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Abstract

This paper presents the design, simulation, fabrication, and
experimental characterization of a multi-layer spiral inductor
that acts as the receiver coil for watt-level wireless power
transfer. The inductor was designed with multiple vertical
laminations where 88-um-thick copper coils were separated
by 25-pum-thick Kapton films using a flexible PCB fabrication
technique. This Cu-Kapton approach has the potential for
lower-cost coil fabrication than relatively expensive Litz-wire
winding techniques. Varying turn widths were implemented to
account for proximity effects and maximize the coil current
distribution uniformity inside the coil windings at a given
frequency, as validated by two-dimensional electromagnetic
simulations. The multi-layer design incorporating lamination
of four layers together with width variation exhibited a Q-
factor improvement of 150% in comparison to the single-layer
inductor. It was measured to have an inductance of 17 uH and
a Q-factor of 50 at 300 kHz with an outer diameter of 5 cm.
With a Litz-wire inductor as the transmitter coil for wireless
power transfer, a load power of 7 Watts was transferred at 300
kHz over a distance of 5 cm and 5 Watts over 10 cm, two
times the coil diameter, achieving an overall efficiency
(defined as the ratio of the received load power to the total
input power to the driving circuitry) of 46% and 23%
respectively. In comparison, a manually-wound Litz-wire
receiver coil with same characteristics under similar
conditions demonstrated an overall efficiency of 58% and
39% at one and two-diameter distances, respectively.

Introduction

Wireless power transfer has recently gained significant
interest as a potential approach for contactless battery
charging [1] [2] as well as data transmission due to not only
the ubiquitousness of portable and handheld devices, but also
the development of distributed wireless sensor networks and
implantable microsystems [3]. Successful powering of cell
phones [4] and desktop peripheral applications [5] has been
demonstrated where the application device was equipped with
receiver coils and wirelessly charged when being coupled
closely to the transmitter coils. The mechanism behind this,
referred to as “inductive coupling,” is that the current in the
transmitter coils generates an alternating electromagnetic
field, which then interacts with the receiver coils to generate a
current or voltage-drop in it. Although attractive, this
mechanism is most appropriate for transferring energy over a
very small distance [1] [2] [5], compared to the size of the
coils.

Unlike inductive coupling, resonant energy transfer [4],
which is based on frequency matching and high-Q transmitter
and receiver coil designs, theoretically enables efficient power
transfer over large distances, e.g., for up to several coil
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diameters. Due to its resonance nature, energy will be coupled
mostly to objects of the same resonant frequency and less to
off-resonant objects. Further, due to the high Q-factor design,
there is reduced resistive loss in the circuits, which therefore
leads to reasonably efficient mid-range wireless power
transfer. In contrast to the close-range power transfer using
inductive coupling, mid-range wireless power transfer is
typically implemented over distances ranging from two to ten
times the inductor size. Results in [6] showed that a transfer
efficiency of approximately 40%-50% could be attained
through resonant coupling between two helical coils for a
distance up to 4 times the coil diameter at an operating
frequency of 9.9 MHz. The helical coils had a size of 60 cm in
diameter, a height of 20 c¢cm, a wire radius of 3 mm, and
measured 950 in Q-factor. The overall efficiency fell to 15%
when the entire system was considered, in which 60 W out of
400 W input power was transferred to the load. Another
resonant power transfer system using two spiral coils with
moderate sizes was demonstrated in [7], where a transfer
efficiency of 25% and 4% was achieved at 30 MHz between a
24-cm-diameter coil pair for a distance of 10 cm and 50 cm,
respectively. Similar measurements for a 12-cm-diameter coil
pair yielded a transfer efficiency of 16.5% and 2.5%
respectively. The relatively low efficiency obtained was due
to the low Q-factors of the transmitter and receiver coils plus
the weak coupling between them.
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Figure 1: Schematic of the multi-layer spiral inductor, (a) top
view, and (b) partial cross-sectional view.
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In this paper, the goal is to develop a low-profile receiver
coil that is suitable for applications requiring multi-watt
power levels using mid-range wireless power transfer. The
footprint of the coil is confined to a 5 cm by 5 cm region,
considering its potential application in consumer electronics,
and a spiral design (Figure 1) is chosen due to its
straightforward integration. The receiver coil is designed with
multiple vertical laminations and varying turn widths to
maximize the Q-factor. Axisymmetric two-dimensional (2-D)
electromagnetic simulations are performed to verify the
design. The use of flexible printed-circuit-board (PCB)
fabrication techniques potentially enables not only relatively
low-cost manufacturing, but also conformable and space-
efficient incorporation of coils into more complicated
systems. Experiments measuring coil performance as well as
demonstrating wireless power transfer are conducted, and
performance characteristics of each are given. Although the
operating frequency is fixed to 300 kHz in this work, the
method presented is applicable to other frequencies.

