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Abstract: In this paper, a high efficiency Gallium nitride (GaN), HEMT (High Electron Mobility Transistor)
class-E power amplifier for the wireless power transfer link is designed and simulated on PSpice. A four-coil
wireless power transfer link is modeled for maximum power transfer efficiency on ADS (Advanced Design System)
and frequency splitting phenomenon is demonstrated, explained and analyzed. Two resonant coupling structures,
series & mixed, are presented and compared. The efficiency performance of the link is studied using spiral and
helical antennas of different wire make. In addition, techniques for improving efficiency of the wireless power
transfer systems with changing coupling coefficient viz. frequency splitting phenomenon of the coils are proposed.
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1. Introduction

In recent days, research on wireless power transmission
has been increasing due to many benefits in Electronics
and Communication engineering. The examples are:
wireless charging of implantable medical devices like
ventricular assist devices, pacemaker, etc. and
consumer electronics such as phones, laptops, and etc.
[1]. The history of wireless power transmission dates
back to the late 19th century with the prediction that
power could be transmitted from one point to another
in free space by Maxwell in his “Treatise on Electricity
and Magnetism”. Heinrich Rudolf Hertz performed
experimental validation of Maxwell’s equation which
was a monumental step in the direction. However,
Nikola Tesla’s experiments are often considered as
being some of the most serious demonstrations of the
capability of transferring power wirelessly even with
his failed attempts to send power to space [2].

Recently, MIT proposed a new scheme based on
strongly coupled magnetic resonances, thus presenting
a potential breakthrough for a mid-range wireless
energy transfer. The fundamental principle is that
resonant objects exchange energy efficiently, while
non-resonant objects do not. The scheme is carried
with a power transfer of 60 W and has RF-to-RF
coupling efficiency of 40% for a distance of 2 m,
which is more than three times the coil diameter. We
expect that coupled magnetic resonances will make
possible the commercialization of a midrange wireless
power transfer [3].Inductive coupling has been the
most popular method for wireless power transfer,
which requires two coils (primary and secondary coils).
The efficiency of power transfer between the coils is a
strong function of the coil dimensions and distance
between them, which is an undesired trend in the case
of freely-moving subjects. Therefore, the recent

82

alternative method of resonance—based power delivery
has been suggested by [3] in 2007 and is explained
through the coupled-mode theory [4]. This multiple—
coil based approach is used to decouple adverse effects
of source and load resistance from the coils, and in this
way achieve a high quality factor for them. This
method is less sensitive to changes in the coil distance
and typically employs two pairs of coils: one in the
external circuit called driver and primary coils, and the
other in the receiver side called secondary and load
coils.

Although  magnetic resonance has significant
advantage in transmission distance compared with
electromagnetic induction, this technology has intrinsic
limitation as the load absorption power is sensitive to
variations in the operating parameters, and small
differences in operating and resonance frequency will
reduce  transmission  performance  significantly
moreover when the coupling coefficient changes, there
is the frequency splitting issue which substantially
reduces the system efficiency.

In this paper, a high efficiency Gallium nitride (GaN),
HEMT (High Electron Mobility Transistor) class-E
power amplifier for the wireless power transfer link is
designed and simulated on PSpice. A four-coil wireless
power transfer link is modeled for maximum power
transfer efficiency on ADS (Advanced Design System)
and frequency splitting phenomenon is demonstrated,
explained and analyzed.

2. Related Theory
A. Inductance
The inductance of circular/helical structure can be

computed as follows [8]:
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Figure 1: Inductance Definition
. ar
L=N?uR [:n (—] - 2] 1
o
Where:
N: Number of turns
u: Relative permeability

R: Radius of the coil

a: Radius of the cross section of the coil

Inductance is one of the characteristic variables of
conductor coils. The inductance of a conductor coil
depends totally wupon the material properties
(permeability) of the space that the flux flows
through and the geometry of the layout.

B. Mutual Inductance

Closed form equations for the mutual inductance of
two filamentary coils for all physical arrangements
have been derived [8-9]. Figure 2 shows all relevant
variables for calculations.

The relevant equations defining the mutual inductance
between two such coils are as follows:

Figure 2: Two coils with variable defined for all positions.

The relevant equations defining the mutual inductance

between two such coils are as  follows
[10]:
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Where K(k) and E(k) are complete elliptic integrals of
the first and second kind, respectively, as follows:
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These equations define the mutual inductance between
two coils for any configurations.

