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Wireless Power Transfer Utilizing a High-()
Self-Resonant Structure

Aaron L. F. Stein ““, Phyo Aung Kyaw

Abstract—The range and efficiency of a wireless power transfer
(WPT) system is limited by the quality factor of the resonant coils.
Conventional resonant coils are made from solid or Litz wire. At
megahertz frequencies solid wire is not utilized well due to skin ef-
fect, and Litz wire is very lossy due to proximity effect. We present
a multilayer self-resonant structure as a low-cost method for cre-
ating high-Q coils. This structure uses thin foil layers that are sep-
arated by a dielectric material in order to form an LC resonator,
while also forcing equal current sharing between conductors. The
self-resonant structure makes it feasible to achieve advantages sim-
ilar to Litz wire, but at multi-megahertz frequencies where effec-
tive Litz wire is not commercially available. These structures are
made with foil layers much thinner than a skin depth, which can
make handling these thin layers a challenge. To solve this problem,
we also present a modified self-resonant structure in which the lay-
ered conductors are made with flex-PCB substrates with no vias.
The PCB substrates provide a relatively inexpensive way to handle
thin conductive layers, and the modified self-resonant structure
ensures that the poor dielectric properties of the PCB substrates
do not impact the quality factor of the structure. A prototype of
the modified self-resonant structure has a quality factor of 1183 at
7.09 MHz, despite only being 6.6 cm in diameter, which is more than
6.5x larger than other coils presented in the literature with a similar
diameter. An experimental WPT setup utilizing two self-resonant
structures achieves 94 % efficiency at a distance of 5.0 cm, which is
more than twice the distance as similarly sized conventional coils
can achieve while maintaining the same efficiency.

Index Terms—Eddy currents, electromagnetic devices, electro-
magnetic induction, inductive power transmission, proximity ef-
fects, Q measurement, wireless power transmission.

I. INTRODUCTION

IRELESS power transfer (WPT) is of great interest for

many applications including biomedical, automotive,
and consumer hand-held electronics [1]-[4]. In many of these
applications, a high-frequency magnetically-coupled resonant
system is the most effective method of transmitting wireless
power. The efficiency of such a system is limited by the quality
factor and coupling factor of the resonant coils that generate
the electromagnetic coupling [3], [5], [6]. As the range between
the coils increases, the coupling factor decreases; therefore, im-
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Fig. 1. New self-resonant structure, shown with exaggerated layer thickness
for clarity. In practice, layer thicknesses is on the order of 10 xm and many
layers are used.

proving the quality factor of the resonant coils is crucial for
increasing the range and efficiency of WPT.

A conventional resonant coil consists of a spiral loop of wire
connected to a ceramic or film capacitor. The quality factor of
such a coil increases linearly with the diameter of the coil [7],
[8]. So, we propose a figure of merit ()4, which is the ratio of the
quality factor @ to the diameter d of the coil: Q; = % .Examples
in the literature for high-frequency coils around 6.78 MHz report
values for Q4 that range from 3 to 28 cm ™' [3], [9]-[13].

The @, of conventional coils is limited by three main factors.
First, below 1 MHz, coils are typically made from Litz wire
in order to minimize losses due to skin and proximity effects.
However, the benefit of using Litz wire is limited in the mega-
hertz frequency range due to the need to have strand diameters
much smaller than the skin depth. Such small strand diameters
are either very expensive or not commercially available because
they are difficult to manufacture [14]. Second, connections be-
tween the Litz wire and the capacitors can also be problematic
even in the kHz frequency range. Terminating Litz wire with a
large number of strands is difficult, and the benefit of the Litz
wire extends only to that point—connections between the ca-
pacitors and the Litz wire are then solid conductors, which are
not effectively utilized at high frequencies, and can have eddy-
current losses induced by the field of the coil. Finally, although
ceramic or film capacitors can use foil or metalized film con-
ductors much thinner than a skin depth, eddy currents can be
induced in them depending on their orientation and proximity
to the magnetic field produced by the coil. They can also suffer
from proximity-effect losses arising from the current flow to
them and in them.

In this paper, we propose a new multi-layer self-resonant
structure, illustrated in Fig. 1, which effectively utilizes thin foil
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conductors and a low loss dielectric to create a high-Q) reso-
nant coil [15]. This structure consists of alternating layers of
C-shape foil conductors and dielectric rings placed in a fer-
rite core, and forms a parallel resonator in a single component.
This integration of capacitance and inductance is similar to the
integrated LC and LCT (inductor, capacitor, transformer) pas-
sive power components discussed in, for example, [16]-[18].
However, unlike the previous work, multi-layer self-resonant
structures use the capacitance not only to implement the neces-
sary capacitance, but also to make the conductors more efficient
by equalizing current sharing between them. As a result, they
not only provide a parts count savings through integration, but
also provide a dramatic performance benefit. A structure simi-
lar to the multi-layer self-resonant structure is reported in [19],
but insufficient detail is provided to assess its true capability. In
particular, the inductance calculation assumes that all the flux
is in the magnetic material, resulting in a major discrepancy
in the calculated versus experimental inductance. No proximity
effect losses are considered in the analysis and an appropriate
measurement methodology for the () value is not reported.

Thin foil layers are vital for the performance of the self-
resonant structure, but can make prototyping difficult. To
overcome this concern, we also propose a variation of the
self-resonant structure that allows fabrication with more con-
ventional methods and materials [20]. This modified structure
uses high-loss but low-cost PCB substrates such as FR4 and
polyimide to support thin conductor layers for easy handling
without adversely affecting the quality factor of the resonance.
The improved manufacturability of the modified structure
presented here allowed us to successfully implement two
high-@) 7 MHz resonant structures and demonstrate long-range
and high-efficiency WPT.

A related type of self-resonant structure, proposed in [21], is
a split-ring resonator (SRR), which is a pair of C-shaped con-
ductors that forms a simple resonator. SRRs can be arrayed to
create metamaterials with unusual and controllable electromag-
netic properties, and have been proposed as a way to influence
the coupling of resonant inductive WPT systems. However, al-
though it can be shown that an ideal negative-permeability mate-
rial could be used to enhance performance, the losses of practical
SRRs limit the usefulness of this approach [22]. Whereas, an
individual SRR comprises just two concentric C-shaped con-
ductors, the self-resonant structure configures them in a stack
rather than in an array, and uses many layers to achieve low
losses, in conjunction with soft magnetic material shaping the
field for lowest losses.