Wireless Power Transfer Circuit Analysis

A simplified schematic of a typical setup for wireless
power transfer is shown in Figure 2, where V represents an
ideal power source, R}, is the load resistance to which power
will be wirelessly transferred, M is the mutual inductance
between the coupled transmitter and receiver coil inductors
Liand L,, C; and C, are the series capacitances utilized to set

the resonant frequency for power transfer (with ﬁ = w3 and
1%1
ﬁ = w3 ), and Ry, R, are parasitic resistances.
242
The power transfer efficiency, 1, at resonance is defined
as the power absorbed by the load divided by the total input
power extracted from the power source, which is formulated

as [8]:

2012
_ _wgM“Ry
n= (Rz+RL)?Zq O
202
_ wpM
Zy =R+ s 2,

where w, is the circuit resonant frequency, and Z; is the

impedance seen by the power source V that incorporates the

effect of the load resistance when the receiver coil is coupled

to the transmitter coil. To gain better insight into the circuit,

equation (1) is combined with equation (2) and rearranged as:
RL w3M?

n= Ry+RL, ' R; (Rz+RL)+w3M2 G-

In the case of an ideal transmitter coil that has no resistive
loss and is coupled only to the receiver coil, R; =0
and Q; = oo, the transfer efficiency, denoted as 7, , reduces
to:

_ _Ru
T‘]oo - Rp+Ry, (4):

which depends only on the receiver circuits. If the receiver
coil also has zero resistance and infinite Q, as in an ideal case,
the transfer efficiency becomes independent of the mutual
inductance and the load (this unrealistic case is due to the
assumptions of ideal drive source and zero parasitics;
although no real power is lost, significant reactive power will
be present in the circuits). In reality, resistive loss is present in
the inductor, and it has a finite Q-factor value. In such a case,
the transfer efficiency can be represented as an ideal
efficiency for the case of an ideal transmitter coil, 1, , times

an attenuation factor determined by the Q-factors and the
coupling effect:

1
N=Me T— 71— (%),
k2Q1'Q2_1
where k is the coupling coefficient with M = k,/L;L,, Q; is

the unloaded Q-factor of the transmitter coil with Q; = mlng,
1

and Q) is the loaded Q-factor of the receiver coil, defined

_ woly
as Qq = R,+Ry,
enabling high power transfer efficiency are a high unloaded
Q-factor of the transmitter coil, high loaded Q-factor of the

receiver coil, and a high coupling coefficient between them.

. Clearly, for a given load, the key factors for
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Figure 2: Simplified schematic of a typical setup for wireless
power transfer.

Inductor Design and Simulation Results
As discussed above, one of the key factors for enabling
efficient resonant power transfer is the high Q-factor of the
receiver coil, given that the transmitter and receiver coils have
been tuned to operate at the same resonant frequency. The Q-
factor of a spiral inductor can be calculated from its
inductance and resistance at a given frequency:
wL
Q= (6),

where w is the angular frequency, L is the inductance, and R,
is the overall resistance of the inductor at the target frequency.