Simplified Mutual Inductance for Co-Axial Coils:

The mutual inductance for two coils aligned co-axially
(along the same central axis) as shown in Figure 2
reduce to a less complex equation.

Figure 3: Two coils aligned co-axially

The mutual inductance was solved by application of
Neumann’s relations in [8]. Equation (2) reduces to:

R 2
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. 4nn
i e a—
{7"1 + 7"::]_ +d°

C. Coupling Coefficient

Generally, the amount of inductive coupling that exists
between the two coils is expressed as a fractional
number between 0 and 1 instead of a percentage value,
where 0 indicates zero or no inductive coupling, and 1
indicates full or maximum inductive coupling. In other
words, if k is equal to 1, the two coils are perfectly
coupled, if k is greater than 0.5 the two coils are said to
be tightly coupled and if k is less than 0.5, the two coils
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are said to be loosely coupled. Then the equation of
mutual inductance which assumes a perfect coupling
can be modified to take into account this coefficient of
coupling, k and is given as

M

—
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k=

When the coefficient of coupling, k is equal to 1, such
that all the lines of flux of on coil cut all of the turns of
the other, the mutual inductance is equal to the
geometric mean of the two individual inductances of
the coils. So, when the two inductances are equal and
L1 is equal to L2, the mutual inductance that exists
between the two coils can be defined as

—_—

M= LIl =L 5

D. Coil Antenna

A single-layer coil has two advantages. Firstly, like all
air core coils, it is free from 'iron losses' and the non-
linearity. Secondly, single-layer coils have the
additional advantage of low self-capacitance and thus
high self-resonant frequency. These coils are mostly
used above about 3 MHz.

Figure 4: Single Layer Coil

For a single-layer solenoid coil the inductance may be
estimated as follows [9]:

1
L = 4w10*N*RL {llog. (1 + 7F)} + \——F 5 paa (|6
23+ + 57

Where,

N = number of turns

R = coil radius in mm

F = ratio (coil radius/coil length)

L=pH

The inductance of a multi-layer air cored coil is given
by [8]:

L=XN*D+4) 7

Where
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and,

D = core diameter (cm)
C = core length (cm)
A = coil depth (cm)
L=pH

E. Inductor Wire

There are mainly two types of wires, solid wires and
stranded wires. Solid wire is composed of a single
piece of metal wire, also known as a strand. Stranded
wire is composed of many pieces of solid wire all
bundled into one group.

American wire gauge (AWG), also known as the
Brown & Sharpe wire gauge, is a standardized wire
gauge system used since 1857 predominantly in North
America for the diameters of round, solid, nonferrous,
electrically conducting wire. The AWG table given
below is for a single, solid, round conductor from 10 to
22 AWG with cross sectional area, diameter and
resistance [12].

Table 1: American wire gauge chart

Resistance
@ [mm] | @ [mm?]
AWG 2 [Inch] for for [Ohm/m]
for Solid - - Copper
Number Rod Solid Solid (20 °C.68
Rod Rod o
F
10 0.102 2.59 5.26 0.00328
12 0.0808 2.05 3.31 0.00521
14 0.0641 1.63 2.08 0.00829
16 0.0508 1.29 1.31 0.0132
18 0.0403 1.02 0.823 0.0210
20 0.0320 0.812 0.518 0.0333
22 0.0253 0.644 0.326 0.0530

F. Class-E Amplifier

The class-E is a switch mode amplifier designed for
very high power efficiency. It is nonlinear in the sense
that the output amplitude does not correspond to the
input amplitude. In order to adjust the output amplitude
the supply voltage can be adjusted. It is primarily made
for high frequency applications and is commonly used
to create carrier waves for radio transmissions. Figure
5 shows an ideal E-class circuit.
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It consists of an RF choke Lc, a switch T1, a shunt
capacitor (which includes the transistor capacitance)
Cs, a load networks L-C and a load RL. The switch is
operated at the desired output frequency, for maximum
efficiency a 50% duty cycle is used.

L.