In this paper, we begin by describing the self-resonant struc-
ture and its loss mechanisms (Section II) [15], [20]. Next, we de-
scribe the modified self-resonant structure (Section III), which
has similar performance as the self-resonant structure but is
easier to prototype [20]. We then introduce new analysis of the
structure’s performance in a WPT system including: a lumped
element model of two coupled self-resonant structures, the the-
oretical WPT efficiency, optimal operating conditions, and the
impact of input resistance on WPT efficiency (Section IV). Fi-
nally, we present experimental results characterizing the struc-
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Fig. 2. In this figure, two overlapping C-shaped conductors forming one
section are shown from a top—down perspective. Each section forms two capac-
itors Cg,, which are connected in series. The angle of overlap of one capacitor
0 is indicated.

ture [20], and new experiments demonstrating its performance
in a WPT system (Section V).

In addition to WPT applications, high-() resonant structures
are of interest as passive components for power converter appli-
cations. Design work and test results for similar structures used
in resonant power conversion are discussed in [23] and [24].

II. SELE-RESONANT STRUCTURE

The self-resonant structure consists of a stack of M sections
separated by a dielectric layer and placed inside a magnetic core.
A section is two C-shaped foil layers separated by a low-loss
dielectric (see Fig. 1). The C-shaped conductors within a sec-
tion have opposite orientations, which results in two overlapping
areas. The overlapping areas, depicted in Fig. 2, form two capac-
itors. As current flows through a section it passes through both
capacitors, and creates an inductive current loop. This results in
a parallel LC resonator in which the inductance L is equivalent
to a single turn around the magnetic core and the capacitance is
the series combination of two section-half capacitances Cy,. The
capacitance can be expressed in terms of the angle of overlap of
the layers in radians 6 (shown in Fig. 2), the outer radius of the
coil 79, the inner radius 1, the permittivity of the dielectric ¢4,
and the dielectric thickness t; as follows:

(0N (D)) b3 )

In practical designs, the self-resonant structure is constructed
from many sections that are separated from each other by a
low-loss dielectric layer. Excluding the first layer, each section
is inductively coupled so there are no terminations in the high-
current path. The strong coupling effectively puts all of the
sections in parallel. Each section has a capacitance CZS“, and
there is additional capacitance between a section and the layers
above and below it. Therefore, a structure with M sections
has an equivalent capacitance Cequiy Of Cequiv = M Cyp,, and a
resonant frequency \/Ll% A circuit model of a 3-section

equiv

self-resonant structure is shown in Fig. 3. The strong coupling
between sections forces each section to have approximately the
same voltage, and therefore (for equal capacitances) the same
current.
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Fig. 3. Equivalent circuit model of a three-section self-resonant structure.

The red section encompassed by a dotted square models a single section of the
structure, and three of these sections are “stacked” to form the equivalent circuit
model. The horizontal lines on the top and bottom of the diagram represents a
conductive layer that would be used as part of a capacitor if additional sections
were added.

A two-dimensional (2-D) illustrative simulation of a stack
of five sections is shown in Fig. 4; Fig. 5 has a conceptual
diagram of this configuration. The simulation shows that at
the 0° position (left) current is flowing in the layers that are
interrupted at 180° position. Over the next 180°, it gradually
transfers to the opposing conductor layers, and then transfers
back as we approach 360°. This scenario is illustrated in Fig. 5
where the end of each layer labeled I}, has the full layer current
(I1), and the other end (labeled 0), has zero current.

The self-resonant structure provides three main benefits over
conventional resonant coils. First, capacitance ballasting forces
equal current sharing between many thin foil layers. Easily ob-
tained foil thicknesses are about an order of magnitude smaller
than easily obtained Litz strand diameters; therefore, the self-
resonant structure is able to mitigate skin and proximity effects
in the megahertz frequency range, where Litz wire is ineffec-
tive. Second, the inductive coupling between sections means
that, unlike conventional coils, there are no terminations in the
main resonant-current path, and therefore minimal losses due to
terminations. Finally, the self-resonant structure does not have
plate losses associated with a conventional capacitor because
the capacitance is integrated into the structure. For these rea-
sons the self-resonant structure can achieve a much higher )
than conventional resonant coils.
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Fig. 4. 2-D illustrative simulation of conduction and displacement current

flows in a stack of five sections. The cross section is an “unwrapped” circular
section, such that the horizontal position in the figure corresponds to angular
position 0° at the left and to 360° at the right. The conductor layers have
primarily horizontal current flow (by conduction), while the dielectric layers
have vertical displacement current flow. For clarity, the scales are different for
displacement and conduction currents. The layer thicknesses are exaggerated in
this illustration — our designs use layers that are much thinner in comparison to
the perimeter.

Region II Region II

L{cgiun 1 Region | chmn;\
I A A I VR
B I I S B I . I
L L 1 1 B T T T T8
T T T T _I__I__l__l_o
o N I VA
B I I N B I N N
P R o T T T T,
u_l__l__l__l_ _I__I__l__[_o
I A A I, A
B I I I B I N I
P R o T T T T,
U—[__I_TT _I__I__l__l_o
I A N I VR
T T T T T T T T
po 31 G T N
o — T T T T T T T, ‘
: 0 I, 0 i

T

Fig. 5. Diagram corresponding to Fig. 4.

A. Loss Mechanisms

The performance of the self-resonant structure is measured
by the quality factor of the device at resonance. The quality
factor (Q is

w, L

Q - Rtolal

@)

where R 1S the sum of three equivalent series resistances
(ESR) that model winding loss, core loss, and dielectric loss.
The ESR for each of these loss mechanisms is discussed in this
section.

The focus of this paper is to extend the range and efficiency
of WPT; therefore, the loss mechanisms are analyzed for a
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single self-resonant structure, not two coupled structures. This
approximates the behavior of a weakly coupled WPT system.
In a strongly coupled system, the loss models must account
for mutual resistances, and therefore would require a matrix of
resistances.

1) Winding Loss: We first consider the resistive loss, defined
for a non-resonant coil as P, = Rq. I?,,,, where Ry, is the dc
resistance and I, is the rms current. It is not immediately
clear what would be the analogy for dc resistance for a resonant
coil, given that the capacitive coupling would block dc current.
However, we can perform the analysis in terms of low-frequency
ac resistance, Ry, which, in a conventional winding, would be
equal to the dc resistance.

As a starting point, we find the low-frequency resistance of a
simple single-layer loop as

2T
Rifiop = — b 3)
In (%) -t

where t. is the thickness of the conductor, r; and ro are the
inner and outer radii of the conductor, and p is the resistivity of
the conductor material.