To design a receiver coil, the specific application will
dictate choices of critical parameters such as inductance value
and coil diameter. Other parameters can then be chosen to
maximize the quality factor. For spiral inductors, the
inductance at low frequency in the absence of permeable
material can be approximated well using the formula in [9]:

nonZdayg 2.46 2

L = 22 (1n (229) + 0.202) ),
where |, is the permeability of free space, n is the number of
total turns in the inductor, d,yg is the average diameter of the
inductor with d,yg = (douter + dinner)/2, Where dgyger is the
diameter of the outermost turn and dj, e, is the diameter of
the innermost turn, and py is a geometrical fill ratio defined by
(douter = dinner)/(douter + dinner) - Since practical circuit
considerations limit the voltage levels in the coils, these
voltage limits translate into a limit on the coil inductance
values in our system on the order of tens of microhenries.
Further, the dimensions of the windings can be chosen to be
on the order of twice the skin depth as a rule of thumb,
resulting in the pitch between turns, as defined in Figure 1, to
be on the order of hundreds of micrometers. The outer
diameter of the inductor is fixed due to the footprint
requirement of the application. Once these parameters have
been chosen, equation (7) can be used to determine the total
number of turns.
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The resistance of the inductor includes two parts: dc
resistance and ac resistance:

Rw = Rac + Rac = Rge(1 + tac ) (3).
By approximating all spiral windings to be concentric circles,
the equations describing dc resistance are formulated as:

1
RdC = lf,)v_t (9)3
1= ﬂn(doute;+dinner) (10)’
dinner = douter — 2n(lyw + lg) (11),

where p is the resistivity of copper, 1is the total length of all
the turns in the inductor, 1, is the width of a single turn, 1, is
the gap between turns, and t is the thickness of the turns.

The ac resistance models the skin depth effect and
proximity effect inside the wires at high frequencies, and a
function o, is used to denote the dependency of ac resistance
on parameters such as frequency, skin depth, copper
thickness, turn number, turn width and turn pitch [10] [11]
[12].

By substituting equations (8)-(11) into equation (1), the Q-
factor becomes:

1 wL 1
Q - w b n[douter_n(1w+lg)] (12)

First, the effect of the dc resistance on the Q-factor will be

discussed analytically, followed by simulations to determine

the effect of ac resistance (i.e., the magnitude of the
1

1+0gc TP

expression ). Since the inductance value and the outer

1+a,c

diameter of the coil are fixed, the pitch between turns
determines the total number of turns, as discussed before.
Thus, for a given pitch, the turn number is also a constant, and
what remains in equation (12) are only the turn width and the
winding thickness. Because of the linear relationship between
Q-factor and the turn width, an optimized Q-factor can be
obtained with a maximized turn width, which is, however,
practically limited by how small the gap could be realized
through fabrication processes. Similar constraints exist for the
winding thickness. Although the thicker the copper, the higher
the Q-factor, fabrication and technology constraints determine
the maximum thickness that can be achieved.

Thus, for a given number of turns prescribed by the
required inductance, together with other factors mentioned
above, the Q-factor can be optimized by determining the
optimal pitch and turn width. However, with a single-layer
design, the improvement available from varying these
parameters is limited. To address this issue, a vertical
lamination concept is proposed to overcome the overall area
constraints to further increase the Q-factor, as shown in
Figure 1. In addition, we utilized the concept of a varying
width design to further reduce losses, as shown in Figure 3.
To achieve the vertical lamination, optimized single-layer
inductors with varying turn widths are stacked together and
separated by thin layers of Kapton film. The multiple inductor
layers are then connected in parallel to reduce the resistance
of the overall inductor. Due to the almost perfect coupling
between adjacent layers, the overall inductance of the
laminated inductor remains the same as a single-layer inductor
since the added mutual inductance between layers
compensates for the reduction in inductance resulting from a
parallel-connected configuration.

R=1.128Q, L=17.4pH, Q=29.1 @300kHz
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Figure 3: Current density distribution for a single-layer 16-
turn inductor with (a) uniform turn width of 350 um and (b)
variable turn width ranging from 150 um to 350 um. Both
have a constant turn pitch of 500 um.