T 1 _— C Ry

Figure 5: Class-E amplifier

The load network gives the required phase shift to
prevent high current and high voltage at the switch,
transistor, and acts as an open circuit for the first
harmonic, passing a sine wave to the load. There are
some conditions that should be fulfilled in order to
make it as efficient as possible, when the switch goes
from open to closed, the voltage over the switch, VT1
is supposed to behave as

Vrp =0 8
dVry

— =10 Q
dt

To fulfill these conditions the following expressions
have been derived [16]. The power delivered to the
load is given by

s - (¥ee — Va)? 0576801 (1.001945 . 0.451759 0.4—02444—)
- P B s Q;
Where Vcc is the supply voltage, Vo the transistor
saturation voltage (0 for FET transistors), RL is the
load, and QL is the loaded quality factor. The shunt
capacitor is then given by

1 (0 99866 + 0.91424 1.031?5) . 0.6
2nfR, (”_; T 1]% l Q. Qf (2rf) Le

C, =

Where Lc is the choke inductor and the load network

1.01468 ] 0.2
Q, —1.7879)  (2nf)iL,

1 1
€= ( (1.00121
2nfR, \Q, — 0.104323J +

and,

_ QR
~ 2xnf

The design choices left to do is to specify the supply
voltage Vcc, the output power P and the quality factor

QL.
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G. GaN HEMT

GaN HEMT is a High Electron Mobility Transistor
(HEMT). It is a binary IlI/V direct band gap
semiconductor commonly used in bright light-emitting
diodes since the 1990s. The compound is a very hard
material. Its wide band gap of 3.4 eV affords it special
properties for applications in optoelectronic, high-
power and high-frequency devices. For example, GaN
is the substrate which makes violet (405 nm) laser
diodes possible, without use of nonlinear optical
frequency-doubling. Because GaN transistors can
operate at much higher temperatures and work at much
higher voltages than gallium arsenide (GaAs)
transistors, they make ideal power amplifiers at
microwave frequencies [17].

Enhancement mode Gallium Nitride (GaN) power
FETs can provide significant power density benefits
over silicon MOSFETSs in power converters. They have
a much lower figure of merit (FOM) due to lower
Rdson and lower Qg. With greater efficiencies, faster
switching frequencies, and an ultra-small package
footprint, GaN FETs enable higher density power
converters. However, realizing these benefits does
present a new set of challenges. Large source-drain
voltages and the stringent gate-source voltage drive
requirements of GaN power FETs pose new challenges
related to limiting the high-side FET drive level to less
than 6V, as well as preventing high dV/dt transients
from causing erratic switching behavior [18].

Due to high mobility of carrier electron, HEMT has
very low stray capacitance such as Cgs and Cds . Low
Cgs enables high frequency gate drive with low input
power. Low Cds enables low switching loss for
switched power supplies. For class-E amplifiers, low
Cds enables capability of high operating frequency
because the shunt capacitance of class-E amplifier
includes output capacitance of transistor, i.e., Cds.
And, lowest limit of shunt capacitance, i.e., Cds
determines the highest limit of operating frequency.
Further, high breakdown voltage extends capability of
applying class-E amplifier for high frequency and high
power applications. This is because peak switch
voltage of class-E amplifier is 3.56 times higher than
dc supply voltage when the amplifier is operating at
nominal condition and duty ratio 0.5[18].

3. WPT System Design Calculations

A. Block Diagram of 4 coil WPT System

The block diagram of the 4 coil WPT system is shown
in figure 6 below. Major blocks in a WPT system
include the power amplifier, the transmitting and
receiving coils, and the receiver.
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! 4 Coil Arrangement: Power Coil, Transmitter Coil, Receiver Coil & Load Coil

Power Coil Transmitter Receiver Load Coil

o
Coil h Coil

Receiver Unit @
Oscillator Load % Rectifier

Figure 6: Block diagram of 4 coil WPT system

Transmitter Unit

Power

Amplifier

The oscillator receives supply voltage through rectifier
from ac source which is not shown in the figure. The
oscillator produces signal of required frequency and
then gets amplified by power amplifier. The amplified
signal is given to the power coil. When the transmitting
antenna begins to resonate, it generates the evanescent
resonate waves and receiver coil will pick these waves

up.

Within the system, the power amplifier is one of the
most important components because it determines the
performance of the system, acting not only as the
power converter, but also as the control mechanism.
Therefore, this work proposes a high efficiency GaN
class-E power amplifier for the WPT application to
obtain an excellent characteristic.

Design of GaN HEMT Class-E Power Amplifier:

Setting Vcc to 5V, RL to 1 Ohm, Lc to 100uH and QL
to 10 and using equations from section F, gives the
component values displayed in Table 2. The switch is
replaced by GaN HEMT enhancement type MOSFET
transistor, EPC1010, which has a low Rdson and small
gate charge in order to be efficient and easy to drive
[19]. Instead of gate driver, VPULSE input is used to
drive the transistor, to make it as close to an ideal
switch as possible. All the components used are shown
in Table 2.

