is not
symmetric as initially expected. Note in Figure 62 the source illuminates well, whereas

the opposite end of the loop is near the low end of the scale.
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Figure 63. Single loop 4-cycles conductor Eyz complex magnitude field overlay.

The Figure 63 shows the E-field results for the single helical shaped loop of the yz-plane.
The field overlay plot is shown here for a 1v-100MHz source. The E-field appears to be
symmetric as expected for a single helical shaped loop.

5.4 Helix loop of 4-cycles

A simulation setup was prepared for a helix loop of 4-cycles conductor. The simulation
for this geometry is setup to yield a field overlay of H-field vectors and is plotted on top
of the two loop geometry. The helix loop of 4-cycles and H-field overlay can be seen in
Figure 64. Next, all individual x-y-z field components for H and E fields are plotted
using rectangular plots and planar contours plots. The rectangular plots are used for
observing characteristics and any field peak shifts when comparing all design simulation

results. Plot Hz is shown in Figure 65.
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Figure 64. H-field vectors for helix loop of 4-cycles conductor.

This Figure is a helix loop of 4-cycles with two sources opposite of each other. The
vectors here are H-Field vectors. In figure 5.9, it appears the H-field vectors are much
smaller than the flat loop and single helical shaped loop, however this is a qualitative

Figure and no quantitative value is expressed.
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Figure 65. H-field vs distance helix loop of 4-cycles conductor along the z-axis.
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The Figure 65 rectangular plot shows the H-field along the z-axis from zero out to
approximately 400mm. The location of the peak magnitude is at distance of
approximately 18cm from center of loop. Note that the accuracy of the location is
dependent on the tetrahedral computed, such that simulation setups and results need
tetrahedral refinements. However, a visible shift in the H-field is shown.

5.4.1 Contour plot overlays of a helix loop by electrically small phenomenon.

H-field field overlays for complex magnitude are shown for the Hxy, Hxz and Hyz planes
and are depicted in Figure 66-67-68, respectively. The E-field field overlays for complex
magnitude are shown for Exy, Exz and Eyz planes and are depicted in Figure 69-70-71,
respectively. The effects of electrically small antennas are expressed here visually

through the mentioned planar overlays that are generated by HFSS.

H Field[A_per_m
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Figure 66. Helix loop of 4-cycles conductor Hxy complex magnitude field overlay.
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The Figure 66 shows the H-field results for the single helical shaped loop of the xy-plane.
The field overlay plot shown here is also biased by a 1v-100MHz source. The H-field
appears to be symmetric around the loop as expected for a helix loop. Note the helix loop
is not flat and the plane cut shown here cannot evenly slice through the conductor as in

the flat loop.

H Field[A_per_m
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Figure 67. Helix loop of 4-cycles conductor Hxz complex magnitude field overlay.

The Figure 67 shows the H-field results for the single flat loop geometry of the xz-plane.
The field overlay plot is shown here for a 1v-100MHz source. The H-field appears to be

symmetric as expected for helix loop.
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Figure 68. Helix loop of 4-cycles conductor Hyz complex magnitude field overlay.
The Figure 68 shows the H-field results for the single helical shaped loop of the yz-plane.
The field overlay plot is shown here for a 1v-100MHz source. The H-field appears to be

symmetric as expected for a helix loop.
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Figure 69. Helix loop of 4-cycles conductor Exy complex magnitude field overlay.

The Figure 69 shows the E-field results for the single helical shaped loop of the xy-plane.
The field overlay plot. The non-uniform E-field depicted here is due to the loop
appearing electrically small relative to the wavelength. A lower frequency would be
required to get away from the non-uniform current effect which appears to be the

dominant factor shown here in the non-uniform E-field.
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Figure 70. Helix loop of 4-cycles conductor Exz complex magnitude field overlay.

The Figure 70 shows the E-field results for the single helical shaped loop of the xz-plane.
The field overlay plot is shown here for a 1v-100MHz source. It is noted that the E-field
is not symmetric as initially expected. The source illuminates well, whereas the opposite

end of the loop is near the low end of the scale.
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Figure 71. Helix loop of 4-cycles conductor Eyz complex magnitude field overlay.

The Figure 71 shows the E-field results for the single helical shaped loop of the yz-plane.
The field overlay plot is shown here for a 1v-100MHz source. The E-field appears to be
symmetric as expected for a single helical shaped loop.

5.5 Discussion

This initial investigation into two spirals began with a basic bench setup of a single flat
loop. All three configurations have the same radius of 10cm and the same source of 1v-
100MHz. Several rectangular plots as a function of z-axis were investigated for behavior
in both Hz and Ez fields. Contour plots of an individual field for all three planes are used
to gain an understanding of the characteristics qualitatively.

In the E-field planar contours, it is noted that both spiral designs of the single and the
double conductors show a strong E-field at the source, however the E-field has a
significant drop by the time it reached the opposite side of the loop, that is 180 degrees or

n radians away. This characteristic is due to the loops being electrically small. The loop

96



must be electrically small to get away from the non-uniform current distributions which
appear to be the dominant factor shown in the non-uniform E-field characteristics.
Further investigation leads to changing the frequency from 100MHz down to IMHz and
it was observed that the helix solutions yielded a Magneto-Static frequency response that
will satisfy the Magneto solution of the H-field at the center of the loop. This was

achieved by using the wireless power transfer models.
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CHAPTER 6
PERFORMANCE CHARACTERISTICS FOR A TWO LOOP SYSTEM

6.1 Introduction of Loop Comparison

Two loops within the Near Field distances of each other have power transfer capabilities
via magnetic induction while also radiating away power into the far field [4, 10].
Reducing the radiating power into the far field, while studying the shielded loop and the
helix loop architecture with respect to the power transfer characteristics are the primary
goals. All other spacial alignments are held constant so that the two loops are parallel to
each other. All loop systems are excited by a 1 watt power source with a frequency of 1
MHz.

The hypothesis stated in the introduction proposes using higher order poles from the
helical loop to reduce radiation. The helix cycles contain the higher order poles by
completing a 360 degree turn. The two wires of the cyclic path are also terminated in a
moebius configuration enabling the two parallel wires to carry currents traveling in
opposite directions. The moebius configuration of opposing currents is shown to more
effectively cancel the E field in the far field than conventional loop currents. Each
integer cycle twist increases the order of magnetic poles. The downside of each
additional cycle is that its near field is also greatly reduced. Therefore, the investigation
of the helix design focuses on identifying the optimal cycle for canceling the E-field in
order to reduce the power radiation loss. Since the helix loop architecture radiates less
power than the shielded loop architecture, the helix loop architecture is superior in this

aspect, to all conventional and shielded loop architectures.
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The shielded loop power transfer characteristics at a given distance of 5.0 mm
separation distance between the respective loops will first be analyzed, and then be
evaluated for its power radiated. The 4 cycle helical loop configuration is evaluated for
its power radiated and power transferred. The 0 cycle helical loop configuration
architecture will then be evaluated for its power radiated and power transferred. For
equivalent comparison between these respective systems, a new Figure of Merit (FOM) is

defined as the power transferred divided by the power radiated.

FoM = 2= (54)

Prad

Where,
Py, 1s power transferred from loop 1 to loop 2 in milli-watts.
P,.qq 1s total power radiated in milli-watts from both loops.

The greater the FOM translates to a better performing wireless power transfer
system. All loops shall be coaxially separated by 5.0 millimeters from the edge to edge
of the conductor, therefore equalizing the space between each system.

6.2 Shielded Loop Power transfer
The two shielded loops of the two shielded loop system as defined using HFSS are

aligned axially and are shown in figures 72 and figure 73 below.

mmmmmmm
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Figure 72. HFSS setup for two shielded loops. Loop 1 is the lower shielded loop and

loop 2 is the upper shielded loop.

:
0 50 100 {mm)

Figure 73. HFSS setup of shielded loops.

The first loop is excited via wave port and is simulated at a 5.0 millimeter separation
distance. The S21 for the two shielded loop power transfer is 8.52 dBm.

6.3 Shielded loop power radiation
The system power loss due to radiation can be shown as power radiated and is evaluated
with a power source at IMHz and was calculated by the total amount of power crossing
the radiation boundary in HFSS. The total power radiated at 5.0 millimeter separation is
-46.1 dBm.

6.4 Four cycle helix loop power transfer
A two, four cycle helical loop system was investigated using HFSS. The two four cycle
helical loops are aligned axially and each loop is shorted 180 degrees away from source

terminations and shown in figure 74, figure 75 and figure 76 below.
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Figure 74. HFSS setup for two four cycle helical loops. Loop 1 is the lower four cycle

helical loop and loop 2 is the upper four cycle helical loop.

100 (mm)

Figure 75. Four cycle helical loops connected to twinax sources in a moebius termination.
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Figure 76. Four cycle helical loop with moebius termination to a twinax source.

The first four cycle helical loop is excited via wave port at the end of a twinax line and is
simulated at a 5.0 millimeter separation distance. The S21 parameter for the two four
cycle helical loop power transfer is -61.21 dBm.

6.5 Four cycle helix loop power radiation

The system power loss due to power radiated is evaluated at IMHz, with the total power

radiated for a two of the four cycle helical loops at 5.0 millimeter separation equal to -
109.83 dBm.

6.6 Zero cycle helix loop power transfer

A two, zero cycle helical loop system, which is the lowest order version of the helices, is

simulated in HFSS with the two zero cycle helical loops being aligned axially and each
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loop being shorted 180 degrees away from source terminations. The zero cycle helical

loops are shown in figure 77 and figure 78 below.

mmmmmm

Figure 77. Zero cycle helical loops terminated to twinax sources.

Figure 78. Zero cycle helical loops terminated to twinax sources.

The first zero cycle helical loop is excited via wave port at the end of a twinax line and is
simulated at a 5.0 millimeter separation distance, giving an S21 power transfer of -21.57

dBm
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6.7 Zero cycle helix loop power radiation

The system power loss due to radiation is evaluated at IMHz, and is calculated to be -
98.72 dBm.

6.8 Discussion of wireless power transfer systems

The two shielded loops system are simulated as a wireless power transfer alternative to
the conventional single one turn wire loop architecture. The performance of the shielded
loop system is used as a baseline to evaluate the performance of the respective two loop
systems reviewed above. As noted above, the shielded loops’ power transfer
characteristics are expressed as the S21 parameter with a value of 8.52 dBm, with total
power radiated of -46.1dBm. Reducing the radiation power loss requires the
development of a novel architecture and thus the helix loop system was developed. The
four cycle helical loops simulations produced the power transfer characteristic expressed
as S21, of -61.21dBm with total power radiated equal to -109.83dBm. The process is
then repeated for the zero cycle helical loops system, producing an S21 of -21.57dBm
with total power radiated equal to -98.72dBm. Finally, a FOM is calculated for each
system by dividing the power transferred by the power radiated with the highest FOM
value being designated as the best performing system. Although the four cycle helix loop
reduces the radiation power the greatest, it is out performed by the conventional shielded
loop with respect to the FOM. An alternative lowest order pole was considered and
investigated. Therefore, the recorded results show the zero cycle helical loops as the best
performing architecture with respect to the defined FOM.