“] R=1.438Q, L=17.4pH, Q=22.8 @300kHz
%

2-D electromagnetic simulations using the simulation
package FEMM were conducted to determine the optimized
current density distribution inside the turns for varying width
designs. Figure 3 shows a comparison between the original
design with uniform turn width and a design with varying turn
width. The inductor with uniform width design does not have
uniform current distribution throughout the cross-section of
each turn. For example, the 5th turn from inner end have the
most uniform current distribution while the turns farthest from
it suffer from severe proximity effect, which creates the large
current peaks near the boundaries of the windings. To
suppress this eddy current loss, the width of each turn is
modified as shown in the figure. Starting from the position of
minimum proximity effect and going to the inner and outer
edge of the coil, the width of each turn is reduced gradually
by 20 um while the pitch between turns is fixed. A better
uniformity in the current density distribution is achieved with
no obvious current peaks near the boundaries. The high
current density value is due to the reduced cross-section of the
windings. Although the Q-factor of a single layer inductor
with variable width is typically lower than that of a constant
width design, as will be seen later, this effect is reversed for
stacked layers.

An optimized design was then found through finite
element simulations for different combinations of turn width
and gap values using varying width design, as shown in
Table I. The simulated inductor has a four-layer lamination
with a vertical inter-layer gap of 125 um, and each layer has
an outer diameter of 5 cm, a copper thickness of 100 um, and
a turn number of 16. The turn width varies from 250 pm to
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350 pm, as shown in the table, and the gap between turns
varies from 50 um to 150 pm. For a constant pitch, as the
diagonal line indicates in the table, the Q-factor increases with
an increasing width and shrinking gap, which agrees well with
the analytical result. The maximum Q is obtained with a
combination of 350 pm width and 50 pm gap, which is,
however, not realistic because of the fabrication constraints.
Therefore, an optimized design with the turn width of 350 pm
and gap of 150 pm was selected and implemented in this
paper. It should be noted that the fabricated coils were 88 pum
thick, causing the Q-factor to be smaller than the simulated
values presented in Table I.

To study the effectiveness of multilayer lamination in
improving Q-factor, simulations for parallel-connected
inductors with various numbers of lamination layers were also
performed. The results are given in Figure 4. The Q-factor of
the inductor increased from approximately 20 for a single-
layer inductor with varying width design to more than 55 with
the added second and third laminations, showing almost 200%
improvement. However, a saturating trend was observed after
stacking more than 4 layers, and the improvement in Q-factor
upon increasing layers becomes negligible. This is largely due
to the increased ac resistance of the inductor, which likely
results from the increased proximity effects of the added
layers, despite the fact that the dc resistance continues to
decrease with additional laminations.

Table I: Simulated Q-factor, resistance and inductance values
for varying width inductors with different geometrical design.
The diagonal line in the first table represents designs with
constant pitch. The Gap and width values are the original
values before applying variable width design.

et % [ w0 |
R,=04610Q
250 R,,,=0.5300
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L2204 | L=18.8pH :
300 722 | 718 | 704 [ Rstin N0
350 R,,=04770 R,,,=0.4280
350 739 72.8 L=18.7uH (=16.60H4
60
40
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u L] Ll L] T T T
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# of stacks

Inductor Fabrication and Characterization Results

To fabricate the inductor design consisting of laminated
coil layers, a low-cost fabrication process based on a flexible
PCB technique was proposed, as shown in Figure 5. A
commercially available flexible Kapton film with copper layer
on top was first coated with a photo-definable resist and
patterned using a standard photolithography process in step
(a). Wet etching was then performed in step (b) to etch away
the copper exposed from the photoresist pattern and define the
coil windings. Due to the isotropic characteristics of the wet
etching process, the cross-section of the generated coils was
more of a trapezoidal shape with curved sidewalls rather than
a rectangular shape. After removal of the photoresist,
electroplating was conducted in step (c) to further increase the
copper thickness of the windings. Since electroplating is also
an isotropic process, copper grew on top of the windings as
well as on the sidewall and compensated for the possible size
loss coming from previous wet etching process. After multiple
single-layer coils had been fabricated, a vertically laminated
inductor was completed by alignment and stacking, followed
by definition of electrical interconnects between layers.
Pictures of the fabricated single and multi-layer inductors are
shown in Figure 6. The use of flexible PCB substrates enables
not only a fast and easy process with low cost, but also an
inductor with flexible and low profile, which favors space-
efficient incorporation of the coils into complex systems.