Table 2: Deign Limits

Transistor EPC1010
Gate Driver PSPICE VPULSE
C 0.9735nF
Cs 1.6967nF
L 0.1608uH
Load Resistance 1.37 Ohm

With all components selected, the class-E amplifier is
In PSpice the transient
behavior of the circuit is studied. It can be seen that the
voltage and the current behave similar to Eq. 8 and 9

implemented

in PSpice.

and that the output is a nice sine wave.
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Figure 7: GaN class-E amplifier PSpice Schematic

The load RL is replaced by a series RLC circuit,
representing the transmitting coil and capacitance. The
resistor is the coil resistance and at the resonance
frequency the inductor and capacitor will cancel out
leaving only the resistance. The 100M resistor is only
added to make simulations possible and will not affect
the circuit. Figure 7 shows the schematic of the
complete and tuned circuit. The transistor dc voltage
along with the output voltage is shown in figure 8.

Figure 8: Transient analysis of GaN class-E amplifier

It can be seen from the figure 8, the input to the class-E
amplifier is 5v square wave and the output is 160v sine
wave.

B. Parameter
System
We have from (20),
NiR?
L= 25408 + 10m)
Where,

L = inductance in micro-Henries

Identification of Proposed

N = number of turns of wire
R = radius of coil in cm
H = height of coil in cm

The quality factor is presented in a formula as given
below

lllfihJiLi L = R.Q;i = 1~4 10
Qi—RHI.Ci— R, —wili= iQid =
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Where, wi and Ri are respectively the self-resonant
frequency and equivalent resistance of each resonant
circuit. In the power coil, for instance, Ri is a sum of
RS and R1.

The Coupling Coefficient between Transmitter &
Receiver is given by

kiz = Il{1 + k120,00 +k3,0:Q,) 11
.\,j Q:Qg

And the maximum value of magnitude of S21 parameter
is given as follows

ko kg R
— 12 _4QLQ4 L 12

k34 LiLgwg

1521 lmax
Power Transfer Efficiency of the WPT system is
calculated by,

Ny, = 55, % 100 % 13

The equivalent circuit of whole WPT system is modeled
as RLC electrical circuit. The parameters used are from
table which is taken from [20].

The design parameters for all the antenna is listed in the
table below:

Table 3: Parameters of designed antenna

4. Frequency Splitting and Cause Analysis

Coil N R H L F c
(antenna) | (turns) | (cm) | (cm) | (uH) | (MHZ) (PF)
Power 2 5 3.3 0.5 13.56 | 275.518
Transmitter 3 6 4.4 1.3 13.56 | 105.968
Receiver 1.67 6 44 04 13.56 | 344.398
Load 1 3.7 2 0.1 13.56 | 1.377nf

From equation (11) and (12), with the value given in
Table 3, quality factors, coupling coefficient and the
maximum value of magnitude of S21 parameter is
calculated. The values are as follows

1
—— = 85.2 % 10°[rad/ =]

Wy =wy =
JLG

From equation (4.4), assuming RS=RL=50 Ohm and
R1=R2=R3=R4=0.015 Ohm,

Q, ~ 1.7,Q, = 7384,Q, = 2272,Q, =~ 0.17
The coupling coefficient is calculated as,
k3, = 4.29 x 1072

The maximum value of magnitude of S21 parameter is
calculated as follows

1521 | maxe  0.884

Power Transfer Efficiency of the WPT system is
calculated as,

ny, = 5%, x 100 % = 78.2%
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The equivalent circuit model of whole WPT system is
simulated by using an advanced design system (ADS),
a popular electric automation tool in RF engineering of
Agilent Technologies with the circuit setup illustrated
in Figure 9.

The equivalent circuit model to calculate the maximum
power transfer efficiency (n;, = 53, x 100% ) is
shown in Figure 10.

[t | s-PARAMETERS

VART
WHz k=01

Figure 9: Simulation set up for Power transfer efficiency

The result of power transfer efficiency of the designed
WPT system is shown in Figure 10.

m
80

60—

m-1
freq=13.56MHz
Efficiency=78.176
Max

20—

Efficiency

20

i}

T T T T T T T T T
13.0 131 132 133 134 135 136 137 138 139 140

freq, MHz

Figure 10: Power transfer efficiency of WPT system

The maximum power transfer efficiency of the WPT
system as seen from the above result is equal to
78.176% which is very close to the theoretically
calculated maximum power transfer efficiency
77.79%.The above results can be tabulated as shown in
Table 4.