The performance comparison for power transfer with a 5.0 millimeter conductor

104



to conductor separation distance and power radiation mitigation is summarized in table 7

below.

Table 7. Performance summary of wireless power transfer characteristics.

1 Watt (30dBm) source - 5.0 mm conductor to conductor separation.
Configuration S21 |Power Radiated S21 Power Radiated | Figure Of Merit
(HFSS) (dBm) (dBm) (mWw) (mw) (FOM)
Shielded Loop 8.52 -46.1 7.11E+00 2.46E-05 2.90E+05
4 Cycle Helical Loop| -61.21 -109.83 7.57E-07 1.04E-11 7.28E+04
0 Cycle Helical Loop| -21.57 -98.72 6.97E-03 1.343E-10 5.19E+07

105




CHAPTER 7
WIRELESS POWER TRANSFER CONLCUSION

7.1 INTRODUCTION CHAPTER SUMMARY

Two loops within the Near Field distances of each other have power transfer capabilities
via magnetic induction while also radiating away power into the far field [4, 10]. The
power transfer capabilities for military applications holds value in respect to modern
technological advanced soldiers. Soldier wireless charging stealth technology allows the
operator to recharge necessary modern warfare electronics covertly. It is proposed to
investigate a wireless recharging system by using a loop antenna configuration that is
electrically quiet and using the magnetic field for coupling to a second loop. A helical
loop with a moebius termination to the source is proposed as a platform for stealthy
wireless power transfer that will mitigate power radiation into the far field by the
canceling of the E-field. Therefore, this project seeks to answer the question “Can we
reduce radiation and preserve coupling by going to a higher order “pole” version of the
standard current loop?”

7.2 BASELINE PROPERTIES OF POWER TRANSFER SYSTEM SUMMARY

Mutual impedance and mutual inductance were investigated for a two loop system. The
mutual impedance of a two loop system was determined by calculating the flux of the
magnetic field from one loop, through the area of the second loop and calculating the
mutual inductance using four different methods: a magneto-statics approach for
calculating mutual inductance, an approach using elliptical functions for two identical

sized loops, the magnetic dipole approach for calculating the mutual inductance and an
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approach using electrodynamic fields using a rastering method. The electrodynamics
method results were then compared to the flux results from magneto-statics calculation.
The results showed the electrodynamics approach to be within 0.5 % error of the
magneto-statics solution. The mutual inductance of the transducer was then used to
calculate the coupling coefficient. In conclusion, the electrodynamics approach allows
for a broad range of frequencies that can be used to calculate the mutual inductance and
coupling coefficient of a system and was validated by comparing three additional
different approaches.

7.3 POWER TRANSFER PROPERTIES OF TWO LOOPS SUMMARY

Transducer theory for modeling a two loop system is used to calculate the system
properties. A loop antenna admittance equivalent circuit is used to model radiation
conductance and loop properties over the conventional loop antenna impedance
equivalent circuit. Next, an ohmic load connected to the receiver, loop 2, and real power
transferred to the load of the system is calculated in MathCAD. The equivalent circuit of
a two loop power transfer system is then represented by ADS and the simulations of this
method are compared to the calculated results. All loop calculations are performed with a
loop radius of 0.1 meter at a frequency of IMHz. The results of the two methods were
compared and percent error for power to the load was under 0.3% for a series-series
tuned circuit. The efficiency for a four combinations of tuning; series-series (s-s), series-
parallel (s-p), parallel-series (p-s), parallel-parallel (p-p) was then evaluated to determine
the most efficient configuration using a 10 ohm load, and then re-evaluated for a 300 ohm
load. The series-parallel tuning circuit shows to be the best configuration using a 300

ohm load. The series-parallel configuration performs over 3 times more efficiently than
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the next best performer, series-series. The series-parallel tuning circuit outperforms all
other combinations due to the Q of the parallel resonant circuit of the secondary loop.
The quality factor Q confirms the series-parallel configuration is the most efficient option
based on the mathematical physics model assumption of a closed form solution which is
developed in MathCAD for investigating wireless power transfer. In conclusion, the four
physics models developed in MathCAD are shown to be verified by ADS equivalent
circuit simulations. We are now ready to simulate in HFSS a shielded loop system.

7.4 SHIELDED LOOP POWER TRANSFER PROPERTIES SUMMARY

Shielded loops are antenna composed of coaxial line, where the outer conductor is ended
half-way around the loop and the center conductor is continued along a loop path until it
is shorted to the outer conductor. Thus, shielded loops are constructed and simulated in
HFSS as a two port device and thus will act as our baseline. S-parameter matrices
parameters of the HFSS simulations are then compared to the MathCAD physics models
for a loop radius of 0.1 meter and a frequency of IMHz. These simulation and calculated
results agree to within 4% error. The shielded loop results are slightly different than the
wireless power transfer model due to physical characteristic between the solid copper
wire and the RG58 coaxial cable physical dimensions. Two shielded loops are built,
simulated and the results then are compared to the MathCAD wireless power transfer
model results. HFSS simulation results of the shielded loop power transfer configuration
show less than 4% error agreement with wireless power transfer model. Now we have
verified HFSS simulation results of shielded loop with MathCAD physical model results
of the shielded loop, we are now ready to develop the helical loop pair system.

7.5 HELIX LOOP INVESTIGATION SUMMARY
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A helical loop pair configuration was constructed in HFSS for characteristic
investigation. The single helical loop of four cycles is investigated, followed by a
double helical loop of four cycles. Poly-lines were used for investigating the
characteristics of the E & H fields along all three axes of all loops. Frequencies of
100MHz are used and uneven current distributions were observed due to the loops not
being electrically small at 100MHz. Further investigation led to changing the frequency
from 100MHz to IMHz and it was observed that the helix solutions yielded a Magneto-
Static frequency response that satisfied the Magneto-static solution of the H-field at the
center of the loop. This was achieved by comparing the wireless power transfer models
of a loop. Finally, we are set to compare the different two loop system models: the
Shielded Loop, the 4 Cycle Helix Loop, and optimizing the Helical model — the 0 Cycle
Helix Loop system.

7.6 CONCLUSION A TWO LOOP SYSTEM

Based on what we set out to do, we have successfully designed a two loop system
architecture which greatly improves the power transfer characteristic in the near field
while reducing the power radiated in the far field with respect to the shielded loop
configuration. A new Figure of Merit has been introduced as a method to equivalently
evaluate the overall performance of the baseline, shielded, two loop architecture with that
of the helix based two loop architectures developed. The best performing configuration
was the zero cycle helical loop system, with an S21 value of -21.57 dBm and power
radiated value of -98.72 dBm, resulting in the highest FOM of 5.19 x 107. The zero
cycle helical loop FOM performance was compared to the shielded loop FOM, which

is 2.9 x 10°5.
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In previous chapters it is shown that the best configuration for maximizing power transfer
to an ohmic load is to resonate the primary loop with a series capacitor by canceling the
imaginary inductive reactance with the proper calculated capacitance. The secondary
loop, which is known to contain a battery or ohmic load, is tuned by adding it in parallel
to the load tuning capacitor. Therefore, using S-P as a performance optimization
technique is recommended over using the S-S, P-S or the P-S resonance techniques.
Future studies may benefit from tuning the loops respective to loads and the separation
distances simultaneously. Additionally, it is recommended that multi-turn helix loops be
investigated for system efficiencies. In conclusion, the zero turn helical loops system is a
novel design that tremendously improves on reducing the far field radiation while

providing efficient wireless power transfer.
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APPENDIX A
WIRELESS POWER TRANSFER MODELS TUNED THROUGH SERIES-SERIES,
SERIES-PARALLEL, PARALLEL-SERIES AND PARALLEL-PARALLEL

CONFIGURATIONS.
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Wireless Power Transfer Model: Series-Series

A wireless power transfer model for a two loops system was built. The
tuning configuration consists of the first loop tuned in series for canceling
reactance and the second loop tuned in series for canceling its reactance. Both
loop reactance cancelation was performed assuming each loop was alone in free

space.
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By Duality and reference of RamoWhinnery, and Van Duzer (p.586) we can write the

Magnetic field components of a magnetic
the Magnetic Dipole Moment seen as p m.

dipole for Hr and HO , and express them here with

f:= IEIO6 e=1
2" -7 - 12
Py = I = jolq" ;= 20 () WO := 41010 €0 :=8.8510
Series - Series Program
MO
= = wiv 0[80 [8r =0.021
i \] €0 [&r %o H %o
Position of source as the center of xsre = ( ysre =0 zsre ;= (
the coordinate system (Cartesian):
Radius of larger loop: a:=0.1
Radius of equivalent loop: b:=0.1
Unit Area dimensions: dxi= — dy = 2 dz:=(
drop into equations after everything 20 20
is _ -3 _ -3 _
working. dx=5x% 10 dy =5x%x 10 dz=0
xc_obs :=(
Position coordinates of _
yc_obs :=(
loop observer (Large Loop).
zc_obs :=(
Planar from b+2*a to N*b: N,:=200( (b +2a) =0.3 NB =200
z
z:=50,60..30( h =
Z 1000

Build a Raster Function :
p:=0..159¢

Column:
n=p - (40m1p)

Row:

Wy = ﬂoor(‘%j
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Define the X and Y positions as observers for an square
] mesh of loop.

m a
Xobsp =] xc_obs —a + £, 2

199 80

n a

Yobs :=| yc obs +a - L _2
p 199 80

ZobsZ = —(hZ + zc_obs)

R - distance from source to center of Observer loop:

A;Rvp . ::\/(xsrc — Xobs p)2 + (ysrc - Yobsp)2 + (zsrc — Zobs 2)2

This is an A-matrix for storing the positions of Unit Areas:

NA% :=J(X0bs p xc_obs)2 + (Yobsp —yc_obs )2

Member of circle Matrix: Use the Heavyside step function to keep all Unit Area squares that
compose the area of the Loop observer for a matrix that shapes the loop observer:

Memberp .= GJ(a - Ap)

Pm = IIEIIEBZ

om0’ 167~ i%oRy /[ jGo(E0 Er 1 1 (zsre - Zobs ) ’
pzzz%ﬁ ‘[]JR + -+ L
b n[éRp Z) jm)mO[éRp Z) P

B6

ijlIllOz[l[Bz - ilkoRy L[ | | |:(zsrc — Zobs Z)
=10 [ + R

_r][QRp.Z)2 JEWIO[QRP,Z)3 Pz

Br
p.z 2

Unit Area defined:
dx=5x10 ° dy=5x10°  dz=0

dS, = dxldy

!zsrc — Zobs Z) (zsrc — Zobs Z) 2
dSr =dS dS 6 =ds 1l - | ———

- p,z z R - p,z
p.z p.z

Flux: B-field components dotted with Unit Area components; All in spherical coordinates.