Photo resist pattern

rd ~

Kapton 25pm
(a) Photolithography

Kapton 25pm
(b) Wet etching

Cu 20pm Cu 20pm

Kapton 25pm
(c) Cu Electroplating

Figure 5: Fabrication process using flexible PCB technique

=

(@) (b)

Figure 4: Simulation results of Q-factor vs. number of Figure 6: Fabricated spiral inductors with (a) single layer

parallel-connected stacked layers for uniform and variable
width design at 300 kHz.

and (b) four stacked layers.
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An impedance analyzer (HP4194) was used to characterize
the resistance, inductance, and Q-factor for both single and
multi-layer inductors. Results for single-layer inductors are
given in Figure 7, where Coill to Coil4 represent four
different inductors that will be laminated together. The
resistance, as plotted in dashed lines, increases with frequency
due to the increased eddy current loss and proximity effect at
high frequencies. The measured inductance values of different
coils are reasonably close and remain stable at approximately
17 pH for frequencies up to 1 MHz. The small discrepancies
in values resulted from imperfectly patterned windings due to
the fabrication tolerances. The Q-factors reach 20 at 300 kHz
and increase linearly with frequency. Characterization results
for the four-layer inductor assembled using the four single-
layer inductors are shown in Figure 8, where the resistance is
reduced to 0.6 Q at 300 kHz while the inductance value only
experiences a small decrease from 17 pH to 16.3 pH. As a
result, the Q-factor reaches 50.1 at 300 kHz, which is more
than two times that of the original single-layer inductors. To
validate the relationship between the lamination approach and
the inductor performance, the Q-factors for inductors with
various laminated layers were also measured and compared
with the simulation results given before, as shown in Figure 9.
The three plots in the figure represent the Q-factors obtained
from experimental results, previous simulation results using
an ideal sidewall geometry model, and new simulation results
using a trapezoidal sidewall model. As stated in the
fabrication section, the cross-section of the coil winding is
closer to a trapezoid rather than an ideal rectangular shape.
Trapezoidal-shaped sidewalls match the experimental trend
with an overall error of less than 10%. The discrepancy error
mainly comes from the imperfectly fabricated devices, such as
variation in winding width and gap definition, misalignment
of vertical laminations, etc.

——Coil1-L ——Cail2-L ——Cail3-L Coild-L

===-Coill-R

Coll2-R =-==-Coil3-R -=-=--Coild-R
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—Colll  —coil2 Coil3

—Coild

o 200 a00 600 800 1000
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(b)
Figure 7: Characterization results for single-layer inductors,
(a) resistance and inductance, (b) Q-factor.
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Figure 8: Characterization results for the four-layer inductor,
(a) resistance and inductance, (b) Q-factor.
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Figure 9: Measured Q-factor for various laminated layers in
(a) with the simulation models shown in (b).
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Wireless Power Transfer Testing Results

With the high Q-factor design for the receiver coil
completed, the key factors remaining for enabling efficient
wireless power transfer are the Q-factor of the transmitter coil
and the coupling coefficient between the transmitter and
receiver coil. Since the size of the transmitter coil is not as
critical as the receiver coil in our application, a relatively
large transmitter coil with a high Q-factor can be used. The
experimental setup for resonant wireless power transfer is
shown in Figure 10, where on the transmitter side, an AC-DC
converter is connected through an H-bridge to supply the
desired ac signal from the grid, and a frequency-tuning
component with control circuits is used to tune the resonant
frequency of the transmitter coil. The transmitter coil is a
Litz-wire coil with an outer diameter of 20 cm, an inductance
value of 45.4 pH, and a high Q-factor of 847 at 300 kHz. It
was automatically tuned to operate at the resonant frequency
of 300 kHz with a peak voltage limit of 500 V. The multi-
layer spiral inductor acts as the receiver coil with frequency
tuning circuits, and voltage regulator as well as rectifier is
used to deliver the power to the ultimate load. The receiver
coil was manually tuned to approach the transmitter’s
resonant frequency to maximize the power transfer efficiency.