Table 4: Theoretical and Simulated Efficiency of WPT

System
Parameter Theoretical Simulation
Maximum Power Transfer 0.884 0.884
Power transfer efficiency 78.2% 78.18%

The value of magnitude of S21 of designed WPT
System for three different coupling coefficients which
is a function of distance between transmitter and
receiver is shown in Figure 11. The coupling
coefficient decreases as the distance increases or vice
versa.
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Figure 11: Simulation result showing | S21 | at different k23

Figure 11 reveals how efficiency varies with frequency
at different distances. At remote distances, the
efficiency peaks only at the resonant frequency. Closer
distance leads to frequency splitting. The efficiency
peaks at both below and above the original resonant
frequency. The shorter the transfer distance, more
obvious the phenomena is.

Efficiency reflects the distribution of the input power
in the viewpoint of power flow. The input power is
consumed in three aspects, i.e. the loss of the source
internal resistance, the ohmic losses of the resonant
coils, and the load. High efficiency is achieved when
the bulk of the input power is consumed in the load.
Any increase in the share of the ohmic losses of the
source internal resistance and the resonant coils leads
to lowered efficiency. As a consequence, analyzing the
effects of the source internal resistance and the
equivalent resistances of the resonant coils is of great
importance to frequency splitting. The expression of
the input impedance is deduced to examine how the
input impedance responds to the distance (namely
M23). At the resonant frequency, the input impedance
can be expressed as [21-24]:

Zim = joly + ————— 14
A e T 1 _[wMzgR
et Eg_JELE_jn:L‘g_}n:ij—‘Eé-
i ':WML:]:
ZJQLL + I:G:.'lﬂ'f--;:lz
R, + = 7
2 M., )
R, 4 L@Mag )"
* o jwly + 2

Owing to the fact that the reduced distance leads to the
dramatic increase of the mutual inductance M23, the
amplitude of the input impedance is declining and the
angle is reaching towards 90°, close to pure
inductiveness. At close distances, the input impedance
is characteristic of large impedance angle and low
amplitude. The real part of the input impedance is
proportional to the power transferred and consumed
from the source to the source loop, and the imaginary
part is in proportion to the power exchanged between
the source and the source loop. On the one hand, the
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amplitude of the input impedance at close distances is
small enough to produce a large current in the source
loop, thus leading to a large source internal resistance
loss. On the other hand, due to the extremely large
impedance angle, the transferred power only accounts
for a small proportion of the large input power in the
source loop. Much power is exchanged between the
source and the source loop, without being transferred
to the load. Therefore, efficiency drops sharply.

In conclusion, the explanation for frequency splitting is
provided as follows. Close distances lead to the great
influence of the source internal resistance on
efficiency. At close distances, the input impedance at
the original resonant frequency point is characteristic
of extremely large impedance angle and relatively low
amplitude. Large impedance angle causes very low
transferred power, and much is exchanged between the
source and the source loop. Small amplitude results in
a large source current, thus increasing the source
internal resistance loss. Both of these two factors
reduce efficiency. While at below and above the
original resonant frequency, the input impedance is
characteristic of extremely small impedance angle and
relatively high amplitude. Due to the opposite
characteristics, efficiency peaks at these two frequency
points.

Frequency splitting occurs when the input impedance
is changed into small amplitude and large impedance
angle at close distances. In this section, the related
factors, i.e. the source internal resistance (Rs), the
mutual inductance between the Power coil and the
Transmitter coil (M12), and the mutual inductance
between the load loop and the receiving loop
(M34)[24], will be explored to pursue investigation
into their impacts on frequency splitting.

A. Source Internal Resistance

On the basis of the analysis above, it can be expected
that an increase of the source internal resistance will
highlight the frequency splitting phenomena.
Moreover, with a large enough increase in the source
internal resistance, frequency splitting will also appear
on the occasions where frequency splitting does not
occur previously.

B. Mutual Inductance of Source &

Transmitter Coil

The mutual inductance of the Power coil and the
Transmitter coil (M12) affects the amount of power
transferred from the Power coil to the Transmitter coil.
For a given current in the power coil, the larger the
mutual inductance M12, the larger the induced current
in the Transmitter coil. Once the transferred power

Analysis and Optimization of Wireless Power Transfer Link



accounts for a significant proportion, frequency
splitting will be greatly reduced or completely absent.