Comparing low-frequency resistance for a simple loop to that
of a section comprising a pair of C-shapes, we find the low-
frequency resistance is mildly reduced, based on the current
being shared between two layers in the overlap region (see des-
ignated region II in Fig. 5). In this region, the current flow
transfers from one C-shape to the adjacent ones over the dis-
tance of the overlap angle 6 (shown in Fig. 2) and as a result,
the current in a given layer, I, linearly increases or decreases
as a function of angular position ¢, ranging from zero to the
full layer current I1,. This can be written as I,, (@) = I, - 5 or
I, () =1, - (1— %), in region II Integrating the square of
this current with respect to angle, we find that the power loss in
the overlapping region of each C-shape is 1/3 of what it would
be with constant current, for a total power loss in region II of
a section (comprising two C-shapes) equal to 2/3 of the power
loss that would result from the current flowing in a simple single
layer.

Given that the current must flow a total angular distance 26
in the overlap region (region II) and a total angular distance
2(m — 0) in region I (where there is no overlap), we can find
the total resistance around the loop in one section (a pair of C-
shapes) by using RyF jo0p OF 2/3 or RiF 100p for the appropriate
fraction of the full 27 radians in the loop as follows:

2(7r—0)+§20>.

o “4)

Rir y = RiF1o0p (
Simplifying this, we see that Ry r is reduced by a factor k; =
1-— %. The result shows that for the full range of possible
overlap angles from zero to 180°, the low-frequency resistance
varies between the full resistance of a simple loop (for small
overlap angles) and 2/3 of that value (for maximum overlap).
If we assume that the current shares equally between M
sections, the effective resistance seen by the total rms current
Iims i RLF 1oop - k1/M, such that

k
P = Iers : RLF,loop : Ml (&)
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Next we consider eddy-current loss (proximity effect), which
is caused by a time varying magnetic field in the winding. A
typical proximity effect analysis assuming a 1-D field is created
by a magnetic core with infinite permeability and placed directly
adjacent to both edges of the windings, such that it provides a
magnetic flux path with no reluctance. In practice, there is a
gap between the magnetic core and the winding. Furthermore,
the permeability of the high frequency magnetic material is not
large enough to be accurately modeled as infinite. Compared
to the idealized case, these practical consideration weaken the
magnetic field and prevent the magnetic field lines from being
perfectly parallel to the foil layers. Our analysis first finds an
expression for the proximity-effect loss assuming a 1-D field as
described earlier, and then modifies this expression to take into
account 2-D fields created by practical winding placement and
core permeability.

The ac resistance factor assuming a 1-D field F} 4, is derived
in Appendix A, and is as follows:

Rac M2 tc ! k2
1dr le + 9 (5) kl ( )

where ¢, is the thickness of the conductor, J is the skin depth, and
ko is 1+ % . This is a standard expression for an ac resistance

factor in a multilayer structure, but modified by the factor ’;—2

Next, we consider the impact of a 2-D field created by
practical winding placement and core permeability. When the
magnetic field lines are not parallel to the foil layers, there
is increased winding loss due to horizontal current crowding.
This is modeled with a current crowding factor F., which is
extracted from a finite element analysis (FEA) as described in
Appendix B-B. In the idealized case F¢. is 1, and it increases
in practical scenarios. Furthermore, the winding placement and
core permeability weaken the magnetic field which reduces the
proximity effect. The impact of field weakening on the winding
resistance is modeled by a field weakening factor Fj,, which
is extracted from an FEA described in Appendix B-A. In the
idealized case, F}y, is 1, and it decreases in practical scenarios.
The ac resistance factor including current crowding and field
weakening is

Fr:Fcc+ (7)

9 ) ke

In summary, the winding loss model is

FrpoM? [(t.\"
ky Foe + — () /@] )

Fr M? <t6 )4 ko

2wp
ln(%)th

Rying =

9 ]

where k; :1f%andk2 :1+g.

2) Magnetic Core Loss: The appropriate core loss model is
dependent on the flux density in the magnetic core [25]. If the
flux density is relatively small, then the core loss should be found
from a complex permeability loss model, and if the flux density
is relatively large, then the core loss should be found using
the Steinmetz equation. In many WPT applications, including
our prototyping work, the relatively large gap causes the flux
density in the core to be relatively low; therefore, in this section
an expression for the core loss is derived from the complex
permeability loss model.
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Incorporating the complex permeability of the core in a re-
luctance model results in an expression for a complex valued
single-turn inductance as follows:

1
L= 9
s + Ko ©

h
Acpo(p'—jp”

where (., is the effective length of the core half (half the effective
length of a full pot core), A, is the effective area of the core,
Z, is the reluctance of the air gap, and ¢/ — ju” is the relative
permeability of the magnetic core. The ESR that models core
loss is a function of the angular frequency w and is given by

Leop "

Reore = R[jwL’] = — w”““‘f :

(o + )+
To simplify this expression in order to obtain design insight,
we first neglect the (%, 1" )2, because, for an effective core, it
is much smaller than (%, 1/)*. Although the u—fj— term could
be significant, in our prototyping work we found that the %, 1’
term dominates. In this case, the ESR arising from core loss is
approximately proportional to
~ 1

Reore A
1% Qmaterial

(10)

an

where the quality factor of the material Qmagerial 1S % There-
fore, we chose a material that has both a large Qmaeriar and a
large real component of magnetic permeability at the resonant
frequency of the structure. However, (11) does not always hold.

For example, if the magnetic core was very thin, #f*‘;‘l - could be

the dominant term, and in this case Reore X 14"
3) Dielectric Loss: The losses created by the capacitance
Cequiv of the structure are due to the dielectric material, and can
be modeled with an ESR that is given by
Dy
Rdieletrcic - C

equivi

12)

where Dy is the dissipation factor of the dielectric. To reduce
the dielectric loss, a material with a small dissipation factor
such as polytetrafluoroethylene (PTFE) or polypropylene should
be used. The dielectric loss ESR is smaller than the ESR of
an external capacitor, because the capacitor ESR would also
include resistive and eddy-current losses in the conductors.