+ BGp’ZElS_G )[QMember ’ )

W21 :=(Br @s r _
p1Z p,Z _p,Z p1Z pZ Il_l
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Assume wire is copper Twin-Lead line (20 gauge): Diameter=0.812mm, Dist_apart=7.5mm

o= 5800 Doy = 172400

Temperature coefficient per 1deg Celsius (Human temp ~ 37C:):
-3 - . .
o :=4.2910 O37:=0a037 dR /Rs =a dT, dR = change in resistance (ohm), Rs

= standard resistance according, reference tables

- . -

dRy7 = aldTIRy dR37:= A370cy (ohm), o = temperature coefficient of resistance, dT
o = change in temperature (K)

dRy7=2.737% 10

Large Loop Length: Second Loop Length:

ng =204 IQIld = 20D

L = 0.628 Ly, q = 0.628

Skin Depth (Weeks p372): Surface Resistance (Weeks p373): Schelkunoff (p339)

2 i) -
4 | s R 05 e
(0)

R, =2.609% 10 ©  R2, =2.609% 10 R3, =2.61% 10

Ramo uses Low-Frequency for ratios up to 1 (or Radius of 20 awg wire:
lower), High Frequency calcs are > 1.
Therefore, High Frequency resistance Teu20awg -~ 0-00040¢
calculations are needed:

T

cu20awg — 6144
High Frequency (Ramo p182, Schelkunoft p339):
Ry ¢:i= RS

hf = _ :

20 Ey20awg Ry ¢ =0.102 Unis are Q /m
Rhf; . =Ry L, ) + dRs- _
15t = Rrl{lig) + ORy; Rhfypg = Rpelflong) + dR3;
Zy =300

Rhf; . =0.064

Clearly, the battery load
(ZL) has significant impact
on efficiency. If assumed 1

ohm, efficiency is very high
m

Rtot ;= Rhfznd

Rtot = 0.064
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The Total Mhos conductance may be found by taking the inverse of the total series

‘ 1

Use Schelkunoff Radiation 8
conductance instead of Rrad A=

A =299

Magneto-Statics Capacitance of a small loop -------------------
(Schelkunoff p 321-322)

1[0 . .
Ay = - Average capacitance between two halves of loop per unit length
log(—j along the circumference (Voltage distribution across loop).

a

1 |

Cloop = 3 [T, B Loop capacitance:
2
m80d — 1
Cppi=——F— Clp1 =5:287% 10 B , = -3.01ix 10°
3| —— IOy

Tcu20awg

TIZBOIB 13

Clp2 = s N C1p2 =5.287x 10
30n| ———
Tcu20awg

Internal inductance contribution (Balanis p245):

(! (!
Lil:= — o Li2i= — D o
(*ﬂcu20awg 2o (*ﬂcuzoawg 2o

Magneto Static Inductance (loop)

8 8

Lil=1.023%x 10 Li2=1.023%x 10

(Schelkunoff p 321) Small, single turn loop with substantially uniform current
(approximate inductance).

Ljp) = MG —2  |+Li Ljpy = 7022 10° 7
Teu20awg ijDLlpl =4.412i

b —
Ly = pOBIn| ———— | + Li; Lo =7.022% 10
1p2 1p2
Tcu20awg
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Conductance - Using Ohmic resistance and the Radiation Resistance:: 1~ 376819

30
3 3" == =001
Gl:i="— G1=0.013 G2i=— G2=1 n 0.013
2n 2n
4 n@l)2l
G1:= 32000 ; G1=0.013 G2:=G]I G2=0.013
A

Admittance looking in on equivalent loop circuit, prematching capacitor:

JICyy 1
L —— e, + — _
2 Gip1 oIy,
+

Yprel := -
pre , 1 _ ) Yprel =33% 107 ° - 0.227i
Pl G PLG1
Ipl
Zprel = Zprel = 0.064+ 4.412i
Yprel

1 | |

If we know: = T
Wlegp

Then, the tuning capacitance is:
1

o’ E@Llpl)
1

_ -8 P ——
Clyyne = 3.607x 10 BT

Cltune =

= -4.412i

Assume a variable capacitive element that can cancel the complex conjugate:

Conatch = ~Im(Zpre )@ Conatch = —4-412i

The complex conjugate will add in Series in the Admittance(Impedance) model circuit.

Z11:=Zprel + Cppaech Z11=0.064
Y' 1—_1
= Yinl = 15.561
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Glp2 N ] IIDKIZlp2

Ypre2:= | |
jIIbDLlpz + — 2+ lebKl?lszlG—z

Ypre2=33x% 107 ° - 0.227

Zpre2 = Zpre2 = 0.064+ 4.412i

Ypre2

Assume a variable capacitive element that can cancel the complex conjugate:

Conatchz = IMZpre) T Cparehp = —4:412i

The complex conjugate will add in Series in the Admittance model circuit.
ASSUMPTION: After the Loop has been matched (since battery R changes with charging),
then we can add the load to Z22.

222:= (Zpre2 + Cpavenn) + 71 222=300.064
. 1 : -3
Yin2:=— Yin2=3.333% 10
722

Now we have the following impedances of the system.
712 =721 Z11=10.064
z z

_ -9 .
Mutual Z at 0.5 Radii ~ Z2'so = 3783 10~ + 0.878i

_ -9 ,
Mutual Z at 1.0 Radii ~ Z2tigo = 3783 10—+ 04351

_ -9 .
Mutual Z at 2.0 Radii ~ 221200 =3:783% 10 ~+ 0.10
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In the case of two loops in proximity,
such that they can be modeled as a

. — | |
Linear Transducer. Loop1 and Loop2, V=20 + 2450,
each with two terminals for pos and neg
bias.(Schelkunoff p291) Vy = Zo 0y + Zyyly"

| |
_ Vil (%11 Zi2) (N
In matrix form: =
\/) Zy1 Ly )\ I
For Admittance: Now, let D be:
- Current at terminals are short circuited .
- Yinternalcalc when all generators are D:= (Zl 1Z9p = ZplZy 1)

open circuited.

D := (le[Zzz—lez[Zle)

Next, we can solve the Matrix Zyy Ly
and re-write as such: L D D Vi
) Z21 211 [\(2
D D
Writing current with respect t6 1, Y YR (Vi)
admittance gives us: =
) Y1 Y22 ) (V2
Y11 = 2—22
D
Z
=712
Y12 i=— . . .
z D verification using Schelkunoff p 407:
z
721 _ 1%
z Y12b =
Y21 i=— z 2
z° D Z11222 - (z12)
Z Z
Y22 = z1
z° D
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| |
. = +
Now, we have the following: =Y+ Y0,

i [ ]
L =YV + YpolVy

We will now assume a transmission line source will be connected to loop1, and then we
can solve for I1 and V1

Assuming that loop 2 has a battery load we can solve the impedance matrix by "Collapsing
a two-port to a one port network", and use this to calculate the reflection coefficient of the
input terminal that the source will see. Then we will know V1 and I1 for power

calculations: .
ZinBy Schelkunoff:
[ |
2122 (ZZlZ)2 (2122)2
ZA ::le—— Zin =7Z11- Zin2 =722 -
Zy, z 722 z
0.067 T T 310 1 T T
0.066[ 1 ax10” .
Re(Zin,) - Im(Zin,)
0.065[F 7 IXIO_H_ —
0.064 ' ' o ' '
0 0.1 02 03 0 0.1 0.2 0.3
V4
1000 1000

Impedance of the source matched to input of loop1, with loop2 at given distance:

70 = 0.067+ 2.213ix 10 1|

Z0:= [Re(ZinSO) + (—lm(zm5 0) 1)]
And the reflection coefficient can now be seen as:
ZinZ -7Z0

[ =—
we Zin +Z0

If the total voltage and current waves on the line can be written as :

PR, gia) Vire (5B _ 5]

V(x) = I(x) := Z

VSI‘C
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Since the distance of transmission line is nearly 0 (negligible), we can express the equations:

o,
= Vg, 01+ )" and Q-
0
Assume a source voltage:
VSI‘C =1
SrC
VL Vsrc[Ql +T ) and, therefore =20 [@1 - )

V2 =721 1

Z z Z
2 :=Y21 VI Vsre 9

z’ zZ  z =14.963- 4.956ix 10

(20)

Power Radiated (Schelkunoff Antennas p323):NOTE: This is the power radiated by the
primary loop antenna. Use Total Complex dipole moment of both antennas.

Power Radiated (Schelkunoff Antennas p323):

Loop 1 with lamp assumed source:

2 2
320@14[611@2) D(”z)

4 2

Pradl :=
Z
A

Loop 2 with calculated current (I2) using Linear Transducer Matrix:

2\
320@14[6n[52) E(Izz)

)\4 2

Total Complex Dipole Moment (Assuming they are so close and behave as one antenna):

Prad2 :=
z

Itot =11 +12
z z z

320@14[611@2)2 D( |ttot, | )2

)\4 2

Prad =
z
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Power radiated from both loops vs seperation distance

45x10° |
445x10°

Re(PradZ) 4.4x10"F

435%x10°

43107
0

Series-Series Power due to copper at 1MHz:

Incident Power from

. . Reflected power to source
Transmission Line Source
2
(|Vsrc| )

Pinc = ——— Prefl := (|Vsrc|)2[é|rz|)2
2" Re(Z0) z" Re(Z0)
ChecklZ = PincZ - PreﬂZ - PtrZ

—_
X
i
=)
|
!
]

0.1 0.2 0.3
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Power after reflection:

7"

(Ve

Re(Z0)

o= (|r )



Power Calculations
o, = [,
i, (|27
e

Compare power calculations to verify all Real Power is Accounted for in loop system:

Pu = (|IIZ| )ZERe(ZinZ)l Power sourced to loopl

CheckZZ = (Plohmz) + (P2Rbattz) + (P2ohmz) + (Pradz)

Real Power of loops vs separation

‘ . . Ptr, = 14.963
s 0,52;_ ................ 50
| P2Rbatt, = 0.575
- 10 1 P2Rbatt, = 0.145
2 pu, | 100
— |
q) |
2 Check2, | P2Rbatt,  =9.411x 10
ch X | att200 -
5 |
0 : | |
0 0.1 0.2 0.3

1000

Loop Separation
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Compare power calculations to verify all Real Power in Loop2 is Accounted for:

Check3 :=P2Rbatt + P2ohm
z VA z

Loop 2 Conservation vs Dist

0.6 T T
- 0.4
Z
© Check3,
-
o
(a9}

0.2

I
0
0 0.1 0.2 0.3
z
1000
Dist (m)
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Check3
z

0.575

0.451

0.345

0.261

0.195

0.145

0.108

0.08

0.06

0.045

0.034

0.026

0.02

0.015

0.012




Compare power calculations of Matrix quantities and Copper Loss mechanisms to verify all
Real Power is Accounted for:

PsysLZ = I:(Plohmz) + (P2Rbattz) + (P2ohmz) + (Pradz):l

Verify
I I
15
5 Pty 10
2 Tror
o (PsysL z)
5
0 1 1
0 0.1 0.2 0.3
z
1000
Distance
(PsysL z)

ErrorL :=|1 - ————(O0(
z (Ptr )

% Error - Verify
2.95x10° ! |

2.9x107°

ErrorL,

2.85%x10°

2.8x10°° L L
0 0.1 02 03
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Let’s see how much power at the source it requires for power to battery.