80

J k12=0.1
k34=0.1
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freq, MHz

13.0 13.1

Figure 12: Power transfer efficiency at different coupling
coefficient

It can be seen from the figure 12 that decreasing the
coupling coefficient k23 between transmitter &
receiver coil i.e. bringing the transmitter and receiver
closer keeping the k12 & k34 fixed, efficiency of the
system decreases and frequency splitting takes place.
When the coupling between power coil and transmitter
coil k12 increase from 0.1 to 0.2 i.e. bringing the
power coil and transmitter coil closer eliminates the
frequency splitting phenomena and the efficiency of
the system increases.

C. Mutual Inductance of Load & Receiver
Coil

Similar to M12, the mutual inductance of the load and
the receiver coil (M34) influences the power
transferred from the receiver coil to the load coil. For a
given current in the receiver coil, the larger the mutual
inductance M34, the larger the induced current in the
load coil. Once the transferred power to the load

accounts for a significant proportion, frequency
splitting will be reduced.
100
k12=0.25 k12=0.1
. k34=0.1—" | k34=0.1
k23=0.01 'k23=0.00429
= )
_ 60— e
oy k12=0.1 .~ k12=0.1
5 7 k34=0.2" k34=0.1
g 40 k23=0.01 k21§=0.01
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20- X
0 L L I '—'r (R B B ‘;\‘ j—v—y—7 — ™
13.0 131 13.2 13.3 13.4 13.5 13.6 13.7 13.8 13.9 14.0

freq, MHz

Figure 13: Power transfer efficiency at different coupling
coefficient

It can be seen from the figure 13 that decreasing the
coupling coefficient k23 between transmitter &
receiver coil i.e. bringing the transmitter and receiver
closer keeping the k12 & k34 fixed, efficiency of the

Proceedings of IOE Graduate Conference, 2014

system decreases and frequency splitting takes place.
When the coupling between receiver coil and load coil
k34 increases from 0.1 to 0.25 i.e. bringing the receiver
coil and load coil closer eliminates the frequency
splitting phenomena and the efficiency of the system
increases.

Based on the power flow, the cause for frequency
splitting is revealed. The source internal resistance
plays a dominant role in efficiency at close distances.
The characteristics of the input impedance at close
distances at the original resonant frequency, namely
extremely high impedance angle and relatively small
amplitude, lead to decreasing efficiency. While at both
above and below the original resonant frequency, two
efficiency peaks arise due to the low impedance angle
and relatively high amplitude of the input impedance.
Related factors of the frequency splitting phenomena,
namely the source internal resistance, the mutual
inductance of the Power coil and the Transmitter coil,
and the mutual inductance of the load loop and the
receiving loop, are studied through theoretical
calculations and simulations. It is found that reducing
the source internal resistance, and increasing the
mutual inductance of the Power coil and the
Transmitter coil, as well as the mutual inductance of
the load loop and the receiving loop, all help relieve
the frequency splitting phenomena and improve
efficiency.

5. Comparative Study on Antenna
Topology

Most of the wireless power transfer system to this time
has been designed using series-series topology of
antenna system. The researchers are focused on various
factors like coil size, coil material, operating frequency
but not on antenna topology to improve efficiency.
Here using the same parameters as used in series-series
topology, a mixed topology called LCC topology is
analyzed.

The resonant frequency of LCC circuit, neglecting
internal resistance of the coil is calculated as [13]:

1
f= ———— 13
Enﬂ.-'L{El + )

Where,

L= Parallel Inductance, C1= Series Capacitance, C2=
Parallel Capacitance

Using Wheeler formula and following similar procedure
as in section Il1, the design parameters for all the antenna
is listed in the table below:
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Table 5: Design parameters for all the antenna

Coil N R H L F Cl| C2
(antenna) | (turns)|(cm) |(cm) | (uH) |(MHZ)|(Pf)| (Pf)

Power 2 5 3.3 |05 | 13.56 |150(125.52

Transmitter 3 6 | 44|13 | 1356 | 75 | 30.97

Receiver | 1.67 6 | 44|04 | 1356 |125| 2194

The result of power transfer efficiency of the LCC
WPT system is shown in figure 15. The result of power
transfer efficiency of the series-series WPT system is
shown in figure 16.