B. Coil Optimization

Designing an effective self-resonant structure requires a bal-
ance of conductor thickness, dielectric thickness, and overlap
angle. For example, for a given number of sections, if the con-
ductor is too thick, the proximity-effect losses will be high,
whereas if the conductor is too thin, the low-frequency resis-
tance will be large. Similarly, an optimal number of sections
exists for a given conductor thickness. If too many sections are
used, the proximity-effect losses will once again be high, and if
too few sections are used the conductor resistance will be high.
In the work done in [15], we derived expressions for: the opti-
mal conductor thickness given a number of sections constraint,
and the optimal number of sections given a conductor thick-
ness constraint. In that analysis, we showed that if the optimal
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Fig. 6. Contour lines of the theoretical quality factor of the self-resonant
structure at 7 MHz as a function of the conductor thickness and the number of
sections for a 6.6 cm pot described in Section V. In this figure the overlap angle
is 170°, and both the field weakening factor and current crowding factor are 1.
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Fig. 7. Layers of a two-section modified self-resonant structure.

conductor thickness is used, the optimal overlap angle is the
largest feasible angle. This choice also allows the use of thicker
dielectric which is easier to work with, and is used in all of
our designs. In our prototyping work, we chose to use readily
available commercial materials rather than optimal thicknesses.
A contour plot of the design space, such as Fig. 6, is useful in
this case to obtain an overview of the design space and to con-
sider practical but sub-optimal designs. The impacts of various
design choices on our prototypes are discussed in Section V-A.

III. MODIFIED SELF-RESONANT STRUCTURE

The self-resonant structure requires thin foil layers in order
to effectively mitigate skin and proximity effect; however, these
thin foil layer can be difficult to handle. To overcome this chal-
lenge, we propose the modified self resonant structure which
is depicted in Fig. 7. This structure allows the use of low-cost
but low-performance PCB substrates such as FR4 or polyimide
to support thin conductive layers without significantly affecting
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the @ of the structure. If the structure shown in Fig. 1 was built
using such substrates, excessive dielectric losses would result.
But in the modified structure, any two conductor layers that are
separated by a high-loss substrate are oriented with their gaps
aligned. For example, in Fig. 7, the top layer of copper (layer
1) is separated from the second layer of copper (layer 2) by a
high-loss substrate, and are both oriented such that the gap is
coming out of the page. A capacitance Cyy, is formed between
these two layers; however, the orientation ensures that no strong
electric field is generated between the layers. The voltage in-
duced in Cyyp, is only due to the leakage magnetic flux, which
is a small fraction of the overall magnetic flux. This allows
the use of the high-loss substrate without significantly affecting
the quality factor. A calculation of the loss in the substrate in
Appendix C shows that, for our prototyping work, the loss is four
orders of magnitude smaller than the other computed losses. The
other loss mechanisms are the same for modified self-resonant
structure and the self-resonant structure (Section II-A); there-
fore, the modified self-resonant structure can achieve similar
performance as the self-resonant structure while supporting the
thin foil layers on a low-cost substrate.

The modified structure has an equivalent capacitance
Cequiv = % , which is half the capacitance of the original self-
resonant structure, for a given dielectric thickness and numbers
of sections. Therefore, for a given geometry, the modified struc-
ture requires either twice as many sections, or half the dielectric
thickness in order to maintain the same resonant frequency. An
equivalent circuit model of the modified structure is shown in
Fig. 8.

The substrate material does not impact the equivalent capac-
itance Clquiv Or the quality factor of the modified self-resonant
structure, so it can be selected based on considerations such as:
ease of handling, the overall compactness of the complete struc-
ture, cost, and manufacturability. Low-cost substrates such as
FR4 and polyimide are commonly laminated with copper and
etched using standard PCB processes, which makes them ex-
cellent candidates for constructing the substrate layer. However,
any insulating and non-magnetic material could be used to form
the substrate layer, as the dielectric properties do not impact the
Q of the modified structure.

It should be noted that, although the substrate layers do not
impact the (), the properties of the dielectric layers are critical
to the performance of the modified structure. The dissipation
factor of the dielectric layers has a similar impact on the )
of the self-resonant structure and the modified self-resonant
structure; therefore, low-loss dielectric materials (e.g., PTFE or
polypropylene) should be used for the dielectric layers of the
modified structure.

IV. WIRELESS POWER TRANSFER

The maximum achievable efficiency 7y, between two coils
of a WPT system is dependent on the quality factor @); of
the send coil, the quality factor )5 of the receive coil, and
the magnetic coupling coefficient k. The theoretical maximum
efficiency can be found from the optimal loss fraction presented
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Fig. 8. Equivalent circuit model of a three-section modified self-resonant
structure. The dashed line encompasses a single section, and three of them are
“stacked” on top of each other with alternating orientation. This orientation
ensure that the capacitors formed through a high-loss substrate (shown in red)
are not excited by the resonance. The horizontal lines on the top and bottom of
the diagram represents a conductive layer that would be used to form a capacitor
if additional sections were added.

in the work done in [5] and is given by

2
_ Q1Q:k (13)

(1 i Q1Q2k2)2.

In practice, loss mechanisms not accounted for by the Q of
the structure, variations from the optimal load, and impedance
matching all can cause the efficiency of WPT to be less than
the theoretical maximum. In this section, we present a lumped
element model of two coupled self-resonant structures in order
to provide a more accurate estimate of the system efficiency,
provide a methodology for deriving the optimal load resistance
and drive frequency, and illuminate the impact of various loss
mechanisms on the overall wireless efficiency. This analysis
applies to both the modified self-resonant structure and the self-
resonant structure.

A lumped element model of the two coupled self-resonant
structures is shown in Fig. 9. A single self-resonant structure is
modeled as the parallel combination of an equivalent inductor,
capacitor, and resistor, C';, Ry, and L, for the send structure and
Cy, Ry, and L, for the receive structure. We define Z; and 2,
as the parallel combinations of C'y, Ry, and L1, and of Cs, Rs,
and Lo, respectively. We also define the input voltage as Vj,,
the output voltage as V,, and the voltage on the send structure
resonator as V; (see Fig. 9). The magnetic coupling between
the structures is modeled using a 7 transformer model. The

nmax
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Fig. 9. Lumped element model of two self-resonant structures magnetically coupled together for WPT. A load resistor R, is shown, but is not inherent to the
structure.

connection to the self-resonant structure is a split ring with foil
leads on it, which has a relatively high resistance because it does
not benefit from the many parallel thin layers associated with
the structure. The connection to the send structure is modeled
with a resistor Rj,, and the connection to the receive structure is
modeled with aresistor R,,. The load is a resistor R;, connected
to the receive structure.