Vsre =1

P2RbattZ
Eff :=| — (O0C

z Pinc
z Eff =
z
3.841
3.011
: _ 2.308
Efficiency S-S: 300 ohm load
4 1.743
S 1.303
& ’ 0.97
8§ Eff2 0.721
Q
= 1 0.537
84| . 0.402
0.1 0.2 0.302
z 0.228
1000 0.174
Seperation (m) 0.133
0.103
0.08
Eff, = 3.841 Eff, ,, = 0.97
_ _ -3
Eff), = 0.063 Effy ) = 7.877% 10
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Power

Power (W)

w
=
s
3

N

P2ohm,

P2Rbatt,,

Prad,

S-S Match Source to Zin at Dist 0.5 Radius (1IMHz)

1805 ---------- T T
10
5
0'“'--~----|. |
0.1 0.2
z
1000
Separation
Series-Series Power VS Separation (1MHz)
100f .
. .
10
1 —
PE—
\
0.01 S ——
11072 N
1x10”
1x107°
1x107° —
1x10—7 | | ]
0.1 0.2 0.3
z
1000

Distance (m)
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Coupling coefficient at half a radius (z=50):

For calculating equivalent circuit (NOTE must use Static Mutual and Self Inductances):

7 7

If we know that: M :=k{JT,0, M :=139700 Lypy = 7.022% 107

M
o= — M k =0.199

\’ Llpl IJLlp2

Wireless Power Transfer Model: Series-Parallel

A wireless power transfer model for a two loops system was built. The
tuning configuration consists of the first loop tuned in series for canceling
reactance and the second loop tuned in parallel for canceling its reactance. Both
loop reactance cancelation was performed assuming each loop was alone in free

space.
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By Duality and reference of RamoWhinnery, and Van Duzer (p.586) we can write the
Magnetic field components of a magnetic dipole for Hr and H6 , and express them here with

the Magnetic Dipole Moment seen as p m.

2l
Py = 10t

W ’ po
n: €0 [8r

f=100°

w :=2[n[(f)

ko::(oihlomomr

Position of source as the center of
the coordinate system (Cartesian):

Radius of larger loop:

Radius of equivalent loop:

Unit Area dimensions:

drop into equations after everything

is
working.

Position coordinates of

loop observer (Large Loop).

Planar from b+2*a to N*b:

z:=50,60..30C

Build a Raster Function :
p:=0.. 159

Row:

p
m = floor| —
= 1oof %)

n_ =
pp

N :=200(

AAAA

Column:

- (40%10)

xsrc ;=0

er =1

MO := 4o L

€0 :=8.8510

12

Series - Parallel Program

ko = 0.021

ysrc =0

dx=5x 10 °

xc_obs =0

yc_obs =0

zc_obs =0

(b +2a) =03

z" 1000
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dy=5%10 °

zsrc =0
dz:=0
dz=0

Nib =200



mo, j Define the X and Y positions as observers for an square

Xobs :=| xc obs —a+ — + —

n, a
Yobs_:=|yc obs +a—-— - —
p 199 80

ZobsZ = —(hZ + ZC_ObS)

R - distance from source to center of Observer loop:

R ::J(xsrc — Xobs )2 + (ysrc = Yobs )2 + (zsrc — Zobs )2
MY, Z p p z

This is an A-matrix for storing the positions of Unit Areas:

N[\X/\p ::\/(Xobsp - xc_obs)2 + (Yobsp —yc_obs )2

Member of circle Matrix: Use the Heavyside step function to keep all Unit Area squares that
compose the area of the Loop observer for a matrix that shapes the loop observer:

Memberp .= CD(a - Ap)

Pm = Illjt[ﬁ2

2
jIIh)HJl()zl[B2 -iEyR, j[0o[20 [Br 1 1 (Zsrc—Zosz)
e 4 R * 2" 1 R
P,z ”[QRp,z) ]EbmlO[QRp'Z) 0.z

B6

. . jﬁbmlOzElEﬂz B_jmomp . | . | D(zsrc — Zobs z)
roE—

o e, ) s, P S

Unit Area defined:
dx=5x 10 °

dy=5x10 °  dz=0

!zsrc — Zobs Z) (zsrc — Zobs Z) 2
dS r :=dS dSiep ;= —dSZD ] -|——

P,z z R , R
p.z

Flux: B-field components dotted with Unit Area components; All in spherical coordinates.

w21 = (Br L7 BGp,ZElS_Gp’Z)[QMemberp’Z) L=

dS r
z —p
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Mutual Inductance (H)

721 plotp ,

=] IZbDMidynp z

Mutual Inductance On-Axis

1.5x10° . .
L ]
o
— [ ]
1107 o .
[ ]
|M_dynp’Z °
[ X X J Py
5x107 5 o, .
...
LTI
0 ! ! ®000040
0 0.1 02 0.3
z
1000
Distance Seperation (m)
Mutual Impedance On-Axis
1
Q
Q
=
<
3 Im(Z21plotp'Z) 0_1'—ﬁ s
o eee * 2
g L ) ¢
P
0.01
02 022 024 026 028
z
1000
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Assume wire is copper Twin-Lead line (20 gauge): Diameter=0.812mm, Dist_apart=7.5mm

0:=5.800 Dy = 1.72400 " °

Temperature coefficient per 1deg Celsius (Human temp ~ 37C:):

a:=4.2900 ° 0a37:=al37 dR /Rs=a dT, dR = change in resistance (ohm), Rs =

standard resistance according, reference tables (ohm), a

- — . o _— . . .
dR37:= aldTIRy dR37:= 03710y = temperature coefficient of resistance, dT = change in
9 temperature (K)
Large Loop Length: Second Loop Length:
ng =2[nla Lynq i=2(nib
Ljg = 0.628 Lyng = 0.628

Skin Depth (Weeks p372): Surface Resistance (Weeks p373):  Schelkunoff (p339)

{ 2 1 EETT -7
3= e Ry = — R2, = — R3:=2.6100 'Gf

R, =2609% 10 *  R2, =2.609% 10 * R3, =2.61x 10

Ramo uses Low-Frequency for ratios up to 1 (or Radius of 20 awg wire:
lower), High Frequency calcs are > 1.
Therefore, High Frequency resistance Teu20awg = 0-00040¢
calculations are needed:

T

2

_Cu20aWg _ ¢ 144
High Frequency (Ramo p182, Schelkunoft p339):
Ry = 5

hf = - .

ZﬁmcuZOawg Ry ¢ =0.102 Unis are Q /m
Rhf} . =Ry cl(L;,) + dR- —
Zp :=30(

Rhf; . = 0.064 _
Ist Rhf, 4 =0.064

Clearly, the battery load
(ZL) has significant impact
on efficiency. If assumed 1

ohm, efficiency is very high
m
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The Total Mhos conductance may be found by taking the inverse of the total series resistance.

1 1

Gy = —— Gy = 15562 Gy = — Gy = 15562
P Rhfy p P27 Rhfy 4 p

Use Schelkunoff Radiation conductance 5 9911 08

instead of Rrad A= : A =299

Magneto-Statics Capacitance of a small loop -------------------
(Schelkunoff p 321-322)

T80 . .
av = . Average capacitance between two halves of loop per unit length
log(—) along the circumference (Voltage distribution across loop).
a
1 | |
Cloop = 3 [C,, B Loop capacitance:
0@ - 13 I 5
Clpy = 5:287% 10 , =-3.01ix 10
] EbE(Elpl

Clpl = a
30| ——
Teu20awg

280 (B 13

Clp2 = —b Clp2 =5.287x 10
30| ——
Teu20awg

Internal inductance contribution (Balanis p245):

a w0 Lin-= b w0
2[d

2o (*ﬂcuZOawg

Magneto Static Inductance (loop)

Lil:=

(*ﬂcuZOawg

8 8

Lil=1.023x 10 Li2=1.023x 10

(Schelkunoff p 321) Small, single turn loop with substantially uniform current
(approximate inductance).

Lip 1= HOGI| —— | + Li] Lpp =7.022% 107
Teu20awg jlwlLyy; = 4412i

b —
Ly := MOTBIIn| ———— | + Li: Ly = 7.022% 107/
P : P
cu20awg
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Conductance - Using Ohmic resistance and the Radiation Resistance:: " ~ 376819

3[n

3m 3" 2 =0.013
Gl:="— G1=0.013 G2:="— G2=

2n 2n I ol

[ ]
2
4 (Ttld
G1:= 32000 4) G1=0.013 G2:= Gl G2=0.013
A

Admittance looking in on equivalent loop circuit, prematching capacitor:

JICy 1
1 —— ey + —— .
2 Gip1 Ty,
+

Yprel := -3 .
. 1 . 1 Yprel=33% 10 = —0.2271
PY Gy PLG1
Zprel = Zprel = 0.064 + 4.412i
p Yprel pre 06 i
| ]
If we know: = WIC
WL fp

Then, the tuning capacitance is:
1

1

_ -8 ———— = -4412i
Clyype = 3.607x 10 ST

Cltune =

Assume a variable capacitive element that can cancel the complex conjugate:
Conatch = ~Im(Zprel)[; Crnatch = ~4412i

The complex conjugate will add in Series in the Admittance(Impedance) model circuit.

Z11:=Zprel + Cpppoy Z11 = 0.064
Yin = —
ml:=—"
z11 Yinl = 15.561
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Assume a battery Load and re-derive the equation need for modeling the admittance of the
second loop. With Battery adding to the loading of the loop2, the Zin equation should
change. Power calculation will have to be based on drop across battery loading, not just
Ohmic resistance due to wire:

Ty, |
|+ P Joy o + —— _
+

1

Ypre2:=

jIIb[ILl ht—
P Glp2

Ypre2=33x 10 ° - 0.227

Zpre2 = Zpre2 = 0.064 + 4.412i
Ypre2
Assume a variable capacitive element that can cancel the complex conjugate:

L [ ]

Cratch = TIm(Ypre2)li Cratch2 = 02271 C:= 2 22
(R)” + L

1L
- 1p2 _ - 12
Chtune = Chiyne = 7-797% 10

(Rhbypg +2)* + mzmlpzz

The complex conjugate will add in Parallel in the Admittance model circuit.