6. Comparative Study on Different Gauge
Wire

Load 1 37| 2 | 01| 13.56 |300|1077.6

The LCC equivalent circuit model of whole WPT
system is simulated on advanced design system (ADS),
a popular electric automation tool in RF engineering of
Agilent Technologies with the circuit setup illustrated
in Figure 14.
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Figure 14: Simulation set up for Power transfer efficiency
for LCC topology

The parameters’ values are taken from the table 5. The
radius of power coil is 5 cm, the radius of load coil is
3.7 cm, radius of transmitter and receiver coil is 6¢cm.
The power coil has two turns, load coil has one turn,
transmitter coil has three turns and receiver coil has
1.67 turns.
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Figure 15: Power transfer efficiency at different k for LCC
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Figure 16: Power transfer efficiency at different k for series-
series topology
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Inductor coils or coil antennas are made by wires. The
wires are solid and strand types. Different wires are
different in properties. They have different electrical
properties. The skin depth is defined as:

2

5= |—
L wou

With 6=5.96 x 10 for copper. For f=13.56 MHz, the
skin depth is & 18um.

According to the skin depth at 13.56 MHz, American
Gauge Wire 10 to 22 can be used for the wireless
power transfer antenna system at this frequency but for
the study purpose only AWG14, 18 and 22 are selected
to reduce the number of samples.

Using same inductance and capacitance of all the
antennas, the other parameters like coil antenna length,
diameter, and resistance are calculated using equations
(1-7). The ratio of length to diameter of coil antenna is
called form factor. There are three groups of studies,
two on helical antenna and one on spiral antenna. The
two studies on helical antenna are carried on the
variation of form factor i.e. on the variation of ratio of
length to diameter of coil antenna. There are two
critical form factor dimensions, diameter and length.
Length-to-diameter ratio is important for two reasons
[25-32]:

= Shorter lengths and larger diameters increase
capacitance across the inductor. Capacitance
across any inductor carrying time-varying
current increases circulating currents in the
inductor, increasing loss while simultaneously
reducing system bandwidth.

= Longer lengths and smaller coil diameters
reduce mutual coupling between turns and
increase leakage flux. This results in use of
increased conductor length for a given
inductance, increasing wire resistance.

These two situations are obviously in direct conflict, a
balance must be achieved. Optimum balance between
conflicting L/D effects listed above depend heavily on
external circuit capacitance and operating frequency.
Hence for study, two types of form factor are chosen.
The study can be summarized as:
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1. Helical antenna 1 (0.5< Form Factor >0.6)
2. Helical antenna 2 (1< Form Factor >1.65)
3. Spiral Antenna

The parameters of helical antenna 1, helical antenna 2
are calculated using single-layer air coil equation (6).
The parameters of spiral antenna are calculated using
multi-layer air coil equation (7). The resistances are
calculated using calcoil software. When length of the
multilayer coil is kept equal to diameter of wire and
increasing the single turn per layer, a spiral antenna is
forms.

The maximum efficiencies for AWG 18 and AWG 14
wire are calculated using equations (11-13). The
simulation result of maximum efficiency of wireless
power transfer link using AWG 14, 18 and 22 wire for
helical antenna is shown in figure 17.
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Figure 17: Power transfer efficiency of different wire gauge

The maximum efficiencies for AWG 18 and AWG 14
wire are calculated. The simulation result of maximum
efficiency of wireless power transfer link using AWG
14, 18 and 22 wire for helical antenna is shown in
figure 18.
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Figure 18: Power transfer efficiency of different wire gauge

The maximum efficiencies for AWG 18 and AWG 14
wire are calculated. The simulation result of maximum
efficiency of wireless power transfer link using AWG
14, 18 and 22 wire for helical antenna is shown in
figure 19.
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Figure 19: Power transfer efficiency of different wire gauge

The efficiency result for both calculated and simulated
is summarized in the tables 6, 7 and 8 given below.

Table 6: Efficiency comparison of helical antennal at
varying wire gauge

Helical antenna (0.5< Form Factor >0.6)
. Efficiency (%)

Wire Gauge Calculated Simulation
AWG 22 64.64 64.6
AWG 18 82.81 82.67
AWG 14 92.35 92.34

Table 7: Efficiency comparison of helical antenna2 at

varying wire gauge

Helical antenna (1< Form Factor >1.65)
. Efficiency (%)
Wire Gauge
g Calculated Simulation
AWG 22 55.2 55.13
AWG 18 76.39 76.3
AWG 14 89.3 89.13

Table 8: Efficiency comparison of spiral antenna at varying

wire gauge
Spiral antenna
. Efficiency (%)
Wire Gauge
g Calculated Simulation
AWG 22 71.74 71.58
AWG 18 86.86 86.56
AWG 14 94.3 94.15