The efficiency 1 of WPT between two modified self-resonant
structures is found from the loss fractions associated with the
individual loss mechanisms

1 1
S l4A 14+ (At A+ Ar, + Ary)

7 (14)

where A1, Ao, Ap,, and Ap , are the loss fractions associated
with Ry, Ry, R, and Ry, respectively. The loss fraction for
the receive structure A is the ratio of the power dissipated in
R to the power dissipated in Ry, and is

VZ
2RMS RQ
Ao = 22 — L . 15
’ V;}MS Ry (Ry, + Row) 13
'L

2
Vrgus L We define
R V"ZRMS

a factor Fi, = “f—l, that is the ratio of V] to V,,, where

The loss fraction for the send coil is A; =

Jwlp  jwlp Ry + Rou
F, = 1 16
1 < Z + R, + ) R, (16)
therefore,
Ry 9
M= —||F1o||°- 17
TR || F1o] (17
The loss fraction for the input resistance is Ap, =
2 .
[‘“Rhfgl?'"” . The input current I, expressed in terms of V, is

ORMS
Tin="V, (%e+ gt g o). Therefore, Ag,, can be simplified
to

2 2

Flo

o Rout + RL
Zy

R Z,

1
4+ —

+ i

Finally, the lost fraction for the output resistance is Ap,, =

The loss faction for the entire system A is

A=A + Ao +)\Rin+)‘R

out

_ Rif|F|P R}
Rl RQ (RL + Rout)
Fi, Row+R:r 1" RouRp
RunR Tow TR ) el (19
el Y TRz, R TR (19)

The optimal load resistance and drive frequency can be found
by minimizing (19).

The resistance of the first layer, which is modeled by Rj,
and Ry, will be much higher than the ESR of a well designed
self-resonant structure. However, at practical WPT transmission
distances the current in the first layer is substantially less than
the current shared by the many layers of the self-resonant
structure; therefore, the first layer typically has only a small
impact on the system efficiency, so the efficiency of a system
utilizing these structures can approach 7max. The impact of R;,
and R, on the WPT efficiency of our prototyping work is
discussed in Section V-C.

V. MODIFIED SELF-RESONANT STRUCTURE
EXPERIMENTAL RESULTS

We constructed and tested a pair of modified self-resonant
structures with resonant frequencies near the industrial, scien-
tific, and medical radio (ISM) band of 6.78 MHz. The modified
structure was used for prototyping because it provided a conve-
nient way to handle thin conductive layers. Section V-A details
the implementation of these structures, Section V-B presents ex-
perimental impedance measurements, and Section V-C shows
experimental WPT efficiency data.

A. Implementation of the Modified Self-Resonant Structure

The modified self-resonant structure comprises three main
components. First, a pot core with a diameter of 6.6 cm was
made from Fair-Rite’s 67 material, chosen for its relatively high
permeability (40 1) and high Qnaerial (712) at 6.78 MHz. Next,
the conductive layers of the structure were created using 6 pm
copper that, for ease of handling, was laminated on both sides
of a 25 pim polyimide substrate and patterned into C-shapes us-
ing standard PCB fabrication processes. Finally, 50.8 pm thick
PTFE film was cut with a die cutter to form the low-loss di-
electric layers. A picture of one of the modified self-resonant
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Fig. 10. Picture of the modified self-resonant structure that was used for
experimental results.

TABLE 1
EXPERIMENTAL EFFICIENCY, LOAD RESISTANCE, AND MATCHING NETWORK
PARAMETERS REPORTED AT VARIOUS TRANSMISSION DISTANCES FOR THE
EXPERIMENTAL WPT SYSTEM

Parameter Description Value
d Structure diameter 6.6 cm
M Number of sections 48
Core window height 9.2 mm
Structure height 16 mm
T Coil outer radius 26.25 mm
71 Coil inner radius 14.85 mm
te Conductor thickness 6 um
ls Substrate thickness 25.4 ym
Winding stack height 5.5 mm
0 Overlap angle 170°
0 Skin depth 24.5 ym
p Conductor resistivity 16.8 nQ2-m
Fypy Field weakening factor 0.80
F.. Current crowding factor 1.74
Ruind Winding ESR 1.68 mf)
L Structure inductance 137 nH
w Core relative permeability 48.1
w’ Imaginary relative permeability  0.0781
Len Effective length of core half 37.5 mm
A, Effective core area 717 mm?
K, Reluctance of air path 6.23 “v’\[,—’g
Reore Core ESR 1.19 mQ)
Cequiv Structure capacitance 3.67 nF
ta Dielectric thickness 25.4 ym
€d Dielectric permittivity 2.2¢,
€s Substrate permittivity 3.4e¢,
Dy Dielectric dissipation factor 2x 1074
Dy Substrate dissipation factor .0018
Ryicletric Dielectric ESR 1.22 m2
Roup Substrate ESR 99.5 n(2

structures is shown in Fig. 10, and system parameter values are
catalogued in Table L.

The copper thickness, dielectric thickness, and number of sec-
tions were chosen in order to maximize the quality factor of the
structure given commercially available materials and practical
construction constraints. The dielectric thickness (50.8 pm) was
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Fig. 11. Agilent 4294A impedance analyzer was used to measure the
impedance magnitude of the modified self-resonant structure around its reso-
nant frequency. The impedance magnitude is shown for two different frequency
ranges to illustrate the high-Q nature of the resonance. The experimental mea-
sured quality factor of the modified self-resonant structure is 1183.

chosen so that the dielectric material could be easily handled
without wrinkling. The core geometry was fixed, so, given an
overlap angle of 170°, the dielectric thickness determined the
minimum number of sections required in order to achieve the
desired resonant frequency (M = 48). The optimal conductor
thickness for 48 sections is 4.7 pm, but we chose a polyimide
substrate laminated with 6 pum copper because it was com-
mercially available. Given the chosen conductor thickness and
number of section, the optimal overlap angle 6 is very small,
but reducing the overlap angle would require a thinner and more
difficult to handle dielectric in order to maintain the resonant
frequency.

For this implementation, the analysis in Section II-A esti-
mates the total ESR to be 4.10 m{2. An FEA is used to esti-
mate the field weakening factor Fy, of 0.80, and the current
crowding factor Fi. of 1.74, which results in a predicted wind-
ing resistance of 1.68 mf2. Measurements of FairRite 67 mate-
rial in our pot core shape found the relative permeability to be
48.1 — j0.0781, which results in a core loss ESR of 1.19 m{2.
The maximum flux density in our experiments was calculated
to be 0.846 mT. At this flux density, the estimated core loss
using a Steinmetz model is 2.39 mW, and the core loss using
the complex permeability is 30.9 mW. Therefore, based on the
work done in [25], the complex permeability model of the core
loss in Section II-A2 is appropriate for our application. Finally,
for the dissipation factor of the PTFE dielectric, we use the
commonly reported value Dy = 2 x 1074, resulting in an ESR
representing dielectric loss of 1.22 m{). Because reported data
is scant and precise measurements of such a low dissipation fac-
tor is difficult, there is significant uncertainty in the dissipation
factor. However, the dielectric loss is only a small fraction of
the overall loss, so deviations from our estimated dissipation
factor would not drastically change the estimated quality factor.
From (2) and the inductance, which is 137 nH, we calculate an
expected quality factor of 1490.
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TABLE II
SUMMARY OF EXPERIMENTAL RESULTS FOR TWO MODIFIED SELF-RESONANT STRUCTURES

Parameter Description Structure 1 Value  Structure 2 Value
fo Resonant frequency fo, = 6.99 MHz fo, = 7.09 MHz

Q Quality factor Q1 = 1133 or 1225 (@2 = 1183 or 1290
Qu Figure of merit (FOM) 169 or 185 179 or 195

FOM percent increase

504% or 561%

539% or 596%

Two methods were used to calculate the quality factor of the structures and both results are reported in this table (bandwidth method,

Z 1. method).