) 1 . -3
Yin2:= (Ypre2 + CmatchZ) + z Yin2=6.634x 10

722 =150.745

Now we have the following impedances of the system.

712 =721 Z11 =0.064
z z

_ -9 .
Mutual Z at 0.5 Radii ~ 2?!so = 3783 10~ + 0.878i

_ -9 .
Mutual Z at 1.0 Radii 221100 = 3783% 10—+ 04351

_ -9 .
Mutual Z at 2.0 Radii 22200 = 3783% 10~ + 0.1L
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In the case of two loops in proximity,
such that they can be modeled as a

. — L]
Linear Transducer. Loop1 and Loop2, Vi=2Zyl + Zpplh
each with two terminals for pos and neg
bias. (Schelkunoff p291) Vs i= Zy 1} + Zylly"

|
_ Vil (%11 Zi2) (N
In matrix form: =
V2 L1 L)\ 1
For Admittance: Now, let D be:
- Current at terminals are short circuited .
- Yinternalcalc when all generators are D:= (Zl 11292 = Z12[221)

open circuited.

D, := (zntzzz - ZIZZ[ZZIZ)

Next, we can solve the Matrix ‘2 i
and re-write as such: L D D Vi
) Z1 Zn |2
D D
Writing current with respect t6 1, Y YR\ (Vi)
admittance gives us: =
) Yo1 Y22 )\ V2
722
Y11 ===
D
Z
-Z12,
Y12 i=—
)
VA
verification using Schelkunoff p 407:
-Z21
Y2 IZ =— —ZlZZ
D, Y12b =
z 2
Z11Z22 - (212 )
Z11 z
Y22 =—
z° D
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We will now assume a transmission line source will be connected to loop1, and then we
can solve for I1 and V1

Assuming that loop 2 has a battery load we can solve the impedance matrix by "Collapsing
a two-port to a one port network", and use this to calculate the reflection coefficient of the
input terminal that the source will see. Then we will know V1 and I1 for power

calculations: )
ZinBy Schelkunoff:
[ ]
2122 (ZZlZ)2 (212Z)2
Zp =2y - —— Zin =Z11- Zin2 =722 -
Z z 722 Z Z11
22
0.07 T T 5><1()_11 T T
ax10”
0.068[ . i
. 3Ix10 [
Re(Zlnz) - Im(Zinz) —11
0.066/ . I 2x10
1x10
0.064 : 0
0 0.1 0.2 0.3 0
Z V4
1000 1000

Impedance of the source matched to input of loop1, with loop2 at given distance:

20:= Re(Zingy) + [{im{Zing, ) 1] 70 = 0.069+ 4.406ix 10 |

And the reflection coefficient can now be seen as:
Zin —Z7Z0
V4

[ =
we ZinZ + 70

If the total voltage and current waves on the line can be written as :
|

&e—jtﬂi&+ r@j[m). (%) ::%[ﬁe_ﬂw—r@m&)
0

V(%) = Vg
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Since the distance of transmission line is nearly 0 (negligible), we can express the equations:
[ |

| | VSI'C
V= Vg [(1+T) and Ix:= —<[1 - T)
Z
Assume a source voltage:
VSI'C = 1
| = 1+T d, theref 11 - e 1-T
Vi .-VsrC[Q Z) and, therefore N =5 [@ Z)

Secondary loops is tuned in parallel, therefore we use expression.

V2 =721 M
z z z
2 :=Y21 VI
z VA z

Power Radiated (Schelkunoff Antennas p323):

NOTE: This is the power radiated by the primary loop antenna. Diaz stated to use Total
Complex dipole moment of both antennas.

Power Radiated (Schelkunoff Antennas p323):

Loop 1 with lamp assumed source:

2 2
B 320 rea?) E(Hz)

)\4 2

Pradl :
z

Loop 2 with calculated current (I2) using Linear Transducer Matrix:

2 2
4[6 z) E(12
prady -2 32000 A z)
z 4 2

A
Total Complex Dipole Moment (Assuming they are so close and behave as one antenna):

Itot =11 +12
z z z

_ 3zoﬁjr4djn 52)2 E( |ttot, | )2

}\4 2

Prad :
z
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Power radiated from both loops vs seperation distance
-7
4.4x10 . |

43x10°F =

-7 -
Re(Pradz) 4.210

41x10'F -
4x10”'F -

3,910 ' L
0

Series-Series Power due to copper at 1MHz:

Incident Power from
Transmission Line Source

(5 (el P Ll

Reflected power to source Power after reflection:

Pinc = ——— Prefl := Ptr =
Z Re(Z0) z Re(Z0) z Re(Z0)

Checkl :=Pinc - Prefl —Ptr
z z z z

0.1 0.2 0.3
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Power Calculations
Second loop is tuned in parallel, therefore power calcs

Plohm := (|Hz| )2[211 are performed using following expressions.

Tpef] [peydZa]

722
Pbatt ==————=—=— P2res =
z ZL z

722-7;

P2Volt :=Pbatt_+ P2res
VA z z
Compare power calculations to verify all Real Power is Accounted for in loop system:

Check2 :=Plohm + Pbatt + P2res + Prad
z Z z Z Z

Real Power of loops vs separation

h®eeceecooossce eecscceoe o
Ptr50 =14.415
" Pbattso =2.114
E Ptr,
5 Pbattlo0 =0.548
2 Check2,
Q? oo o
5 =
Pbatt200 0.036
0 1 1
0.1 0.2 0.3
z
1000

Loop Separation
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Compare power calculations to verify all Real Power in Loop2 is Accounted for:

Check3 :=Pbatt + P2res
Z z z

Loop 2 Conservation vs Dist Checks, =

1.5 I I 1062

0.839

0.648

0.491

1 0.369

Check3, 0.276

P2 0.205
eoe 0.153

05 0.115

0.086

0.065

0.05

0 0.1 0.2 0.3 0.038

z 0.03

1000 0.023

Dist (m)
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Compare power calculations of Matrix quantities and Copper Loss mechanisms to verify all
Real Power is Accounted for:

PsysLZ = (Plohmz) + (Pbattz) + (P2resz) + (Pradz)

Conservation of Energy

[ ] d
10
5 Ptr,
2
o PsysL,
cee
0 1 1
0 0.1 0.2 0.3
VA
1000
Distance

ErrorLZ =(1- % aoc
T

% Error - Conservation of Energy
-6
—-2.7x10 T T

-2.8x10" ¢

ErrorL,

-2.9x10" ¢

_ 3x1()_6 ] I
0 0.1 0.2 0.3
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Let’s see how much power at the source it requires for power to battery.

Pbatt ,
Eff = aoc
z PincZ

Efficiency S-P: 300 ohm load

Eff
z

14.662

11.584

8.94

6.785

5.095

3.804

2.835

2.115

1.583

1.191

15
&
e
g 10
Q
S Eff,
8
i 5
m

0

0.1 0.2
z
1000
Seperation (m)

Eff50 =14.662 Eff100 =3.804
Eff200 =0.249 Eff300 =0.031
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0.902

0.687

0.527

0.407

0.317




Power

Power (W)

S-P Match Source to Zin at Dist 0.5 Radius (IMHz)

I I
15,0061
R
|
|
Pinc, |
f— ‘
P, 10
s oo |
Pbatt,
- ‘
Plohm, J |
_____ |
|
l
;o
Tseo
| i
0 L T P |
0.1 0.2 03
z
1000
Separation
Series-Parallel Power VS Separation (IMHz)
100, J .
L m mm mm mm mm Em S . -
10
Pinc, 1 %
Plohm, 0.1
[ N N ]
P2res, 0.01
-3
Pbatt, 1x10
f— 4
Prad, 1x10
1x107°
1x107°
1)(]0_7 1 1
0.1 0.2 03

z

1000

Distance (m)
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Coupling coefficient at half a radius (z=50):

For calculating equivalent circuit (NOTE must use Static Mutual and Self Inductances):

7 7

If we know that: M := k[T, M := 139710 Ly =7.022% 10

M)

\/ Llp 1 DLlpZ

k:= k=0.199

Wireless Power Transfer Model: Parallel-Series

A wireless power transfer model for a two loops system was built. The
tuning configuration consists of the first loop tuned in parallel for canceling
reactance and the second loop tuned in series for canceling its reactance. Both
loop reactance cancelation was performed assuming each loop was alone in free

space.
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By Duality and reference of RamoWhinnery, and Van Duzer (p.586) we can write the
Magnetic field components of a magnetic dipole for Hr and H , and express them here with
the Magnetic Dipole Moment seen as p m.
6
. f:=100 e =1

P = Imaz ::jm)E’l'  := 200 0Qf) Mo := 4T[EIO_7

€0 = 8.85010 2

Parallel - Series Program

’ MO
= ::wiv 0[80 (& =0.021
L €0 [&r ko H ' kO

Position of source as the center of xsre = ( ysre =0 zsre ;= (
the coordinate system (Cartesian):

Radius of larger loop: a:=0.1
Radius of equivalent loop: b:=0.1
. . . a a
Unit Area dimensions: dx:=— dy :==— dz:=¢
drop into equations after everything 20 20
is _ -3 _ -3
working. dx=5x% 10 dy =5x%x 10 dz=0
xc_obs :=(
Position coordinates of _
yc_obs :=(
loop observer (Large Loop).
zc_obs =0
Planar from b+2*a to N*b: N,:=200( (b +2a) =0.3 NB =200
z
z:=50,60..30( h =
Z 1000

Build a Raster Function :
p:=0..159¢

Row: Column:
._ P —
wp = ﬂoor( 40j np =p (40511))
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Define the X and Y positions as observers for an 10 x 10
square mesh of loop (Add +/- a/10 for center square).

m
Xobs =] xc obs—a+—p+i
P N 199 80

n
Yobs :=|yc obs +a - P _2
p 199 80

ZobsZ = —(hZ + zciobs)

R - distance from source to center of Observer loop:

R ::J(xsrc — Xobs )2 + (ysrc - Yobs )2 + (zsrc — Zobs )2
MWD, Z p p Z

This is an A-matrix for storing the positions of Unit Areas:

N@\p ::\/(Xobsp - xc_obs)2 + (Yobsp —yc_obs )2

Member of circle Matrix: Use the Heavyside step function to keep all Unit Area squares that
compose the area of the Loop observer for a matrix that shapes the loop observer:

Member = (D(a—A )
P,z p
pm::IIDJI[Eo2
im0’ 167~ i%oRy /[ jGolE0 Er 1 1 (ssre - Zobs ) ’
Bepzzz%ﬁ '[]JR + S+ -|q1- -
e, ) jmmodry ) p.2
. 2 2 _: = — Zobs
kR, |:(Zsrc
Brp z::JmmOz - E T : 2 ¥ ; 3 R Z)
’ R i[O R ,
R, ) oo, ) Pz
Unit Area defined:
dx=5x10° dy=5x10 °  dz=0
dS, = dxldy
2
zsrc — Zobs z) (zsrc — Zobs z)
ds_r ::dSZB(i ds 8 =-ds,1-[——
-p,z R p.z R
P,z p.z

Flux: B-field components dotted with Unit Area components; All in spherical coordinates.