7. Conclusion

In this paper, EPC1010 transistor, a GaN HEMT
technology in a class-E amplifier, is used as shown in
figure 7. Simulation results as shown in figure 8 show
that due to its low on-state resistance and high-speed
switching performance, it is very suitable for high
frequency power amplifier of wireless power transfer
system. Due to smaller size and low power
consumption of GaN HEMT, it is most suitable for the
wireless power system used in biological implants.
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Also, for the power amplifier, class-E is a better choice
as it is a low voltage high power high efficiency
amplifier. From figure 4.3, it is clearly seen that a 5-
volt dc drain input voltage causes sinusoidal output of
amplitude 160 volts at 13.56 MHz.

It is seen from figure 11 when the distance between
transmitter and receiver changes, the coupling
coefficient (k) also varies and the resonant frequency
(13.56MHZz) splits. It can be seen from figure 12 that
decreasing the coupling coefficient k23 between
transmitter & receiver coils i.e. bringing the transmitter
and receiver closer keeping the k12 & k34 fixed,
efficiency of the system decreases and frequency
splitting takes place. When the coupling between
power coil and transmitter coil k12 is increased
(keeping k23 & k34 fixed) from 0.1 to 0.2 i.e. bringing
the power coil and transmitter coil closer, the
frequency splitting phenomenon is eliminated and the
efficiency of the system increases.

It can be seen from figure 13 that decreasing the
coupling coefficient k23 between transmitter &
receiver coil i.e. bringing the transmitter and receiver
closer keeping the k12 & k34 fixed, efficiency of the
system decreases and frequency splitting takes place.
When the coupling between receiver coil and load coil
k34 increase (keeping k12 & k23 fixed) from 0.1 to
0.25 i.e. bringing the receiver coil and load coil closer
eliminates the frequency splitting phenomenon and the
efficiency of the system increases.

From the simulation, it is found that reducing the
source’s internal resistance, and increasing the mutual
inductance of the Power coil and the Transmitter coil,
along with the mutual inductance of the receiver coil
and the load coil, helps relieve the frequency splitting
phenomena and improve efficiency.

In this work, two antenna topologies namely series-
series as shown in figure 9 and mixed topology as
shown in figure 14 are simulated and compared. In
figure 15 and 16, the efficiency variation of the system
with varying coupling coefficient is shown. In series-
series topology, a slight variation of 0.006 in coupling
coefficient causes the system efficiency to drop to 15
% and also frequency splitting takes place. On the
other hand, mixed topology called LCC has shown
better performance. The change of 0.025 in coupling
coefficient of LCC topology only causes a change of
20% i.e. a decrease from 80% to 60% in the system
efficiency. Hence, for minimizing the frequency,
splitting the LCC topology is superior to the series-
series topology.

Considering the types of wires, from table 6, 7 & 8, the
efficiencies of Wireless Power Transfer using AWG
14, 18 and 22 wires of helical antennal are shown. It is

92

seen that AWG 14 is greatly superior in efficiency as it
has low resistance due to its cross-sectional area for all
the antenna systems: helical antennal, helical antenna
2 and spiral antenna while AWG 22 has the least
efficiency.

Considering the types of antenna, from table 6, 7 and 8,
it seen that efficiency of helical antennal and spiral
antenna is higher than efficiency of helical antenna 2
when AWG 22 is used. Also, the efficiencies of helical
antennal and spiral antenna are found to be almost
same. When AWG 18 and AWG 14 are used, it is seen
that the efficiency of spiral antenna is the best, while
the efficiency of helical antennal remains higher than
that of helical antenna 2.

Comparing helical antennal and helical antenna 2,
these two antennas are different in form factor which is
the measure of ratio of length to diameter of the
antenna. If the form factor is less, then the antenna will
be smaller and compact. As a result, such antenna
tends to have better efficiency and also compact size.
Hence, helical antennal is the more suitable of the two.

While comparing helical antenna 1 and spiral antenna,
we observe that the efficiency performance of spiral
antenna is better for all wire types, AWG 14, 18 and
22. Also, spiral antenna is more compact than helical
antenna and can be fabricated easily in Integrated
Circuits (ICs), the applications where size and
efficiency are main constraints, as in biological
implants, where spiral antenna is the best choice.

From the observations and analyses done so far in this
paper, it can be concluded that the use of GaN HEMT
class-E amplifier gives the best efficiency in the
Wireless Power Transfer Link with AWG 14 wire,
spiral antenna and LCC topology.
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