A simplified schematic model for the system is shown in
Figure 11, where Vg represents the input power source, Rg
represents the resistance of the power source, Csq, Csy, Cpy,
and Cp, are the tuning capacitances added in series or in

. . . 1
parallel with the inductors for achieving resonance, Cg = o
s'Wo

1
Resi > Resz » Repr» and Rep, are the

and Cp = Lp~_u>§ 5
resistances of the corresponding capacitors, Lg; and Lg, are
the leakage inductances of a transformer model representing
the transmitter and receiver coil, L, is the mutual inductance,
Ri, R, are the resistances of the coils, and Ry, is the load
resistance.

The power transfer efficiency, 1., which describes the
direct energy transfer between the transmitter and receiver
coils, as discussed in equation (1), is measured as the ratio of
the power received in the receiver coil to the power sent out
from the transmitter coil:

Voutlou
n, = oo (13),

where Vi, and V,,; are the voltage labeled in Figure 11, and
I, and I,,; are the current flowing in the segment

corresponding to V;, and V.

Figure 10: Picture of test setup for resonant power transfer.

Rs ResiCs1 Ry Lo Lo R

RCp1
T

Figure 11: Schematic diagram of the test circuits for wireless
power transfer.

Rectifier RL

When considering the entire system, an overall efficiency
can be obtained, which describes the percentage of the power
received on the load compared to the total input power from
the power source.

The separation between the coils was adjustable along
their axis, thus measurements were performed across an
adjustable load for several different distances, with the results
plotted in Figure 12. The transfer efficiency, as well as the
overall efficiency, is shown as solid line with the reference
axis on the left, and the actual power received on the load is
shown as the dashed line with the reference axis on the right.
Over a one-coil-diameter distance of 5 c¢cm, a load power of
7 Watts is transferred at an overall efficiency of 46%, and at a
two-coil-diameter distance of 10 cm, a load power of more
than 5 Watts is successfully transferred, with an overall
efficiency of 23% and a transfer efficiency of 33%. As the
distance increases, the efficiency reduces, and at the distance
larger than 20 cm, the efficiency drops to less than 5%. In
comparison, a Litz-wire receiver coil with the same
characteristics was also tested under similar conditions, and
the results are shown in Figure 13, where an overall efficiency
of 58% and 39% are demonstrated at one and two-diameter
distances respectively.

The coupling efficient between the transmitter and multi-
layer receiver coil was also calculated from the measurement

data using:
_ Lm _ V2,pk
o= VLila - woly pkyL1lz (14),

where w, is the resonant frequency, L, is the mutual
inductance, V, py is the peak voltage measured in the receiver
coil, and I, p is the peak current measured in the transmitter
coil. A coupling coefficient of 0.42 was obtained at the
distance of 10 cm, and 0.2 at the distance of 15 cm, as shown
in Figure 14.

~#— Overall Efficiency Transfer Efficiency ~m- Load Power

60 - r 8

50

s
[=3
.
B
Power (W)

Efficiency (%)
w
o
L

[
=1

0
0 5 10 15 20 25
Distance (cm)

Figure 12: Measured load power, overall efficiency, and
transfer efficiency for the multi-layer receiver coil.
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Figure 13: Measured load power and overall efficiency for
the Litz-wire receiver coil.
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Figure 14: Measured overall efficiency, transfer efficiency
and the coupling coefficient for the multi-layer receiver coil.

Conclusions

A low-profile inductor with varying width design and
vertical laminations was presented and watt-level efficient
wireless power transfer over large distances was demonstrated
through resonant inductive coupling. The special design of the
inductor with high Q-factor and the strong coupling between
the transmitter and receiver coils contributed to the improved
efficiency in wireless power transfer despite the reduced
profile of the receiver coil. The electromagnetic simulation
performed provided insights into the inductor design with a
prediction error of less than 10%.
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