S BGp,ZElS_G )[QMember ’ )

W21 ::(Br
, p,z p,z Ilzu

dS r
z —p
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1599

Z wal

_p=0
M_dynp,z.—

Zzlplotp . =] Eb[M_dynp ,

Mutual Inductance On-Axis

_ 1.5x10" P |
an
~ °
3
=} -7 b -
g 1x10 .
[ ]
5 M, , .
o eee °
— 5x107°F . .
: .
= O, .
= | | ®000000.:
0
0 0.1 0.2 0.3
z
1000
Distance Seperation (m)
Mutual Impedance On-Axis
1
Q
Q
g
3 lm(Zlelotp‘Z) 0_1'—ﬁ >
g e00 ® e,
g L ) ¢
P
0.01
02 022 024 026 028

150

z
1000

Distance (m)



Assume wire is copper Twin-Lead line (20 gauge): Diameter=0.812mm, Dist_apart=7.5mm

o:=5.800 Doy = 172400 °

Temperature coefficient per 1deg Celsius (Human temp ~ 37C:):
3

o :=4.2900 O37:= a7 dR/Rs=a dT ,dR = change in resistance (ohm), Rs =
. standard resistance according, reference tables (ohm), a
dR37:= aldTRg dR37:=03700cy = temperature coefficient of resistance, dT = change in
_ temperature (K)
Large Loop Length: Second Loop Length:
ng =24 LQIld =2[Mb
Ljg = 0.628 Ly, = 0.628

Skin Depth (Weeks p372): Surface Resistance (Weeks p373):  Schelkunoff (p339)

2 i) —
A lmoms  NTwm BETo ReEend i
o

_ -4 _ -4 _ -4
Ry =2.609% 10 R2, =2.609% 10 R3¢ =2.61x 10
Ramo uses Low-Frequency for ratios up to 1 (or Radius of 20 awg wire:
lower), High Frequency calcs are > 1.
Therefore, High Frequency resistance Teu20awg -~ 0-000401

calculations are needed:

Teu20
SUAE — 6144

High Frequency (Ramo p182, Schelkunoft p339):
Ry

Rpp =
b o,

u20awg Ryp =0.102 Unis are Q /m

Clearly, the battery load
(ZL) has significant impact
Assume Ohmic resistance for loopl. on efficiency. If assumed 1
ohm, efficiency is very high
"

Rhf} i = Ry¢ [@ng) + dRs; Rhf,, = Rhf[QLQn d) + dR3-
Zy =300
Rhfyg =0.064 Rhfy, 4 = 0.064
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The Total Mhos conductance may be found by taking the inverse of the total series resistance.

1 1
‘ P Rhflst P P Rhf2nd P

Use Schelkunoff Radiation conductance 8
instead of Rrad =— A =299

Magneto-Statics Capacitance of a small loop -------------------
(Schelkunoff p 321-322)

(€0 . .
Ay = - Average capacitance between two halves of loop per unit length
log(—j along the circumference (Voltage distribution across loop).

a

1 |

Cloop = 3 [T, B Loop capacitance:
2
m80d — 1
Clp1 =5:287% 10 B , = -3.01ix 10°

Clpl = —a
3| ———
Tcu20awg

T[zlﬁO[Eb 13

Clp2 = s N Clp2 =5.287x 10
30n| ———
Tcu20awg

Internal inductance contribution (Balanis p245):

a w0 Lin:= b w0
2[&

2lo (*ﬂcu20awg

Magneto Static Inductance (loop)

Lil:=
(*ﬂcu20awg

8 8

Lil=1.023x 10 Li2=1.023x 10

(Schelkunoff p 321) Small, single turn loop with substantially uniform current
(approximate inductance).

Ljp) = MO —2  |+Li Ljpy =7.022x 10° 7
Teu20awg ijDLlpl =4.412i

b -
Ljy = OB ——— | + Li Ly, =7.022% 10 7
1p2 1p2
Teu20awg
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Conductance - Using Ohmic resistance and the Radiation Resistance:: " = 376819

30
3m 3" — =o.
Gli="— G1=0.013 G2:=— G2=1 2 0.013
2n 2n
4 1151)2l
Gl:= 3200 G— G1=0.013 G2:=Gl G2=10.013
A

Admittance looking in on equivalent loop circuit, prematching capacitor:

JI0ICypy 1
1+ — iy + —— .
+

1 1
PrGy el

Yprel := —
Pre Yprel =3.3% 107 ° - 0.227

Zprel = Zprel = 0.064+ 4.412i

Yprel
Assume a variable capacitive element that can cancel the complex conjugate:
Cpnatch = ~Im(Ypre) T Cpnatch = 0-227i

The complex conjugate will add in Parallel in the Admittance(Impedance) model circuit.

Yinl:=Yprel + C 3

match Yinl=3.3x 10

1
Z11:= — Z11=302.997
Yinl
[ |
L
C:=
®)? + 202
C _ L1p2
Ptune -~ 5 5
Rifjg)” + 07y CPyyne = 3-606% 10 °
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Glp2 N ] IIDKIZlp2

Ypre2:= | |
jIIbDLlpz + — 2+ lebKl?lszlG—z

Ypre2=33x% 10 3 0227

Zpre2 = Zpre2 = 0.064+ 4.412i

Ypre2

Assume a variable capacitive element that can cancel the complex conjugate:

Chnatch2 = ~Im(Zpre2) [ Chnatch2 = —4412i
The complex conjugate will add in Seriesin the Admittance model circuit.
ASSUMPTION: After the Loop has been matched (since battery R changes with charging),
then we can add the load to Z22.

222:= (Zpre2 + Cpaienn) + 71

722 =300.064
. 1 . -3
Yin2:= — Yin2=3.333x 10
722
Now we have the following impedances of the system. L "
If we know: w=—
z12 =721 Z11=302.997 o LI

Then, the tuning capacitance is:
1

Cune = 5
W (fLyy)
-8
C2yne = 3-607% 10
-9 .
.o = +
Mutual Z at 0.5 Radii ZZl50 3.783x 10 0.8781
. 721 =3783% 10 + 0.435i
Mutual Z at 1.0 Radii 100
. 72l =3783x 10 O +0.11i
Mutual Z at 2.0 Radii 200
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In the case of two loops in proximity,
such that they can be modeled as a
Linear Transducer. Loopl and Loop2,
each with two terminals for pos and neg
bias. (Schelkunoff p291)

In matrix form:

For Admittance:

- Current at terminals are short circuited
- Yinternalcalc when all generators are
open circuited.

Next, we can solve the Matrix
and re-write as such:

Writing current with respect to I
admittance gives us: I
2

722
Y1l =—
VA
z
-Z12
YI2 i =—
z D
VA
—Z21Z
Y21 i=—
z D
VA
Y22 ::Z—11
Z D
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i [ ]
Vi=Z0 + Zpo0,
o |
Vy =2y + Zyolh,
Vil (%11 212
A Zy1 2y

Now, let D be:

D= (Z11Zy) = Z15Zy))*

D, := (znfzzz—znztzzlz)

L

153

L D D Vi
163 Z1 Zn |2
D D

|

Y11 Y12

Yo1 Y22

].

i

Vi
\D)
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We will now assume a transmission line source will be connected to loop1, and then we
can solve for I1 and V1

Assuming that loop 2 has a battery load we can solve the impedance matrix by "Collapsing
a two-port to a one port network", and use this to calculate the reflection coefficient of the
input terminal that the source will see. Then we will know V1 and I1 for power

calculations: .
ZinBy Schelkunoff:

| |
2122 (2212)2 (zuz)2
ZA::ZII__ Zin =711- Zin2 =722 -
Z22 Z Z

722 Z11

303 T T 3x]0_“ T T

302.999F . u
2x10° .

Re(Zin,)302.998 - Im(Zin,)

302.997F - X101 ]

302.996 0
0 0.1 0.2 03 0 0.1 0.2 03

Impedance of the source matched to input of loop1, with loop2 at given distance:

Z0:= Re(zm5 O) + —(Im(ZinS o)) Re(Z0) = 302.999

And the reflection coefficient can now be seen as:
Zin —Z70
V4

[ =—
we Zin +Z0

If the total voltage and current waves on the line can be written as :

{e P&, i BS) 19 ::%ﬁe_ma—r@jma).
0

V(%) = Vgre
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Since the distance of transmission line is nearly 0 (negligible), we can express the equations:
[ |

| | VSrC
Vxi= Vg 1 +T) and Ix:= [ -n
Zy
Assume a source voltage:
VSrC = 1
V1=V, f1+r d, theref 1 AT 1-T
= Src[@ Z) and, therefore N, =5 EQ Z)

V2 =721 M
z z z
12 :=Y21 V1
z z z
Power Radiated (Schelkunoff Antennas p323):
NOTE: This is the power radiated by the primary loop antenna. Diaz stated to use Total

Complex dipole moment of both antennas.
Power Radiated (Schelkunoff Antennas p323):

Loop 1 with lamp assumed source:

2 2
B 320@14E6nm2) E(Hz)

)\4 2

Pradl :
z

Loop 2 with calculated current (12) using Linear Transducer Matrix:

2 2
4E6 2) D(12
pragy - 32000 B z)
z 4 2

A
Total Complex Dipole Moment (Assuming they are so close and behave as one antenna):

Itot =11 +12
z z z

_ 320@[4E61IB2)2 E( |ttot, | )2

)\4 2

Prad_:
Z
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Power radiated from both loops vs seperation distance
-14
2.099x10 . .

2.098x10° T .

2.097x10° .
Re(PradZ)

2.096x10° T .
2.095x10° .