B. Experimental Performance of the Modified
Self-Resonant Structure

The experimental quality factor of the modified self-resonant
structure was determined using two methods in order to ver-
ify the measurements. First, the quality factor was found to be
1183 using the ratio of the resonant frequency to the 3 dB band-
width extracted from Fig. 11, which is the magnitude of the
device impedance versus frequency measured with an Agilent
4294A impedance analyzer. Next, the quality factor was also
calculated from the simulated structure inductance, the experi-
mental resonant frequency, and the experimental magnitude of

Zue — 1290.

the maximum impedance Z,; to compute @) = o

There is only an 8.6% difference between the quality factor
calculated with each method, which validates our measurement
methodologies.

The quality factor measurements have a 13.4% error and
20.6% error between the theoretical and experimental quality
factor, which suggests good agreement with the analysis pre-
sented in Section II-A. The disagreement between the experi-
mental result and the theoretical findings are likely caused by
three factors. First, it is challenging to accurately measure the ()
of a high-() resonator, as shown by the 8.6% error between the
two methods of measuring () presented earlier. Second, imper-
fections in the construction process will cause conductive layers
to not be perfectly flat and parallel, which results in the mea-
sured quality factor to be less than the theory predicts. Third,
uncertainty in the material properties (e.g., Dy) creates some
uncertainty in the theoretical Q.

The @ of the modified resonant structure is at least 179 cm~ !,
which represents more than a 6x improvement over largest (4
we found in the literature (QQ; = 28). An additional structure
was constructed according to the same design to complete a pair
for WPT experiments reported in Section V-C. The experimental
results for both structures are summarized in Table II.

C. Wireless Power Transfer Efficiency Utilizing the
Modified Self-Resonant Structure

We tested WPT between the two structures in Table II. Struc-
ture 1 was the send structure and Structure 2 was the receive
structure. The experimental results are compared to the theo-
retical maximum efficiency and the efficiency estimated by the
lumped element model (described in Section IV). In this sec-
tion, we describe how parameters were extracted for the theoret-
ical maximum efficiency and lumped element model, detail the
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Fig. 12.  Finite element analysis is used to find the coupling coefficient (k) as

a function of the distance between the resonant coils.
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Fig. 13.  Picture of the magnetic cores at a separation distances of (a) 50 mm,
(b) 100 mm, and (c) 150 mm illustrates the relative size of the coil to the range
of WPT discussed in this work.

experimental setup, and present experimental WPT efficiency
data.

1) Theoretical WPT Efficiency: The theoretical maximum
efficiency of WPT is determined by both the quality factor of
the self-resonant structures and the magnetic coupling factor. An
FEA of the magnetic core shows that the coupling factor ranges
from 0.875 to 0.0014 as the transmission distance increases from
1 to 150 mm (see Fig. 12). Fig. 13 illustrates the relationship
between core size and transmission distance.

The theoretical maximum efficiency is plotted as a function
of distances in Fig. 15. It was calculated using the quality factors
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TABLE III
ESTIMATED ELEMENT VALUES FOR THE LUMPED ELEMENT
MODEL PRESENTED IN FIG. 9

Name Value Name Value

Ry 6.7 kQ) Ry 7.2 kQ

4 3.76 nF Cy 3.65 nF
Rin, Rout 14.5 m{2 Ry, 0.010 - 2 k2
Ly 667 - 139 nH Ly, 0.4 -40 uH

Ry, Ly ,and Ly change with transmission distance, and are therefore reported as a
range. These values are specific to the modified self-resonant structures presented in
this section.

of the self-resonant structure reported in Table II, the coupling
factor shown in Fig. 12 and (13).

The lumped element model from Section I'V provides optimal
operating conditions and a more accurate estimate of efficiency.
The values of the elements in the model are obtained from theo-
retical analysis and experimental data from the individual coils.
The inductances in the model are extracted from a magneto-
static FEA tool called Finite Element Method Magnetics. The
FEA is executed using an axis-symmetric model of the mag-
netic core and winding. The winding is modeled as a single
turn around the magnetic core that encompasses the entire area
of the stack of copper and dielectric. The structure achieves
nearly uniform current density, so the proposed simulation ac-
curately models the structure without modeling the individual
layers, which would require a very fine mesh and significantly
lengthen the simulation time. The inductances Ly, Lso, and Ly,
are a function of transmission distance, and are extracted from
a simulation using two different excitation configurations of
two separated pot cores. The capacitances C and C are calcu-
lated from the measured resonant frequencies of their respective
structures, and the inductance L, extracted from a magneto-
static FEA of a single open faced pot core. The resistances (R;,
Ry) are calculated from the quality factor as R = Q2x f,L,.
Finally, the input resistance R;, is the ac resistance of the first
layer including the attached leads, and is calculated based on
the mean current path length and the cross-sectional area (width
times skin-depth). The impedance values are listed in Table III,
and the resulting WPT efficiency is shown in Fig. 15.

The lumped element model predicts the efficiency to be within
1% of the theoretical maximum over the range of 1-100 mm. The
small deviation between the theoretical maximum efficiency and
the efficiency predicted by the lumped element model is mostly
due to the resistance of the first layer of the send and receive
structure, R, and Roy. Although the first layer resistance is
nearly four times the ESR of the self-resonant coil, it typically
does not significantly impact the efficiency of the structure be-
cause it carries much less current. The loss fractions Ap, and
AR, are more than an order of magnitude smaller than A, and
AR, when the transmission distance is larger than 20 mm (see
Fig. 14).