2.094x10"

Series-Series Power due to copper at 1MHz:

Incident Power from
Transmission Line Source

Pinc = —(|Vsrc|)2 Prefl := (|Vsrc|)2[é|rz|)2 Ptr = (|VSYC|)2 [El _( r )ZJ
z" Re(Z0) z’ Re(Z0) z" Re(Z0) | Z|

Checkl :=Pinc_ - Prefl — Ptr
z VA VA z

Reflected power to source Power after reflection:

Check1,0[~
o
o
0
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Power Calculations broken up according to Copper loading:
Second loop is tuned in parallel, therefore power calcs

211 \2 are performed using following expressions.
V1 | G———
(| z Re(ZinZ)j P2Rbatt = (|12, )2[zL
PlohmZ = 711
— 2
P2ohm_ ._(|122|) [Rhfy, g
Zr 2
Z21 [1 _—
721, 2L * Rhfypg
PbattZ = p
L
2
Rhf.
2nd
[Izzlzmzl %mﬂ
P2res =
“ Rhfy,g
P2Volt :=Pbatt_+ P2res P2 := (|12Z| )IZI]V22|

Compare power calculations to verify all Real Power is Accounted for in loop system:

Check2 :=Plohm + Pbatt + P2res + Prad
z VA z VA Z

Real Power of loops vs separation

T ia
1 Ptr, =33x 10 °
3x107° : 50
= 1
< Ptr, I B -3
‘ P2Rbatt_ = 2.796x 10
5 T 207’ ; so
2 Check2, ‘
@) . |
£ . | _ 9
1x10 | P2Rbatt100 =6.856% 10
0 ' :' P2Rbatt. . =4.407x 10 °
0 0.1 02 03 200~

1000

Loop Separation
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Compare power calculations to verify all Real Power in Loop2 is Accounted for:
Check3 :=Pbatt + P2res
z z z

Loop 2 Conservation vs Dist

3x107° | T
— x10”8
% Check3, e
53
% P2,
o o 00 -3
1x10
|
0.1 0.2 0.3
z
1000
Dist (m)
Check3Z = =
2.797-10-8 2.797-10-8
2.174-10-8 2.174:10-8
1.654:10-8 1.654:10-8
1.242-108 1.242-108
9.245°109 9.245°109
6.857°10-9 6.857°10-9
5.086°10-9 5.086°10-9
3.781°109 3.781°109
2.823:109 2.823:109
2.12:10°9 2.12:10°9
1.602:10-9 1.602:10-9
1.22°10°9 1.22°10°9
9.352:10°10 9.352:10-10
7.224-10-10 7.224-10-10
5.622-10-10 5.622:10-10
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Compare power calculations of Matrix quantities and Copper Loss mechanisms to verify all
Real Power is Accounted for:

PsysLZ = (Plohmz) + (Pbattz) + (PZresZ) + (Pradz)

Conservation of Energy

| |
3x107°
5 Pty _3
2 —— 210
a 'I"s'y.st
1x103
0 | |
0 0.1 02 03
V4
1000
Distance
(PsysLZ)
ErrorL :=|1 - ————|00(
z (Ptr )
% Error - Conservation of Energy
- 6.34x10 ° | |
- 6.36%10 °

ErrorL, - 6,38x10_1°

- 6.4x10" 10

10 I I
0.1 0.2 0.3

-6.42x10°




Let’s see how much power at the source it requires for power to battery.

Efficiency (%)

Pbatt ,
Eff = - aoc
Z Pch

Efficiency P-S: 300 ohm load

1x10”°
gx10~*
6x10~"
4x10”*

2x10~%

0
0.1 0.2 0.3

z

1000

Seperation (m)

162

Eff =

z

8.472°104

6.585°10-4

5.012-10-4

3.762:10-4

2.8:104

2.077°104

1.541-104

1.145°104

8.553°10

6.423-10-5

4.854:10-5

3.695°10-5

2.833°10-5

2.188:10°5

1.703-10>




Power

Power (W)

Pinc,
Plohm,
LN
P2res,
Pbatt,

Prad,

P-S Match Source to Zin at Dist 0.5 Radius (IMHz)

-3

4x10 105

3x107°

2102

1x10~°

z

1000

Separation

P-S Power VS Separation (1MHz)

L L

z

1000

Distance (m)
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Coupling coefficient at half a radius (z=50):

For calculating equivalent circuit (NOTE must use Static Mutual and Self Inductances):

7 7

If we know that: M := kT, M= 139700 Lipy =7.022x 10

M
o= — M k =0.199

\’ Llpl IJLlp2

Wireless Power Transfer Model: Parallel-Parallel

A wireless power transfer model for a two loops system was built. The
tuning configuration consists of the first loop tuned in parallel for canceling
reactance and the second loop tuned in parallel for canceling its reactance. Both
loop reactance cancelation was performed assuming each loop was alone in free

space.
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By Duality and reference of RamoWhinnery, and Van Duzer (p.586) we can write the
Magnetic field components of a magnetic dipole for Hr and HO , and express them here with
the Magnetic Dipole Moment seen as p m.
6
. f:=100 e =1

o= M@ I:=j(oog" 6= 20t(T) bo = 4m10”

€0 = 8.8510 2

Parallel - Parallel Program

’ MO
= ::wiv 0[80 (& =0.021
L €0 [&r ko H ' kO

Position of source as the center of xsre = ( ysre =0 zsre ;= (
the coordinate system (Cartesian):

Radius of larger loop: a:=0.1
Radius of equivalent loop: b:=0.1
. . . a a
Unit Area dimensions: dx:=— dy :==— dz:=¢
drop into equations after everything 20 20
is _ -3 _ -3
working. dx=5x% 10 dy =5x%x 10 dz=0
xc_obs :=(
Position coordinates of _
yc_obs :=(
loop observer (Large Loop).
zc_obs :=(
Planar from b+2*a to N*b: N,:=200( (b +2a) =0.3 N[B =200
z
z:=50,60..40( h =
Z 1000

Build a Raster Function :
p:=0..159¢

Row: Column:
— P —
wp = ﬂoor( 40j np =p (40511))
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Define the X and Y positions as observers for an 10 x 10
square mesh of loop (Add +/- a/10 for center square).

m
Xobs =] xc obs—a+—p+i
P - 199 80

n
Yobs :=| yc obs +a - P _2
p 199 80

ZobsZ = —(hZ + zciobs)

R - distance from source to center of Observer loop:

A;Rvp . ::J(xsrc — Xobs p)2 + (ysrc - Yobsp)2 + (zsrc — Zobs 2)2

This is an A-matrix for storing the positions of Unit Areas:

N@\p ::\/(Xobsp - xc_obs)2 + (Yobsp —yc_obs )2

Member of circle Matrix: Use the Heavyside step function to keep all Unit Area squares that
compose the area of the Loop observer for a matrix that shapes the loop observer:

— _ o 2
Memberp,z.—CD(a Ap) Py =1, 0B
ioqo” 16>~ %Ry, . [ jBoE0 Er 1 1 (Zsrc_ZObsz) :
BO, Z::%B i — + 1 - -
' 2 . 3
e Ry ) bR, ) P
. 2.2 _; - — Zobs
JENR D(zsrc
B Z::—Jm‘mo2 OB o 0% 1, ! " Z)
! 2 . 3
R [do[po R )
B L I L O o B
Unit Area defined:
dx=5x10 ° dy=5x10°  dz=0
dS, = dxldy
zsrc — Zobs z) (zsrc — Zobs z) 2
ds_r ::dSZB(i ds_8  =-dsq1-|——=
~p.z R p.z R
p.z p,z

Flux: B-field components dotted with Unit Area components; All in spherical coordinates.

St BGp,ZElS_G )[QMember ’ )

W21 ::(Br _
p ) p.z p.z Il"

dS r
zZ —p
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|M_dynpyZ
eoeo

Mutual Inductance (H)

Zzlplotp . =] Ebl]/[_dynp z

Impedance

167

lm(Zlelotp ’Z) 0.1)eg

Mutual Inductance On-Axis

1.5x107" | | |
[ ]
[ ]
- [ ]
x0T, .
[ ]
[ ]
[ ]
5x107 ., .
[ )
L
0 ! "M
0 0.1 0.2 03 0.4
V4
1000

Distance Seperation (m)

Mutual Impedance On-Axis

0.2 0.25 0.3 0.35 0.4

z

1000

Distance (m)



Assume wire is copper Twin-Lead line (20 gauge): Diameter=0.812mm, Dist_apart=7.5mm

0:=5.800 Doy = 172410

Temperature coefficient per 1deg Celsius (Human temp ~ 37C:):
3

o:=4.2900 O37:= 037 dR /Rs=a dT, dR = change in resistance (ohm), Rs =
standard resistance according, reference tables (ohm), a
- " - : ) .
dR3-:= aldT[Ry dR37:=0370p.;, = temperature coefficient of resistance, dT = change in

0 temperature (K)
dRy7=2.737x 10

Large Loop Length: Second Loop Length:
L = 20003 Lypq = 2B
Ljg = 0.628 Lopg = 0628

Skin Depth (Weeks p372): Surface Resistance (Weeks p373):  Schelkunoff (p339)

2 o —
M emmme NTes RT|Te Rmemn
o

R, =2.609%x 10 R, =2.609x 10 ' R3, =2.61% 10
Ramo uses Low-Frequency for ratios up to 1 (or Radius of 20 awg wire:
lower), High Frequency calcs are > 1.
Therefore, High Frequency resistance Teu20awg = 0-00040¢
calculations are needed:
T
2
cu20awe _ ¢ |44
High Frequency (Ramo p182, Schelkunoft p339):
Rypi= —RS
hf -~ = i
2y 00w Ry p =0.102 Unis are QQ /m
Assume Ohmic resistance for loopl.
Rhf; ., =Ry ([L; ) + dRs- _
Zy =300

Rhfy g =0.064 Rhfy, 4 = 0.064
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The Total Mhos conductance may be found by taking the inverse of the total series resistance.

1 1
‘ P Rhflst P P Rhond P

Use Schelkunoff Radiation conductance 8
instead of Rrad =— A =299

Magneto-Statics Capacitance of a small loop -------------------

(Schelkunoff p 321-322)

T80 . .
av . Average capacitance between two halves of loop per unit length
log(—) along the circumference (Voltage distribution across loop).
a
1 [ |
Cloop = 3 [C,, B Loop capacitance:
(80 @ 13 1 5
Clp1 =5287% 10 . =-3.01ix 10

Cg=————
Ipl
3 — 22—
feu20awg

250 b 13

C1p2 = —b C1p2 =5.287x 10
3| ———
feu20awg

Internal inductance contribution (Balanis p245):
a w0 b w0

Li2:=
20 ("ﬂcuZOawg 2l6

Magneto Static Inductance (loop)

Lil:=

("ﬂcuZOawg

8 8

Lil=1.023x 10 Li2=1.023x 10

(Schelkunoff p 321) Small, single turn loop with substantially uniform current
(approximate inductance).

Ly = uoanh(Lj + Li) L =7.022% 10
‘cu20awg jlooly, ) =4.412i

Ly = HOB(In SR, I Ly =7.022% 10/
P r P
cu20awg
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Conductance - Using Ohmic resistance and the Radiation Resistance:: 1~ 376.819

30
3 3" == =001
Gl:i="— G1=0.013 G2i=— G2=1 n 0.013
2n 2n
4 na)zl
G1:= 3200 ; G1=0.013 G2:=Gl G2=0.013
A

Admittance looking in on equivalent loop circuit, prematching capacitor:

LTy 1
j+—2 ool + — ,
2 Gip1 Ty,
+

. 1 ) 1
JIIDDLlpl + — 2+ JIIL)IZEIPIEI&

Yprel :=

Yprel =33 10 ° - 0.227i

Zprel = Zprel = 0.064+ 4.412i

Yprel
Assume a variable capacitive element that can cancel the complex conjugate:
Conatch = ~Im(Ypre) @ Conatch = 0-227i
The complex conjugate will add in Parallel in the Admittance(Impedance) model circuit.

Yinl:=Yprel + C 3

match Yinl=3.3x 10

1
Z11:= — Z11=302.997
Yinl

L 1
C=——7-——

(R)z + o2m2

L

— Ip2
ChPiune =

2, 2. 2 _
(Rhfy ) + 0Ly CPyyne = 3.606% 10 °
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Assume a battery Load and re-derive the equation need for modeling the admittance of the
second loop. With Battery adding to the loading of the loop2, the Zin equation should
change. Power calculation will have to be based on drop across battery loading, not just
Ohmic resistance due to wire:

T, {
1+ P2 oty + —— ‘
+

1 1
jldoly,.» + — 2 + 6Ty, »[F—
JHO 2 G SO p2 G2

Ypre2:=

Ypre2=3.3% 10 30227

Zpre2 = Zpre2 = 0.064+ 4.412i

Ypre2
Assume a variable capacitive element that can cancel the complex conjugate:

. _ L
Crnatch2 = ~Im(Ypre2) [ Chatch2 = 0-2271 C:= > >
(R)” + oL
. Lip2
(ruf 47y )+ oy - 12
(Rhfy g +2)" + @ 1p2 CPyype = 7-797% 10
The complex conjugate will add in Parallel in the Admittance model circuit.
Yin2:= (Ypre2 + C ) + L -3
' match? 7 Yin2 = 6.634x 10

1
Yin2 722 =150.745

722 .=

Now we have the following impedances of the system.

212Z = 221Z Z11=302.997

_ -9 .
Mutual Z at 0.5 Radii 22150 =3:783* 10—+ 08781

_ -9 .
Mutual Z at 1.0 Radii ~ 2?'100 = 3783% 10—+ 04351

_ -9 .
Mutual Z at 2.0 Radii 221200 = 3783 10—+ 0.1Li
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In the case of two loops in proximity,
such that they can be modeled as a
Linear Transducer. Loopl and Loop2,
each with two terminals for pos and neg
bias. (Schelkunoff p291)

In matrix form:

For Admittance:

- Current at terminals are short circuited
- Yinternalcalc when all generators are
open circuited.

Next, we can solve the Matrix
and re-write as such:

Writing current with respect to I Y11 Y2\ (Vh '
admittance gives us: =

722
Y1l =—
Z D
z
—leZ
YI2 i =—
z D
Z
—Z21Z
Y21 i=—
z D
Z
Y’22::—22—1
Z D

i [ ]
Vi=Z0 + Zpo0,

o |
Vy =2y + Zyolh,

[ |
Vil (%1 Zi2) (1
\D) Zy1 Zp )\ Ip

Now, let D be:

D= (Z11Zy) = Z15Zy))*

D, = (znfzzz—znztzzlz)

1Y | b D Vi
16} Z1 Zn |2
D D

h) Yy1 Yoo ) (W2

verification using Schelkunoff p 407:

-Z12
z

Y12b :=
z 2
711722 - (212Z)
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We will now assume a transmission line source will be connected to loopl, and then we
can solve for I1 and V1

Assuming that loop 2 has a battery load we can solve the impedance matrix by "Collapsing
a two-port to a one port network", and use this to calculate the reflection coefficient of the
input terminal that the source will see. Then we will know V1 and I1 for power
calculations:

ZinBy Schelkunoff:
|
2 2 2
i () )
Zp =2y - —— Zin =711 - ~——— Zin2 =722 -
Z z 722 z Z11
22
303.002 leo_ll T T T
ax10” '
3031 i
. X100 [
Re(Zmz) - Irn(Zinz) —11
302.998 - 2x10 T
1x10”
302.996 ' ' : 0
0 01 02 03 04 0
z z
1000 1000

Impedance of the source matched to input of loop1, with loop2 at given distance:

m:m@%d+ﬁqm%» 70 = 303.002

And the reflection coefficient can now be seen as:
Zin —Z0
=
W'm%+m

If the total voltage and current waves on the line can be written as :
. . ] V. . . '
V) = Vigelle %+ 1P I09:=—= fe PSP
0
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Since the distance of transmission line is nearly 0 (negligible), we can express the equations:
[ |

| | VSI'C
Vxi= Vg, [01 + 1) and Ix:= ——[1 - T)
Zy
Assume a source voltage:
VSI'C = 1
Vi =V _f1+r d, theref 1 = e 1 -T
= Src[@ Z) and, therefore 1], :=—— EQ Z)

Secondary loops is tuned in parallel, therefore we use expression.
V2 =721 M 12 =Y21 V1
z Z z Z Z z

Power Radiated (Schelkunoff Antennas p323): NOTE: This is the power radiated by the
primary loop antenna. Diaz stated to use Total Complex dipole moment of both antennas.

Power Radiated (Schelkunoff Antennas p323):
Loop 1 with lamp assumed source:

_ 320@14[611@12)2 E(Hz)z

)\4 2

Pradl :
z

Loop 2 with calculated current (12) using Linear Transducer Matrix:

2 2
4D6 2) E(12
pragy 2 2200 b z)
z 4 2

A
Total Complex Dipole Moment (Assuming they are so close and behave as one antenna):

Itot =11 +12
z z z

_ 320@14[611@2)2 E( |ttot, | )2

)\4 2

Prad_:
Z

174



Power radiated from both loops vs seperation distance

14

2.099%10" T T

2.098x10° T

2.097x10°
Re(PradZ)

2.096x10° T
2.095x10°

2.094x10"

Series-Series Power due to copper at 1MHz:

Incident Power from

. . Reflected power to source
Transmission Line Source

2 2
Pinc :=——— Prefl = (|Vsrc|) [Q|FZ|)
Z Re(Z0) z Re(Z0)
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Power Calculations broken up according to Copper loading:

711\ Second loop is tuned in parallel, therefore power calcs
(|Vlz| B—Re(ZinZ)J are performed using following expressions.
Plohm
Z11
7\ 722-7,\’
L |V2 | F—
|V22| — Z 720
. 722 P2res =
PbattZ = Z— z 7222-71
L
P2 := (|12 | )E|1V2 | P2Volt :=Pbatt_ + P2res
z z z z z z

Compare power calculations to verify all Real Power is Accounted for in loop system:

Check2 :=Plohm + Pbatt + P2res + Prad
Z Z Z VA V4

Real Power of loops vs separation 3

Ptrg, =3.3% 10

| ia |
: Pbatt_ = 1.108x 10
- 3x107° | sy = 1
% Ptr, :
5 =™ 207 | Pbatt. . =2.716x 10 °
2 Check2, ! 100 ’
@) “ |
(s} 3 I
1x10 ; b _ -9
| Pbatt, ) = 1.746x 10
0 | | |
0 0.1 0.2 0.3 0.4
V4
1000

Loop Separation
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Compare power calculations to verify all Real Power in Loop2 is Accounted for:

Check3 :=Pbatt + P2res
Z Z z

Loop 2 Conservation vs Dist

6><10_8 T T T
4x10~8
o
E Check3,
=
(]
% P2,
~ ® 00
2x107°
| |
0
0 0.1 0.2 0.3 0.4
V4
1000
Dist (m)

177

Check3 =
VA

5.567-10-8

4.327°108

3.293-10-8

2.472:108

1.84'108

1.365°108

1.012-108

7.527°109

5.62:10-9

4.22:10°9

3.19:109

2.428-10°9

1.862:10°9

1.438:109

1.119-109




Compare power calculations of Matrix quantities and Copper Loss mechanisms to verify all
Real Power is Accounted for:

PsysLZ = (Plohmz) + (Pbattz) + (PZresZ) + (Pradz)

Conservation of Energy

T T T
3x107°
’53 Ptr, _3
2 T 2x10
o Posts
1x10"°
0 | | |
0 0.1 02 03 0.4
V4
1000
Distance
(PsysLZ)

ErrorL :=|1 - ————[(O0(
z (Ptr )

% Error - Conservation of Energy
- 6.3514x10" " | | |

-63516%10 ¢

-63518x10 ¢

ErrorL,

- 6.352x10 ¢

- 6.3522x101°

10 I I I
0.1 0.2 0.3 0.4

- 6352410
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Let’s see how much power at the source it requires for power to battery.

Pbatt ,
Eff = aoc
z PincZ

Efficiency P-P: 300 ohm load *
4x1073 3.357-10-3
— 2.609-10-3
> 3x107° 1.986°10-3
g - 1.49-10-3
2 1.11-10-3
§ Ix10™3 8.231'104
6.105-10-4
0 0 - 4.539:104
, 3.389-10-4
1000 2.545-10-4
. 1.923:104
Seperation (m) 1464104
1.123-104
8.671°105
6.748°105
Eff, ) =3.357% 103 Eff, ) = 8.231x 104
Eff, ) = 5.29% 10°° Eff, ) = 6.622x 106
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P-P Match Source to Zin - Dist 0.5 Radius (1MHz)

-3
4x10 0.061 T T T
!
. -3 ‘
Pinc, 3x10 |
— |
w Ptr, i
o ...
_3 |
% Pbatt, 2x10 }
B aee ‘
|
[Plohm, 1
1x10”° |
|
|
l
0 i L 1 d
0 0.1 0.2 03
z
1000
Separation
P-P Power VS Separation (1MHz)
0.01 ) |
1x10”*
Pinc,
-6
~ Plohm, 1X10
B XX
N
P2res _ \
5 o 1x107?
% Pbatt,,
a 1x10” "
Prad, I
1x10” "2
1><10_ 14 I I I
0.1 0.2 0.3 0.4
z
1000

Distance (m)
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Coupling coefficient at half a radius (z=50):

For calculating equivalent circuit (NOTE must use Static Mutual and Self Inductances):

7 7

If we know that: M := k[T, M = 139700 Ly = 7.022% 107

M
o= — M k=0.199

\’ Llp 1 IJLlp2
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