2) WPT Experimental Results: The experimental efficiency
was found by exciting the send coil with a 50-€2 RF amplifier
(Tomco BT00500). An impedance matching network was used
to interface the WPT system and the amplifier. The values of
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Fig. 14.  Loss fraction of the input resistance A, , output resistance Roy, the
send structure A1, and the receive structure Lo are plotted versus WPT range.
Despite the relatively large resistances of R;, and Ry, they have an extremely
small loss fraction, and therefore do not significantly impact the efficiency of
WPT.

the matching network (see Table IV) were calculated so that the
impedance of the WPT system was approximately 50 2. The
input current (measured with a Tektronix P6022 current probe)
and voltage before the matching network were acquired with
a digital oscilloscope, and the average of instantaneous power
wave was calculated on the oscilloscope. The theoretical power
loss from the matching network was less than 1% of the total
power; therefore the precision of this loss calculation does not
significantly impact the overall efficiency. The output power was
calculated from the RMS output voltage and the load resistance
value. The load resistors used were TE 3522 Series resistors,
and to ensure these resistors provided a resistive load at 7 MHz,
we measured their high-frequency impedance. The experimen-
tal efficiency measurements were 94.0% at 50 mm, 80.6% at
77 mm, and 70.1% at 89 mm (see Table IV). The output power
for the experiments ranged between 1 and 1.5 W. A relatively
low-power level was chosen, so that neither nonlinear core loss
nor thermal fluctuations impacted the WPT performance of the
structure. The impact of high-power levels on the performance
of the self-resonant structure is explored in the work done in
[26], and constraints on the maximum power handling of the
structure are discussed in [26] and [27].

The theoretical maximum efficiency and lumped element
model efficiency are compared to experimental efficiency results
in Fig. 15. The error between the experimental data efficiencies
and the lumped element model efficiencies is less than 4%. This
demonstrates good agreement between the experimental data
and the theory presented in Sections II-A and I'V.

In order to gauge the performance benefit of the modified
self-resonant structure, the self-resonant structure efficiency is
compared to the current state-of-the-art coil designs in Fig. 15.
Since coupling factors of the state-of-the-art designs were not
available as a function of distance, we calculate performance
based on the same coupling factor as in our structure, but with
a quality factor of 185. This quality factor is calculated by
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Theoretical maximum WPT efficiency versus distance is shown for both the modified self-resonant structure, and the current state-of-the-art coil design

(Q = 185). The plot on the right is a zoomed version of the plot on the left to clearly show the short-range performance. Both the experimental efficiency and the
efficiency predicted from the lumped element model are shown for the self-resonant structure, and demonstrate agreement between the theoretical analysis and

experimental data.

TABLE IV
EXPERIMENTAL EFFICIENCY, LOAD RESISTANCE, AND L. MATCHING NETWORK PARAMETERS REPORTED AT VARIOUS TRANSMISSION
DISTANCES FOR THE EXPERIMENTAL WPT SYSTEM

Distance Load Resistance Inductor Value Capacitor Value Efficiency
50 mm 100 ohm 3.7 uH 120 pF 94.0 %
77 mm 560 ohm 3.7 uH None 80.6 %
89 mm 1120 ohm 5.2 uH None 70.1 %

multiplying the state-of-the-art ()4 by the diameter of the core.
The state-of-the-art WPT efficiency plotted is the theoretical
maximum efficiency in order to provide the most optimistic
baseline for comparison.

The modified self-resonant structure improves WPT effi-
ciency over state-of-the-art coil designs for any distance be-
tween the coils that we have explored. For example, if the coils
are 50 mm apart, experimental data shows that the modified
self-resonant structure can achieve 94% efficiency, while the
current state-of-the-art coil technology can achieve 67%. At
longer distances, the difference is even more dramatic. At a dis-
tance of 90 mm, the state-of-the-art coil design can only achieve
an efficiency of 18%, while experimental data using the mod-
ified self-resonant structures shows that they can achieve an
efficiency of 70%.

VI. CONCLUSION

In this paper, we present a new high-() resonant structure to
increase the range and efficiency of WPT. It allows the effective
use of very thin foil conductors for very low eddy-current losses,
while also integrating resonant capacitance in order to avoid
the need for high-current connections to external capacitors.
The coil can be made from inexpensive materials with simple
fabrication: no vias are required and every layer except the first
one requires no soldered connections.

The thin foil layers can be difficult to handle without dam-
aging, so we also propose a modified self-resonant structure
that allows conductive layers to be laminated onto low-cost but
high-loss PCB substrates such as FR4 or polyimide. We show
that by orienting the layers on the two sides of the high-loss
substrate in the same direction, we avoid exciting the substrate
capacitance and thus avoid losses in it.

These new structures are beneficial in many applications. We
experimentally demonstrate the benefits for a relatively small
(6.6 cm) structure with a resonant frequency around 7 MHz by
showing that it can transmit power two times as far as conven-
tional resonant coils while maintaining above 80% efficiency.
These structures are also beneficial in many other applications.
For example, a higher-power and lower-frequency version of
this structure designed for vehicle charging applications would
have similar benefits in increasing the range and efficiency of
WPT.

APPENDIX A
1-D PROXIMITY EFFECT CALCULATION

This section models the impact of eddy current loss on
winding resistance assuming a 1-D field as described in
Section II-Al. The eddy-current loss is caused by the time-
varying magnetic flux density in the region of the winding,

B(t) = B -sin (27 f - t). The loss calculation is complicated
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by the fact that the peak flux density is a function of the radius
and vertical position as follows:

Z HO'jtot
h T-ln(i—'f)

where 1 is the permeability of free space, Tioy is the peak value
of the total current, z is the vertical position from the bottom of
the winding, and h is the height of the winding. Given that the
loss is proportional to B2, we can use the average value of B2
over the volume of the winding. Averaging over the height, we
find

B(r,z) = (20)

2

h 52 &
12 _f() B (T,Z)dz_l' po - ot
<B (T’2)>Z_ h ~3

r-ln (r—z)
T

where (-), indicates a spatial average over the elevation z. For
the radius variation, we average over the area of the (7) plane
as follows:

21

N <BQ (r, z)> 27rdr
4
[ 2mrdr

<Bz (r, z)> =

2
~ ry 1
1 Ho - Lot frl2 Fdr

3 In (%) f:.z rdr

_ (Mo : ftol)2 . 2 . 22)

3-ln(%) ry =i

With this value of the average squared field amplitude, we can
use the standard formula for eddy-currents in a lamination

<BQ (r, z)> w?t?

P, =
' 24p

Vi (23)

where V; is the total volume of foil. Because there are 2M
layers of foil in the overlap region and M layers in region I,
Vi =m(r} —r{)t.M (14 6/7). Substituting, we obtain the
following:

N2
(MO : Itot) 20242 0
P, = 5 wQC TF(T‘%—T%)tM(l—F)
3.1n (LZ) (r3 —ri)24p ™
1

_p pdwti M (1 N 9)
rm318~p-ln(%> ™

(24)

The eddy-current loss is higher for a section of the resonant coil
than for a simple loop, simply because there is larger amount of
foil present in the high-frequency magnetic field. The factor by
which this increases eddy-current loss is the last term in (24),
and is equal to the factor by which the amount of conductor is
increased: ky = 1 + %
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We can define a 1-D eddy-current resistance as follows:

2,243
t’mrM o
R, — Mo wtTM (1 N >
18- p-In (:—j) &
such that P, = I2 (R.. A 1-D ac resistance factor defined as

Figr = RaR“iL*F“’ =1+ gﬁp can now be evaluated, and is equal to

(25)

M?  pgPw? ks
Flgp=14+—" =, 26
1d + 9 57 g (26)

Substituting with skin depth § = 4/ /IZT/L yields

M? [t \* ks
Figp=1+—1|(—=] -—. 27
1dr + 9 < 5 ) kl ( )
APPENDIX B
FEA EXTRACTION METHOD FOR THE FIELD WEAKENING
FACTOR AND CURRENT CROWDING FACTORS

The field weakening and current crowding factors are ex-
tracted from a 2-D axis-symmetric FEA. Accurate modeling
of the magnetic core properties and the physical dimensions is
important to the result of the simulation. Each section of the
modified self-resonant structure consists of two copper layers,
so the FEA model is an inductor with 2m turns of foil. The foil
layers of the model have equal current, and are driven with a
sinusoidal current with a peak value I and an RMS value Tims.
The thickness of the foil windings is ., and the FEA mesh size
within the winding must be at least five times smaller than %,
in order to accurately model the effects within the winding. Fi-
nally, a low frequency resistance of the FEA coil R, is needed
and is given by

4Mmp
e

The simulation assumes that the per-layer current is the same
all the way around the 360° of the current path loop, whereas
the actual resonant structure has current transferring between
adjacent layers as the current flows around the loop, as shown
in Fig. 4. Although this angular dependence affects the low-
frequency resistance substantially, as captured by k; in (5),
it has no significant effect on proximity-effect resistance. To
demonstrate this, the FEA proximity effect resistance was found
to be equal for two scenarios: first, for equal current sharing
between every conductive layer (6 = 90° in Fig. 4) and second,
current only in alternating layers (6 = 0° in Fig. 4).

leea = (28)

A. Field Weakening Factor

The field weakening factor Fj, accounts for decreased
proximity-effect loss due to a reduction in the magnetic field.
The field weakening factor is

Bg,fea> 3 <Brgn,fea> In (%) T% - T%)

o = AP _
(B7) 2 (o - 1)

(29)
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where both <B?,fea

tor used in the FEA model. (B,Q.,f%) is an FEA result, and is the
spatial average of the square of the peak value of the magnetic

) and (B2) are computed based on the induc-

field parallel to the foil layers. (B,.2> is computed from (22),
and is the calculated spatial average of the square of the peak
value of the magnetic field assuming a 1-D magnetic field as
described in Section II-A1.

B. Current Crowding Factor

The current crowding factor accounts for increased losses in
the conductors due to horizontal current crowding. This factor
is calculated from the resistance Ry, of the FEA model at the
resonant frequency. We equate the calculated ESR of the FEA
coil and Ry, as follows:

Rieq = Rprox + Fee Rifea

oM)? [(t.\*
= Ffw( 9 ) (5) leea + Fcchfea (30)

which results in a current crowding factor F{. given by
Riea — Riprox e Frn(2M)? [(t\"
Fcc: fea pro: Rf - f ( ) < ) ) (31)
leea

B leea 9

0

APPENDIX C
LOSS IN THE HIGH-LOSS SUBSTRATE OF THE
MODIFIED SELF-RESONANT STRUCTURE

The high-loss PCB substrate used to support the thin con-
ductive layers in the modified self-resonant structure does not
significantly reduce the quality factor of the structure. The orien-
tation ensures that the capacitance created through the substrate
is not involved in the resonance of the structure, so the only loss
is due to the displacement current induced by the leakage flux
through the substrate. In our prototyping work, the loss in the
substrate is 10* times smaller than the total loss.

As the first step toward determining the power loss in the
substrates, we consider the substrate layer with the highest loss.
In Fig. 7, this is the substrate that separates Layer 1 and Layer
2, and in general it is the substrate layer that is farthest away
from the base of the pot core. The leakage flux between Layer
1 and Layer 2 does not vary with respect to radius, so therefore
the magnetic field decreases with respect to the radius H (r) =
@, where H; is the field at r; and r is the distance in the
radial direction from the center of the pot core. If we assume
that the field in the magnetic core is 0, then

f}fdl:/

where I(t) is the sum of the current in each section. The mag-
netic field at H; is found from (32), and is given by

H
" g = Hyry In (”) =It) (32
T r1

(1)

71 In (%) '

Hy, = (33)
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The voltage across the substrate nearest the gap in the C-shape
section is

do Lims T —0
Vims = — = pgwt,s 1) (34
arva "\ (2) ( 2 ) oY

where ¢, is the thickness of the substrate and (”2;6 + 9) ac-
counts for half the angle of overlap of the substrate. The voltage
across the substrate linearly decreases around the C-shaped sec-
tion until it reaches 0 at the midpoint; therefore, the power lost
in the top section is
2
Rop _ 3‘éms )
'pSs

(35)

The equivalent parallel resistance of the section 2, is

1+ T 4D,

Rys = —5 DooCon (36)

where D is the dissipation factor of the substrate. The substrate
capacitance Clp, is

. 2 _ .2 -0
Csubze"W(TQ rl)(ﬂ'2 +9>

37
i (37
where ¢, is the relative permittivity of the substrate material. The
voltage on the substrate capacitance increases linearly with the
section number; therefore, the total power lost in the high-loss
substrate Py, 1S

Piop M

P, sub — %

Combining (34) and (35) into (38), the ESR due to the substrate
loss Rgyp 1S

(38)

2
M Lowts (”2;9 + 9)

1

2D, Megpgtom(ry — 1) (=2 + 9)3

Rsub =

2
9(1+I—4D;)In (T>2

In the prototyping work in this manuscript, a 25.4 um thick
polyimide substrate was used to support the thin foil layers.
Polyimide has a D of approximately 0.0018, but the ESR aris-
ing from losses in the substrates was only 99.5 n{2, which is
four orders of magnitude smaller than the ESR of the structure.
Equation (39) shows that substrate loss will be low for other de-
signs as well. For example, a significant increase in the substrate
thickness or the substrate dissipation factor will still cause an
ESR well below the ESR of a typical structure.

(39)
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